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In de verschillende "soft ionization" technieken wordt
een overmaat van neutrale moleculen geproduceerd. Het ver-
dient aanbeveling aandacht te besteden aan een additionele
ionisatie, bijvoorbeeld door middel van een koud alkali-
ionen plasma.

Vit pnjoe.{bdnxLktt koo£di>tukk.e.vi I I tot en met IV.

2

De kinetische energieverdeling van verstoven SiF deeltjes
vertoont een snellere afname voor grote energieën dan ver-
wacht kan worden op grond van het lineaire cascade model.
Dit kan verklaard worden door het uiteenvallen van de deel-
tjes bij kinetische energieën in de buurt van de dissocia-
tie energie van SiF

R.A. Haxing, A. HarUng, F.W. Sa/Ué, A.E. da
Appl.Pky6.Lett. 74 [1982) 114.

De hoekverdeling van de relatieve intensiteiten van de
fragment-ionen van CH* in botsingsgelnduceerde dissociatie
experimenten kan goed beschreven worden onder verwaarlozing
van het optreden van strooiing tijdens het excitatie pro-
ces. Echter op grond van de absolute intensiteiten moet
men besluiten dat deze strooiing aanzienlijk is.

P.J. Todd, R.J. tilamick en E.H. McBay, Itó.J.Maó-ó
Spexrfüom.lon Vky*. 50 (79S3) 299.

Bij de interpretatie van de stralingsschade aangebracht in
silicium bij 11 MeV implantatie experimenten verwaarlozen
Byrne, Cheung en Sadana ten onrechte de bijdrage ten gevolge
van inelastische botsingen als beschreven door Dearnaley.

P.F. Bf//ine, W.W. Cheung en V.K. Sadana, Appl.?hy&.
Lett. 41 (79S2) 537.
G. VeoAnaley, Appl.Phy&.Lett 26 (7975) 499.



Ge11ene et al. ontkennen ten onrechte dat na electronen-
vangst van H+ predissociatie van de c3üu toestand van H2

niet significant bijdraagt aan de door hen gemeten neutrale
bundelprofielen.

G.l. GeJULme.t V.k. Cle.<vtyt R.F. PovteA, CE. BuAkkcuudt
zn 3.3. Uvtnthal, 3.Chm.Vhyi>. 77 [1982] 1354.
B. MeA.2Ajoha.vm en M. VogleA, Vhyb.Reu.K 77 (797S) 47.

Bij de interpretatie van recente 27A1 MAS NMR-spectra van
aluminosilicaten houden Freude et al. geen rekening met
het feit dat de veldgradiënt niet axiaal is. In een eerdere
publicatie is aangetoond dat de asymmetrie-parameter van
de veldgradiënt ongelijk nul is.

V. VKOJüdo. en H.J. Be^.e»t6, ChyAtaZ RzAWAch and Tech-
nology, 16 [1981] 36.
V. MWUeA, W. G&ó-óne/z. en A.R. GhJumvi, leJJtidahJL{t
Chemiz and Vanmoicle. 77 (7977) 453.

Het door Jansen en Bonants gepresenteerde "snelle ruis"
filter is niets anders dan een scalair fading memory
filter.

R.T.V. 3(m&en en V.3.U. Bona.nt&, knhoüU ofi QluuxiodL
Blocheml&Uy 20 [1983) 174.
H.W. Sofiewbon en 3.E. Sack*, ln&oma£Lon Sc^cenceó 3
( 7 9 7 7 ) 7 0 7 .

8

Door sommige auteurs wordt de formule dN/dE = VE exp-E/kT
gebruikt voor de Maxwell energieverdeling van gesputterde
deeltjes. Gezien het karakter van de experimenten waarin
deeltjesfluxen worden gemeten is een formule als
dN/dE =E exp-E/kT van toepassing, zoals afgeleid door
Thompson.



I/.5. Antonov, l/.S. Letokhov, Vu.A. Matvzyetb en
A.W. SUbanov, Lo62A Chem. 1 [1982] 37.
M.W. Thompson and R.S. HeJUon, Phil.Mag. J [1962) 2015.

Sociologen zijn op zoek naar één algemene statistische
verdeling die de alcoholconsumptie in elke westerse cultuur
goed beschrijft. De verdelingen als gebruikt in het arti-
kel van O.J. Skog voldoen niet aan bovenstaande doelstel-
ling. In het licht hiervan is een voortgezette discussie,
als gevoerd door Guttorp, over welke verdeling beter vol-
doet niet meer relevant.

Ö.J. Skog, 'QfvLnking and Vnxig VnaoAJüivb SusivnyoK 14
[1979) 3.
H.P. Cfum&i, Mathematical Method* o& StatUtlcA,
ChapteA 30, Princeton Univ.PKeA* 1946, Vfiinceton USA.
P. GvJttoup and HM. Song, Viinking and Vnug
Sux.ve.yoK 15 [1979) 6.
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Introduction

Mass spectrometry is one of the well known techniques used

in analytical chemistry. The technique was for the first time

systematically investigated by Thomson in the 1910's and since

then further developed into a valuable tool which is at present

indispensable in many analytical laboratories. In this techni-

que gaseous ions are produced from sample material by evapori-

zation of the sample and subsequent ionization of the vapour.

These ions are then mass separated and detected at an ion de-

tector. From the masses of the fragment ions together with the

mass of the complete molecule structural information on the

original molecule can be obtained. The high sensitivity of this

technique allows the analysis of very small amounts of sample.

Especially the combination of a separation method as gas chro-

matography with mass spectrometry as a detection technique has

resulted in the extremely powerful GC-MS analyzing technique

for analysis of complex mixtures.

However, many samples cannot be analyzed using classical

mass spectroscopy because of the low vapour pressure of the

samples. It was found for these materials that using the clas-

sical procedure of heating the sample outside the ion source

and then ionizing the vapour using an electron beam only frag-

ment ions were produced. Since many interesting polar compounds

like nucleic acids, proteins, sugars etc. fall in this cate-

gory this has presented somewhat of a handicap. Attemps to

overcome this problem by chemical derivation of the sample

were not always succesful, especially if the sample consisted

of a mixture of unknown compounds.

Therefore mass spectroscopists have been searching for a

long time for desorption techniques which transfer the intact

molecule into the gas phase and for subsequent ionization tech-

niques which produce predominantly molecular ions. The combi-

nation of these methods is often refered to as soft ionization

methods. The early representatives of soft ionization were

photo-ionization and field ionization. The next generation of

soft ionization methods was based on ion-molecule reactions
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to form a stable complex of the ion and neutral sample mole-

cule. These complexes are generally described as quasimolecu-

lar ions. Next to the most frequently used protonation of the

molecule also complexation of the molecule by attachment of

alkali and non alkali metal ions have been presented as succes-

ful ionization techniques. The development of "soft" desorption

techniques has been based on rapid heating and desorption under

the action of a high electrostatic field (field desorption).

However, it was readily observed that under the extreme condi-

tions used for molecular desorption, inevitably soft ionization

processes were also initiated. Therefore the more adequate

terminology of soft desorption-ionization was introduced. The

best known representatives of these techniques are field de-

sorption, laser desorption, Californium plasma desorption,

SIMS, FAB and direct chemical ionization.

In this thesis the laser desorption method is studied in

detail. Furthermore a first attempt is made to study the or-

ganic SIMS processes. The goal of the research project is to

collect insight in the physical and chemical processes induced

by irradiation of organic sample layers, which ultimately lead

to the desorption of quasimolecular ions. Beams of quasimole-

cular ions can be used for structural analysis of the sample

molecules by special mass spectrometric techniques like col-

lision-induced dissociation. It was realized that the succes-

sion of reaction processes in laser desorption is highly com-

plex. In the time allotted to this project a thorough under-

standing of all individual reaction steps could not be reached.

An introduction to laser desorption mass spectrometry with

an overview of the state of the art is presented in Chapter

I of this thesis. In order to determine the influence of laser

and sample parameters a series of experiments have been per-

formed with different laser energies and sample substrate ma-

terials. In particular the relation between laser pulse energy

and substrate temperature and the desorption-ionization pro-

cesses on the other hand has been investigated. In Chapter II

these relations are established for an energetic short laser

pulse. In Chapter III the actual substrate temperatures could

be measured when using a low power cw CO2-laser. As a result
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of these experiments the laser desorption process could be

simulated by a simple thermal evaporation and ionization pro-

cess. The occurrence of similar reactions at high laser ener-

gies was investigated in the work reported in Chapter IV. The

energy distributions of the desorbed ions were used to probe

the desorption and ionization kinetics. An investigation of

the energy distributions of ions produced by ion bombardment

instead of photon bombardment is presented in Chapter V.
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CHAPTER I

Introduction to Laser Desorption Mass Spectrometry
of organic materials

INTRODUCTION

Mass spectrometry can provide a rapid and sensitive approach

to the molecular weight and structural determination of complex

molecules. Because of the fact that mass analysis is based on

the action of electric and magnetic fields in the analyzer on

gas phase ions, the sample molecules have to be vaporized and

ionized prior to analysis. Therefore these physical processes

are crucial in mass spectrometry and basically determine the

kind of mass spectrum that can be obtained.

In particular "non-volatile" and thermally labile samples

require special evaporation and ionization techniques. Various

methods have been introduced to produce stable molecular ions

of thermally labile, low vapor pressure sampless field desorp-

tion [1,2], ion induced desorption [3,4,5,6], fast atom bom-

bardment [7] and direct chemical ionization [8,9], General trends

in these new techniques can be summarized as follows:

a) the solid sample is introduced as close as possible to

the ionization region, in order to minimize degradation

reactions catalyzed by the walls of the inlet system;

b) fast evaporation of the sample is pursued to enhance

molecular evaporation over thermal fragmentation;

c) ionization by attachment or detachment of a cation is

pursued to form stable quasi-molecular ions.

The sequence of evaporation and ionization can vary from one

technique to another. Ionization in the liquid and solid phase,



prior to evaporation has been accomplished [10,11].

Soon after the advent of the laser several mass spectrosco-

pists realized the potentials of a laser mass spectrometer

combination [12,13]. The nature of the radiation produced by

lasers has some peculiar properties, which makes a laser a

highly attractive source of energy for heating and vaporizing

solid samples. The radiation emanating from a laser can be fo-

cused to a small spot with a power density high enough to va-

porize locally the irradiated area of the sample. Consequently

a very small volume of a sample located inside an ion source

can be subjected selectively to a mass spectrometric analysis.

The heating rates obtainable with laser irradiation are extreme-

ly high (up to 10 K/s) and it has been shown that under fast

heating conditions molecular evaporation can be enhanced over

thermal fragmentation [14]. Thus, laser heating followed by'

soft ionization can lead to the generation of molecular ions

of thermally labile molecules. Laser induced ionization can

be performed by attachment of alkali ions, generated in high

abundance during laser irradiation of a sample. Apparently,

the alkali ions are formed by thermal ionization of alkali con-

taminants as present in nearly all types of sample and provide

a highly efficient medium for cationization of polar molecules

[15], The chance that an alkali ion reacts with a molecule

is greatly enhanced by the fact that the production of the

mobile alkali ions and molecular species is synchronized in

time and place by the laser pulse.

Obviously, laser desorption-ionization meets the current

requirements on sample handling and ionization of thermally

labile compounds as summarized before. However, the fundamen-

tal physico-chemical processes leading to the desorption of

quasi-molecular ions during laser irradiation are not yet ful-

ly understood and and are subject of current research.

In this chapter laser mass spectrometry of organic samples

will be discussed. General considerations on laser radiation,

laser-solid interactions, laser vaporization and ionization

will be given, without the attempt to describe the field in

full detail. An extensive review article has been published

on the applications of laser ion sources in organic and in-
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organic mass spectrometry and the reader is referred to this

article for a broader view on the subject [16]. Although ele-

mental analysis of samples, including a variety of interesting

biological specimens has been performed successfully by laser

mass spectrometry, this subject will not be discussed because

in this report the production of molecular ions is emphasized.

LASER INDUCED PARTICLE EMISSION

Laser radiation. The physical principles of operation of

various types of laser can be found in many textbooks and will

not be given here. Only a brief summary of the nature of radia-

tion produced by lasers will be presented together with a num-

ber of relevant figures for power densities and pulse times,

in laser mass spectrometry of organic materials. Laser radia-

tion is coherent, monochromatic, directional and intense. The

high intensity of a laser beam enables the vaporization of

sample surfaces on very short time scales. The directionality

of the beam is defined by the geometry of the lasing system.

Generally, a beam with a diameter of a few millimeters and a

very low divergence is generated. This low divergence facili-

tates the operation of the laser at a relatively long working

distance from the sample, without a severe loss of radiation

energy. Furthermore the coherence and directional properties

together enable focusing of the beam to a very small spot,

thereby enhancing the power density to an extremely high value.

The monochromatic nature of the radiation leads to the fact

that the energy is radiated in a narrow wavelength band. Al-

though monochromaticity is a key factor in many other laser

applications, thusfar no effective use of this property could

be made in laser mass spectrometry. In principle with a tunable

laser very accurate scanning of the wavelength over the ab-

sorption bands of the sample can be performed and the effects

of selective excitations can be studied. However, up till now

only a few groups in laser desorption mass spectrometry of

bio-organic samples argued their choice of a relatively short

wavelength on the basis of the increase overall-non-specific-
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absorption in organic materials at short wavelengths [17,18].

The dominant effect of laser absorption in bulk samples has

been demonstrated by Mashni et al. in an experiment where quasi-

molecular ions could only be observed if the C0 2 laser frequen-

cy was tuned to a strong absorption band of the sample mate-

rial [19].

Laser radiation is produced in bursts or pulses in some

lasing systems and continuously in others. Normal pulses range

from about 1 ys to 1 ms. However the pulses exhibit a fine

structure and effectively are built up of a train of separate

pulses 1 to 0.1 ys wide. By an appropriate technique, so-called

Q-switching part of the total energy can be released in one

short pulse of about 10 ns duration. Even shorter pulses in

the pico-second range can be obtained with an additional mode

locking technique. Although the total energy in a pulse is •

kept low, for instance 1 mJ in a 100 ns pulse of a CO„ laser,

the momentaneous radiation power is high and focusing of the
-4 2radiation to typical spots of 10 cm leads to an instantaneous

8 2power density of 10 W/cm . Of course also with other laser

parameters this power density can be obtained, as with a 1 pj
—ft —6 2

pulse of 10 s focused on 10 cm from a Q-switched Nd-YAG
-4 -4 2

laser and a 1 J pulse of 10 s duration focused on 10 cm
from a normal pulsed Nd-YAG laser.

Laser-solid interaction. The nature of the laser-solid in-

teraction governs the process of absorption and dissipation of

laser energy and consequently the vaporization process. The

interaction is significantly different for conducting (metallic)

and non-conducting materials. Although our interest is directed

to organic samples, the interaction of the photon beam and a

metal surface can be of importance because often the organic

sample is deposited as a very thin layer on a metallic substra-

te. Some experimental evidence has been presented that for

these systems the primary absorption of laser radiation takes

place in the substrate rather than in the organic layer [20],

For metallic substrates all radiation not reflected from

the surface will be absorbed in a layer of thickness of about
-4 -5

10 to 10 cm [21], Initially, absorption of photons increases

the energy of the electrons in the conduction band and subse-
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quently the electrons exchange energy with the lattice. Within

about 10 s. equilibration of electron and lattice energy is

achieved [22]. The minimum power density required to vaporize
7 2

a metal surface layer is of the order of 10 W/cm as deduced

from numerous experimental data as well as from theoretical

considerations [21]. At lower power densities, too much energy

is carried away by thermal diffusion and only a moderate heat-

ing of the whole sample is obtained rather than an extreme

heating of a small volume. For dielectric, semi-conductor and

organic materials the mechanism of laser photon energy depo-

sition cannot be described as well as for metals. For instance

damage can be produced in dielectric materials normally trans-

parent to the wavelength of the photons [23], In semi-conduc-

tors energetic radiation can produce electron-hole pairs, which

can recombine in a non-radiative manner and transfer energy

to the lattice. If the lifetime of an electron-hole pair is

long enough, absorption of radiation by these free carriers

can become the dominant absorption process [24]. This is a ty-

pical example of a non-linear absorption process, often encoun-

tered in non-conducting materials.

Vaporization. As a result of the energy deposition in the

sample material, heating, melting and vaporization processes

take place. Under several conditions large amounts of material

can be vaporized leaving a crater in the solid [21]. The vapo-

rized material can include adsorbed species as gases, water

and organic contaminants. In this respect laser irradiation

at moderate power density levels can be used to clean surfaces

of high refractory materials. Analogously in organic mass spec-

trometry the contamination of a surface, built up of sample

material to be analyzed, can be evaporated by an appropriate

laser pulse.

For this purpose two domains in the power density can be
8 ?

distinguished. In the low power domain (_< 10 W/cm ) evapora-

tion of surface layers can be obtained, partially in the form

of intact neutral and ionized molecules. In this domain the

evaporation process is rather reproducible. In a mechanistic

approach the evaporation process is described by a thin vapo-

rizing layer moving into the solid at a steady rate [21]. In
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9 2
the high power density domain (>_ 10 W/cm ) a high degree of

irreproducibility is measured and mainly atomic and small mo-

lecular fragments in an ionized state are desorbed [23,24].

It has to be noted that the power density levels used to define

the two domains are dependent on the type of irradiated mate-

rial and its surface condition. For instance, higher power

densities are needed to desorb molecular ions from a crystal-

line surface of small pepticles than from the corresponding

amorphous material [25].

Ionization mechanism. The vaporization process leads to an

ensemble of particles in the gas phase, consisting of atoms,

molecules, molecular fragments and polymeric species in neutral

or ionized state. Moreover electrons, radicals and even large

clusters are present. This cloud of material is called sometimes

the laser plume and as the density of positively and negative-

ly charged particles is high enough it has to be described as

a plasma [21]. In this plume or plasma numerous physical and

chemical reactions can take place. Laser radiation can be ab-

sorbed by the plasma and leads to high energetic particles with

energies up to 1 keV [21]. Moreover, the plume shields the

sample surface and consequently reduces the evaporation rate.

Generally these processes are encountered only for short pulses

of high power density as can be obtained with Q-switched la-

sers.

Collisions between neutral and charged particles (primary

ions) in the plume can lead to the formation of new ions. These

secondary ionization processes are closely related to well

known phenomena as electron impact, electron capture, ion im-

pact, ion capture and chemical ionization. The dominant ioni-

zation process in organic laser mass spectrometry is alkali

ion capture by polar organic molecules, so-called cationization

by alkali ions. Molecular fragment ions containing an alkali

ion can be formed either by cationization of thermally induced

fragments or uni-molecular decomposition of the cationized

molecules. Electron impact and electron capture processes seem

to be not very much important in organic laser mass spectro-

metry, as deduced from the fact that radical molecular ions

are rarely observed. Chemical ionization, for instance leading
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to protonated or deprotonated molecular ions can contribute

to ion formation in laser mass spectrometry, however, the spec-

tra do not show abundant ion intensities of possible reagent

ion candidates. It has been suggested that protonated and de-

protonated molecular ions as well as radical molecular ions

can be formed by dissociative processes of molecular dimers

[26]. The dissociation proceeds via proton or electron trans-

fer, and consecutive unimolecular decomposition determines the

fragmentation pattern. Another process in laser mass spectro-

metry is the direct ionic dissociation of organic salt mole-

cules into the cation and anion. This process can be induced

by ion impact on the organic salt molecule [6], but is has been

shown recently that this process also occurs under purely ther-

mal conditions, i.e. cations and anions of quaternary ammonium

salts desorb from a surface by the action of temperature alone

[27]. Ionization efficiencies in organic mass spectrometry
—6 —8

are estimated to be in the range of 10 to 10 . The highest

efficiencies are observed for the production of cations and

anions of organic salts, moderate efficiencies for cationiza-

tion of polar molecules and the weakest efficiency is observed

for radical molecular ion formation of non-polar molecules.

Although the major part of the laser produced ions can be

interpreted by the type of processes discussed above, still

one has to explain the processes which lead to the formation

and ejection of primary ions and intact molecules from the

surface. Of course, surface reactions cannot be excluded be-

cause differentiation between pure gas phase reactions and

surface reactions is difficult to be made in these experiments.

Therefore some authors have proposed that the selvedge - the

transition region of the dense solid phase and the much less

dense gaseous phase - would be the domain of ion-molecule re-

actions [63. Nevertheless it is well known that electrons and

alkali ions can be produced easily by a pure thermal process

on a surface kept at a temperature of several hundred degrees

centigrade [28]. In several laser experiments the relationship

between measured electron and ion currents on one hand and the

estimated surface temperatures on the other hand support the

thermal origin of these particles [21]. Furthermore it has
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been shown that various organic molecules interacting with

heated surfaces (~ 500°C) can form protonated and deprotonated

molecular ions [29]. These facts give evidence that thermal

processes determine the laser ionization phenomena, however,

it is generally accepted that pure thermal ionization cannot

be the principal ionization mechanism since at temperatures

required for a reasonable degree of ionization most of the

organic molecules of interest would decompose. Other sugges-

tions are that the primary ions are formed during the high

temperature excursion of the sample, whereas the large neutral

species are evaporated during the low temperature stage of

the thermal pulse induced by the laser [20].

INSTRUMENTATION

Lasers. The choice of the most appropriate lasing system

in laser mass spectrometry of biological samples and organic

molecules is hard to make because of lack of fundamental under-

standing of the absorption, molecular desorption and ionization

processes. The most important parameter to be considered is

the coupling of laser energy into the solid to be vaporized.

As already denoted, this process is influenced by solid-pro-

perties as reflectivity, surface structure, presence of absorp-

tion bands and thermal behaviour besides laser parameters as

power density, pulse time and wavelength. Thus far, many dif-

ferent systems have been applied and the best results in or-

ganic mass spectrometry are reported for power densities in
4 7 2the range of 10 - 10 W/cm , more or less independently of

the wavelength of the laser. In table 1 the various laser sys-

tems are summarized together with some characteristic values

for wavelength, pulse time and estimated power densities. It

will be clear from this table that a large variety of pulsed

lasers has been used, ranging from short wavelength - short

pulse lasers to infra red - long pulse lasers. The qualitative

nature of the organic ions produced by these various laser

systems is highly similar and therefore it was concluded that

in first approximation the wavelength and pulse times do not
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TABLE 1 . LASER PARAMETERS USED IN LDMS EXPERIMENTS USING ORGANIC SAMPLES

Lasing
material

Nd - YAG

Nd - Glass

N,
2

Ruby

KrF

XeCl

Wavelength
ym

0.265
0.265
0.265
0.530
1.06
1.06
1.06
1.06
1.06
1,06
1.06

0.337
0.337
0.337

0.347
0.347
0.694
0.694

0.249

0.308

Dye(Coumarin) .483

C02 10.6
10.6
10.6
10.6
10.6
10.6
10.6
10.6

Pulse

2.5
1.5
1.5
1.5

8

8

1.2
2

3
3
3

2

2.

7

4
5

1.5
1.5
1.5
1.5
io-1

io-1

length
s

IO-11

io-8

io-8.
io-8

io-8

io-8

io-9

10""
io-5

10-"
IO-"

io-8

io-8

io-8

io-8

io-8

IO-"
io-3

io-8

io-8

io-9

10~8

10"8

io-7

io-7

io-7

io-7

-5
-5

Power density
W/cm2

5 106

107-109

107-109

107-109

109

108

108

105

10"-106

1C6-1O8

106-108

106

109-1010

5 10"

109-1010

108

106

5 10"

105

106

107

5 106

106

107

106-108

106-108

106-I08

10- 10"
10-10"

Reference

Antonov
Heinen

. Hercules
Krüger
Daves
Cooks
Krüger
Daves
Heresch
Posthumus
Kistemaker

Hardin
Unsold
Antonov

Unsold
Hillenkamp
Vastola
Daves

Antonov

Antonov

Vestal

Cotter
Gross
Hess
Posthumus
Peyl
Hunt
Röllgen
Peyl
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play a decisive role and that the power density is the main

parameter in organic laser mass spectrometry. Furthermore, there

is some indication that the reproducibility of the spectra in-

creases slightly with increasing pulse length, i.e. going from

10~8 to 10~4 s [35].

Recently it has been shown, that for a limited number of

compounds quasi-molecular ions can be generated also by irra-

diance of the samples with a low power c.w. CO- laser [37,45].

Of course, this observation questions the decisive role of power

density as described before.

Mass spectrometers. The pulsed nature of the ion currents

generated by laser irradiation imposes special requirements

on the mass analyzers, in particular on the scan speed and

signal registration. Time-of-flight mass spectrometers have,

been utilized most frequently for this purpose, because of the

special features of this technique, viz. ability to record a

complete mass spectrum for each laser generated ion pulse and

high transmission. A slight drawback of this system may be the

relatively low dynamic range of the recording system, because

of the inherently short sampling times. Improvements on the

ion-optical system have resulted in unit mass resolution up

to 1000 amu. and impressive results have been obtained for
— 13 3very small sample volumes of about 10 cm [471.

Quadrupole mass filters and scanning magnetic sector t-'pe

instruments have been used in laser mass spectrometry. Even

though these types of analyzer can scan a complete spectrum

very rapidly, the instruments are too slow to obtain a com-

plete mass spectrum for every pulse. Therefore high repetition

rate lasers have been used in conjunction with these instru-

ments and one mass peak per laser pulse is recorded [35,38].

In another approach the laser generated ion current was spread

out in time by introducing the sample in a high pressure che-

mical ionization source [42]. For 140 ns pulses, the ion cur-

rents could be measured during at least 2 ms in which time

a mass range of about 10 amu could be scanned.

Magnetic analyzers, both single focusing and double focus-

ing instruments can be efficiently applied in laser mass spec-

trometry when simultaneous ion recording techniques are employed.
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For this purpose photoplates and sophisticated channelplate-

camera systems are used [34,36]. Both detection systems measure

the integrated ion current per mass and obscure in this way

the temporary fluctuations in the ion currents. This results

in an increased reproducibility with respect to spectra obtain-

ed with scanning instruments. An attractive point of double

focusing instruments is the ability to handle ions with a broad

energy distribution, as observed in laser mass spectrometry

at high laser power densities [21],

Early research in laser mass spectrometry was conducted on

neutral species which - after laser evaporation - were ionized

by electron impact [48,49], The resulting mass spectra showed

severe (electron impact) fragmentation and apparently did not

contain additional mass peaks with respect to conventional di-

rect probe mass spectra. However, more close examination of-

the spectra revealed that indeed additional peaks were present

at relatively low intensities.

A great improvement in the faith of laser mass spectrometry

was made when the auxiliary ionization mode was turned off

and only the laser produced ions were recorded [13,36]. Sur-

prisingly, the spectra of thermally labile materials showed

quasi-molecular ion peaks as well as structurally relevant

fragment ions. However, still great interest exists in the

nature of the neutral fraction of the laser desorbed material.

Nowadays, more informative results can be obtained by the com-

bination of laser evaporation and an auxiliary soft ionization

method like field ionization, field desorption and chemical

ionization. Impressive results have been reported on laser

acsisted field desorption [50] and laser evaporation followed

by chemical ionization is on its way [42].

Sample preparation. Samples are prepared as thin layers,

usually deposited on a substrate out of dilute solutions or

suspensions. The average sample amount applied to the substrate
2

is in the order of 10 yg/cm . For a spot size of the laser
— 3 —4 2

focus of about 10 to 10 cm , the sample material consumed

per laser pulse is in the range of 1 to 10 ng. Inhomogeneous

sample layers give rise to large fluctuations in the pulse to

pulse ion current intensities. Preparation of more homogeneous
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layers can be obtained by electrospraying the solution onto

a metallic substrate [51]. However, this spraying technique

cannot be applied to aqueous solutions and non-conducting sub-

strates. Although most frequently metallic substrates like

Al, Ni, Cu and stainless steel foils and rods are used, also

semi-conducting and insulating materials can be applied. The

choice of these materials is reasoned by their absorption co-

efficients for the laser radiation, binding energies for sam-

ple molecules and catalytic functions. In a special application

of laser mass spectrometry to the analysis of complex biologi-

cal materials, like tissues and cells, the samples were pre-

pared as 1.urn coupes, supported by a copper grid [52].

EXPERIMENTAL RESULTS

The applicability of laser desorption mass spectrometry to

the analysis of thermally labile organic samples with low va-

pour pressures has been illustrated by various authors [30-48].

Test samples used in these experiments are most frequently of

biological origin and belong to the following classes of com-

pounds: oligosaccharides, nucleic acid constituents and oligo-

peptides. Moreover porphyrins, vitamins, antibiotics and some

quaternary ammonium salts have been analyzed [33,36,45]. Although

the investigators used different experimental conditions, see

table 1, the spectra obtained are highly similar. Protonated

and alkali-cationized molecular species form the dominant mass

peaks in the molecular weight region, whereas a surprisingly

low amount of fragmentation products are measured in the low

mass range. Positive ion spectra have been recorded most fre-

quently, however also some negative ion spectra have been pu-

blished [31-33]. The dominant mass peaks in the molecular weight

region of the negative ion spectra is the deprotonated mole-

cule. Attachment of negative ions, for instance Cl~, has been

reported for negative ion laser mass spectrometry [53]. The

neutral fraction of the laser desorbed samples has not been

studied extensively. Thusfar only a few groups have presented

some results using electron impact and chemical ionization mass
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spectrometry [34,42,44,48,49]. From these results it has to

be concluded that the major part of the sample is desorbed

as neutral species. This observation is in agreement with es-
-7

timated ionization efficiencies of about 10 in laser desorp-

tion mass spectrometry. The size of the laser-desorbed neutral

species is obscured by the additional fragmentation accompany-

ing electron impact ionization. A more favourable situation

is observed under chemical ionization conditions, where the

mass spectrometric fragmentation is limited, to an extent where

molecular ions can be observed. To give an impression about

the obtainable results of laser mass spectrometry some typical

spectra of various classes of bio-organic compounds will be

given. The spectra to be shown were all recorded on our magne-

tic sector-type mass spectrometer equipped with a simultaneous

ion detection system. The laser used was a TEA C09 laser cha-
-7racterized by X = 10.6 ym, T = 2.10 s, E= 10 mJ and a focal

spot size of about 3 mm diameter. With this laser an estimated
7 2power density of about 10 W/cm is obtained on the sample

material. The experimental set-up is shown in fig. 1. The laser

desorption mass spectra recorded with this system are highly

similar to spectra obtained by other authors, using different

experimental arrangements. Therefore the spectra presented

can be considered as examples being representative for the me-

thod.

Oligosaccharides. Oligosaccharides are used most frequently

as model compounds for non-volatile materials to demonstrate

the potentials of new desorption and ionization techniques.

The non-volatility of oligosaccharides was deduced from the

fact that molecular ions of these compounds have not been ob-

served in experiments where these samples were evaporated from

an oven into an ionization source of a mass spectrometer [54].

Under these conditions intense fragment ion signals are ob-

served, mainly representing dehydrated molecular and "mono-

meric" species. Obviously the major part of the oligosaccharide

sample is thermally decomposed during the evaporation and trans-

fer processes. Recently, it has been shown that heating of

oligosaccharide samples inside a chemical ionization source
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T E A CO2 Loser

Sample

Magnetic quadrupoie

optical
mult i-channel
analyzer

Sector magnet -

Electrostatic quadrupoie

Channel plates
Fibre optics

Vidicon camera

Pig. 1. Experimental set-up of the laser desorption mass spectrometer

with simultaneous ion detection. The ion source is a convention-

al electron impact ion source with direct insertion probe and

laser admission possibilities. The magnetic and electric qua-

drupoles are used to focus the spectrum on the multi-channel ion

detection system, built up of channelplates, phosphorous screen,

fibre optics and a vidicon camera coupled to a multi-channel

analyzer. Time resolved information can be obtained by allowing

the ion beam to enter the magnetic field only during a selected

time interval (deflection timer) following a chosen delay time

after the laser pulse.
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can lead to the formation of protonated and deprotonated mole-

cular ions [9,55,56]. The question has been raised whether

these ions are formed by chemical ionization after molecular

evaporation or that the. molecules are ionized in the solid

phase and desorb as ions, as is the case in field desorption.

No decisive answer has yet been given, however, evidence is

accumulating that molecular evaporation of oligosaccharides

is possible [46]. However, thusfar only a small fraction of

the sample can be volatilized in molecular form and severe

influences of sample size, chemical ionization reagent gas

and "temperature history" of the sample are observed [9,56],

It has been emphasized by Friedman and co-workers that rapid

heating of a sample can enhance molecular evaporation over

thermal fragmentation [14], Therefore, it seemed to be inte-

resting to apply laser radiation for heating a sample, because

in this way heating rates up to 10 K/s can be obtained. The

effects of rapid laser heating were tested by irradiating a

sucrose sample situated in the electron impact ion source of

the mass spectrometer shown in fig. 1. The resulting electron

impact spectrum was not very promising, as can be seen in fig.

2b. Only relatively small fragment ions are observed and the

spectrum shows similarities with a conventional pyrolysis elec-

tron impact spectrum as shown in fig. 2a. In both spectra no

detectable ion currents could be measured in the molecular

weight region. The identity of the fragment ions in the Curie-

point pyrolysis (CP) spectrum can be deduced tentatively from

the proposed degradation pathways given by Schuiten [58]. The

larger pyrolysis fragments are levoglucosan (162 amu) and its

dehydration products of mass 144 and 126. The latter fragment

can be assigned to levoglucosenone. In the laser desorption

(LD) spectrum the series of ions at m/z 163, 145 and 127 can

be interpreted as the protonated species of the fragments. Pro-

tonation can also be observed in the lower mass region of the

laser desorption spectrum, e.g. at m/z 31, 61, 73 and 85. These

protonated species likely originate from chemical ionization

processes, which can take place because of the fact that during

the laser pulse an instantaneous high product density is de-

veloped in the electron beam just above the sample. Estimated
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Fig. 2. Electron impact mass spectra of sucrose (MW 342). The upper spec-

trum was recorded from a sucrose sample heated on a Curie-point

wire outside the ion source [57], The lower spectrum was obtained

by rapid laser heating of a sucrose sample located inside the

ion source.
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local pressures are as high as 0.1 torr and, consequently, ion-

molecule reactions are highly probable. It will be clear from

fig. 2, that rapid laser heating and electron impact or che-

mical "self-ionization" do not provide much advantage over or-

dinary pyrolysis electron impact ionization procedures. How-

ever, it still has to be kept in mind that the fragmentation

patterns in the spectra of fig. 2 have two basic origins: ther-

mal fragmentation during the heating process and subsequent

fragmentation induced by the ionization process. Therefore

application of soft ionization methods can give more direct

information about the thermal fragmentation process alone.

For this purpose field ionization and alkali-cationization

processes are highly applicable [58,54]. Under the experimental

conditions used on recording the spectrum given in fig. 2b,

the laser intensity was too low to induce alkali-cationization.

Increasing the laser intensity by about a factor of four caused

a dramatic increase in the alkali-ion intensities and leads

to the concomitant generation of cationized molecular ions

of sucrose, as shown in fig. 3. It has to be stressed that

this spectrum was recorded without the presence of an ionizing

electron beam and thus shows only the laser produced ions.

The laser induced desorption spectrum of sucrose (MW 342) in

fig. 3, shows the quasi-molecular ions formed by attachment

of sodium ions (M + 23 ) and potassium ions (M + 39 ). The frag-

ment ions at m/z 185, 201, 203 and 219 represent molecular

fragments of masses 162 and 180 amu, to which a sodium or po-

tassium ion is attached. It is not clear whether these ions

represent cationized thermal fragments or unimolecular decom-

position of cationized molecular ions. The degree of fragmen-

tation is surprisingly low, especially in connection with the

data shown in fig. 2. One conclusion might be that the frag-

mentation patterns in the spectra of fig. 2 are mainly due

to the ionization processes and to a lesser extent to thermal

decomposition. The low amount of thermal fragmentation induced

by laser evaporation can be judged from the fact that a high-

ly characteristic thermal fragmentation process as water eli-

mination is not observed from the spectrum of fig. 3. In laser

desorption, elimination of glycosyl units from oligosaccharide
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Fig. 3. Laser desorption mass spectrum of sucrose (MW 342)^
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molecules occurs more frequently than elimination of water

molecules.

The results presented for the disaccharide sucrose can be

extended to tri- and tetrasaccharides and glycoconjugates like

cardiac glycosides. In the laser desorption spectra of these

underivatized samples, molecular weight information is obtain-

ed from the quasi-molecular ion peaks whereas the observed

successive losses of glycosyl units provide further structural

information. For the cardiac glycosides complete stripping

of all glycosyl units leads to an ion peak for the aglycon

moiety. Thusfar the highest molecular weight compound analyzed

by laser desorption mass spectrometry was digitonin (MW 1228) .

The limitation in mass range is mainly due to the restricted

magnetic field strength of the analyzer in our instrument

(9 kG, 15 cm radius), which forces to operate at low accele-

rating voltages for high masses and consequently gives a high

reduction in sensitivity. In fig. 4 part of the spectrum of

digitonin is displayed together with the electron impact spec-

trum of a reference compound. The spectra shown are direct co-

pies of the detection system read-out signal and in the case

of digitonin, the presented distribution represent, about 10

ions per mass peak. The Li-, Na- and K-cationized molecular

species of digitonin are detected at the mass values m/z 1235,

1251 and 1267, respectively, whereas the other peak group shows

a cationized fragment, due to loss of a glycosyl unit. It should

be noted that unit mass resolution was not obtained in this

high mass range and that isotopic mass peaks could not be re-

solved as a result of the limited resolving power of the sin-

gle focusing instrument, and the low accelerating voltage ap-

plied. From the peak widths, no decisive information about

the energy spread of the laser-produced ions can be extracted.

Although the mass peaks in the spectrum of digitonin are some-

what broader than the peaks in the electron impact spectrum

of the reference compound, the energy of the laser produced

quasi-molecular ions does not exceed one electron-volt.

Nucleotides. The application of mass spectrometry tc the

analysis of nucleic acid constituents is hampered by the in-

herently low vapour pressures of the compounds. However much
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1166 1185 m/e

Fig. 4. Laser desorption mass spectrum of digitonin (MW 1228)
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effort has been given to analyze these compounds because of

their decisive role in life. Nucleobase analysis is of inte-

rest in the field of quantitative base ratio determinations

in DNA and in particular in the search of modified bases. The

relatively high stability of nucleobases at temperatures at

which a sufficient vapour pressure can be developed is demon-

strated by numerous direct probe experiments [59]. Application

of special sample introduction and ionization techniques, e.g.

in-beam introduction, field desorption, ion bombardment, and

laser irradiation, can give rise to spectra which show a very

low degree of fragmentation. The majority of ions generated

by these techniques are protonated and cationized molecular

species.

The remarks given about the mass spectrometric analysis

of nucleobases are valid also for nucleoside analysis. The •

laser desorption mass spectra of e.g. adenosine and guanosine

show abundant ion intensities for sodium and potassium cat-

ionized molecules. Also protonated nucleosides are observed

with intensities of about one order of magnitude lower than

the cationized species. Fragment ions in the spectra, at about

the same intensity levels as the quasi-molecular ions, are

mainly protonated and cationized bases. It has to be noted that

in contrast to the molecular species, the protonated bases are

as abundant as the cationized bases. Probably this reflects

the high proton affinity of the bases, as a result of the pre-

sence of various nitrogen atoms in the base molecule. Surpri-

singly, very low intensities are measured for cationized ribose

moieties, in spite of the earlier demonstrated high probabi-

lity for alkali-comploxation of sugar-like molecules.

Thusfar, molecular ions of free nucleotides could not be

detected with conventional mass spectrometric techniques and

therefore derivatization procedures have been widely applied

to increase the volatility of these compounds. However, with

modern sample introduction and ionization techniques, molecular

ions of free mono- and di-nucleotides have been measured. The .

most frequently used mono-nucleotide in mass spectrometry of

"non-volatile" samples is adenosine 5'-monophosphoric acid

(AMP, MW 347). The base peak in the laser desorption spectrum
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Pig. 5. Laser desorption mass spectrum of adenosine-5'-monophosphoric

acid (AMF, MW 347)

150

112

174

282

362

i

476

1

ApC

611

1
100 06 200 300 400 500 600 m/e

Pig. 6. Laser desorption mass spectrum of adenylyl-(2',5')-cytidine

(APC, MW 572)
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of this compound, shown in fig. 5, is the sodium cationized

molecule at m/z 370. The protonated and patassium cationized

molecular ions have only half the intensity of the base peak.

The strong dominance of Na -cationized species over K -cation-

ized species is probably brought about by a relatively high

Na concentration in the sample. Major fragment peaks originate

from adenine and the product formed by expulsion of phosphoric

acid via the 3', 5'-cyclic AMP intermediate [60]. As was ob-

served for nucleosides the contribution of sugar moiety-related

ions is only small. The low contribution of ions related to

the adenosine fragment in the laser desorption spectrum of

AMP is intriguing and cannot be explained. A highly similar

fragment spectrum can be obtained for the di-sodium salt of

AMP, whereas the quasi-molecular ions of this compound corres-

pond to the protonated and the cationized AMP-Na2 molecule..

Obviously, protonation and cationization of the organic salt

is feasible.

The laser desorption technique has been applied also to the

dinucleoside-phosphate adenylyl-(3'-5')-cytidine (APC, MW 572).

The protonated and alkali-cationized molecular ion peaks of

this compound are clearly present in the spectrum at m/z 573,

595 and 611, as can be seen in fig. 6. This spectrum can be

interpreted on basis of the series of mass peaks at m/z 150,

282, 362, 458 and 476, representing potassium cationized cyto-

sine, cytidina, cytidine monophosphate, APC minus adenine and

water and APC minus adenine. Each mass peak of this series is

accompanied by two other mass peaks, 16 and 38 mass units lower,

corresponding to the sodium cationized and protonated analogs

of these fragments. Surprisingly, an analogous series of frag-

ment ions based on adenine related fragments is not found, ex-

cept for adenine (m/z 136, 158 and 174). The main features

of the fragmentation pattern in the laser desorption mass spec-

trum of nucleic acid constituents are highly similar to the

results obtained with field desorption and californium plasma

desorption [60,61]. Therefore it can be stated that the obtain-

ed mass spectra display the physico-chemical properties of the

sample rather than specific features of the analyzing technique.
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Fig. 7. Laser desorption mass spectrum of AlaAlaAlaProTyrAlaAlaAla

(MW 718)
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Amxno acids and oligopeptides. Although there is a great

activity in the field of mass analysis of peptides [62], rela-

tively few laser desorption spectra of polypeptides have been

reported [40,36]. In our laboratory only some a-amino acids

and one octapeptide have been subjected to laser desorption

mass spectrometry. For instance the "difficult" amino acids

arginine and cystine have been analyzed and in both cases the

cationized molecular ion is the base peak in the spectrum.

Loss of water from the molecular ions is not observed and only

small peaks due to loss of ammonia are found. In fig. 7, the

laser desorption mass spectrum of the octapeptide AlaAlaAla-

ProTyrAlaAlaAla (MW 704) is shown. The quasi-molecular ions

at m/z 727 and 743 form the most intense mass peaks in the

spectrum. Unfortunately, because of the low degree of fragmen-

tation observed, no sequential information can be obtained.'

The absence of many fragment peaks is surprising and further

work has to be done to see if this is a general feature for

oligopeptide analysis by this technique.

CONCLUDING REMARKS

1) Upon laser irradiation of organic samples with low vapour

pressures and low thermal stability, quasi-molecular ions

and some structurally relevant ions are generated.

2) Ionization efficiencies are in the order of 10 - 10

3) Laser parameters like wavelength and pulse time, in first

approximation, do not determine the desorption processes.

4) Reproducibility from one spectrum to another is weak, pro-

bably due to non-homogeneous saiuple layer thickness and

surface conditions.

5) Thusfar the best results have been obtained with infrared

lasers, which seem to induce thermal heating of the sample

and substrate. This leads to highly mobile alkali-ions and

sample molecules which form complexes on or close to the

surface.
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CHAPTER II

Thermal aspects of
laser desorption mass spectrometry

ABSTRACT

Quasi-molecular and fragment ion formation of sucrose in-

LDMS have been investigated as function of laser intensity

and substrate material« The ion currents generated from a stain-

less steel and quartz substrate show a different dependence

on radiated laser energy. However, the ion currents show a

highly congruent behaviour as function of the calculated sur-

face temperature resulting from the applied laser energy. This

encourages a thermal interpretation of LDMS results. Thermal

desorption of quasi-molecular ions from the substrate seems

to be unlikely and a gas phase ionization model is proposed.

INTRODUCTION

During the last decade several soft ionization techniques

have been introduced in organic mass spectrometry for the ana-

lysis of so-called thermally labile, low vapour pressure com-

pounds. The most widely applied techniques nowadays are Field

Desorption [1] and Direct Chemical Ionization Mass Spectrome-

try [2], Also Laser Desorption Mass Spectrometry (LDMS) [3]

and Ion Induced Desorption Mass Spectrometry [4] have been pro-

moted as ionization techniques with promising potentials in

analytical mass spectrometry. Although these techniques are

quite different in their experimental set-up they yield highly
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similar spectra for various classes of biologically important

samples. The most interesting general feature in the mass spec-

tra is that instead of radical molecular ions quasi-molecular

ions are observed consisting of molecule-alkali ion complexes.

This points to an ionization process based on ion-molecule

reactions rather than on electronic excitation of the molecu-

les. It is not clear up till now what is the sequence of ioni-

zation and desorption and what are the energetics of the de-

sorption process, especially whether they are thermal or non-

thermal .

The most consistent description of the ionization and de-

sorption processes has been given for Field Desorption [5].

Here ion formation and desorption take place via a field-en-

hanced desolvation. During this process it is assumed that the

sample is in thermal equilibrium, the major influence of tem-

perature is an enhancement of the mobility of the sample. In

Direct Chemical Ionization the sequence of ionization and de-

sorption has not fully been disclosed. Complex ions can be

formed on the surface as well as in the reagent gas after eva-

poration. It seems, however, that the desorption process is

of a thermal nature. A more obscure situation is observed for

the more violent techniques where the samples are irradiated

by beams of energetic particles: ions, neutrals or photons.

Under ion bombardment spike temperatures ranging from a few

thousand up to several ten thousand degrees have been calcu-

lated at the impact places from kinetic energy distributions

of desorbed ions [6]. The highly fragmented ionic species in

the low mass range of the spectrum can be explained by these

high temperatures. At the same time, however, large abundances

of quasi-molecular ions are found in the higher mass range of

the spectrum. It is hard to believe that both kinds of ions

have been formed under the same conditions. Therefore the con-

cept of temperature was abandoned for the interpretation of

the results obtained by ion and photon bombardment. Non-thermal

processes have been introduced like plasmon- [7] and shockwave-

[8] stimulated desorption.

Also in LDMS a thermal nature of the ionization and desorp-

tion processes has been considered with great scepsis for some
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time. Nevertheless, in the early work on laser evaporation

and ionization of metals a purely thermal concept was sufficient

to describe the experimental results [ 9 ]. Evaporation rates

and degrees of ionization could be related to calculated tem-

peratures of the sample material. Laser desorption of some

relatively stable organic compounds like quaternary ammonium

and phosphonium salts has already been explained in terms of

thermal desorption [10]. Also thermal desorption of quasi-mole-

cular ions from glucose, adenosine and a crown ether has been

confirmed experimentally [11] whereas other results [12,13,14,

15] point to a possible thermal desorption of sucrose (-com-

plexes) . This encouraged a more detailed study of the correla-

tion between the quasi-molecular ion currents and surface tem-

peratures in LDMS. The present evaluation is performed on the

basis of new experimental data concerning the variation of ion

currents as a function of laser intensity.

SURFACE TEMPERATURE CALCULATIONS

In this section calculations will be made on the place and

time dependent temperature distribution on a substrate surface

subjected to pulsed laser irradiation. Our first assumption

will be that the laser beam has a Guassian intensity distri-

bution. The laser intensity flux I(r,t) as function of place

and time can then be given by

I(r,t) =I m a x*p(t) *exP(-r
2/d2) (1)

Here I m a x is the maximum laser intensity flux, p(t) pre-

sents the pulse form of the laser pulse and equals one at max-

imum and d is the Gaussian radius of the spot. Because

of the symmetry the place dependency is only given by the dis-

tance r from the center of the spot. If we assume that the

reflection coefficient R is independent on temperature the

flux F in the surface will be

F(r,t) = (1-R) * I m a x * p(t) * exP(-r
2/d2) (2)
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Fig. 1. Experimental laser pulse form p(t) as a function of time.

'E

t(jJS)

Fig. 2. Time dependence P(t) of the temperature rise AT, calculated

according to formula (5).
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Furthermore, it is assumed that the absorption in the mate-

rial is very high, i.e. most of the heat is produced at the

surface. Also, thermal constants like the thermal conductivity

X and the thermal diffusivity K are taken to be independent

on temperature. Using the model described by Ready [16] the

temperature rise AT on the surface can be calculated as a func-

tion of laser intensity flux I m a x

( 1""W d 2 ,£,» * .(ft-) ^ri
o t'*(4Kt'+d^) 4Kt'+cT

Actual values of the parameters which have been used in the

calculations for stainless steel surfaces are [17]; X = 17 W/Km,

K = 4.10 in /s and d= 1.2 10 m. The time variation in the

laser intensity p(t) cannot be approximated by a simple

lytical expression for our type of laser and therefore the ex-

perimentally determined form as shown in fig. 1 has to be used.

For short times where t << 2- (in our case 2-= 9.10 s) form.

(3) reduces to:

[ ^ 1 <£* ] * I«ax * ̂ ^ f ^ * *<*> (4)

with P(t) = ƒ ?<*-*'* at' (5)
o t«*

This is essentially the one dimensional case treated by
Ready [16]. In the framework of the assumptions given before,
the factor in brackets is a constant, independent on the va-
riables I , r and t. Note that AT increases linearly with

max

I , the maximum flux of the incoming laser beam under con-

stant focusing conditions and using a constant pulse form. The

place dependence of the temperature pulse is Gaussian and the

time dependence is given by P(t) (fig.2), which has been ob-

tained by a numerical evaluation of form.(5). The maximum sur-

face temperature T m in the centre of the laser spot is reached

at time t when P(t) has its maximum value. Because of uncer-

tainties in the actual values of X, K and R the calculated

absolute values for AT can be rather inaccurate. Therefore the

temperature scale was calibrated using the following method.

Experimentally the laser pulse energy e m e l t is determined where
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Pig. 3. Calculated number of ions desorbed by a laser pulse as function

of the maximum surface temperature T . The activation energies

used in the thermal desorption model are: AE= .69 eV (a) and

AE = .26 eV (b).



surface melting has started, i.e. Tm = Tmelt' t h e m e l t i n 9 tem-

perature of the surface. It will be clear that the laser flux

I is linearly proportional to the laser energy e using a
max
constant pulse form p(t) and constant focusing conditions:

I = ae with a a constant. Using this relation formula (4)
max
can be rewritten as a function of e, the constant a may then

be incorporated in the factor in brackets. For e = e _ e n t
 w e

can now write

From this calibration point the effective value of

can be determined and according to formula (4) temperatures

can now be calculated as function of e, r and t as long as

£<emeltand t<<É-
Application of these surface temperature calculations to

LDMS results requires a number of assumptions. First, it is

assumed that the presence of an organic sample layer does not

influence the temperature distribution of the substrate. This

means that most of the laser energy must be absorbed in the

substrate material and not in the organic layer. Furthermore,

the heat flux into the organic layer should be small compared

to the flux in the substrate. Still it is assumed that this

flux is sufficient to heat the sample to the momentary sub-

strate temperature.

Adopting a simple thermionic process, as can be assumed

for alkali emissions, the number dN of ions leaving a surface

area dO with temperature T during time dt is equal to

dN = CnJl exp(-AE/kT)dOdt (7)

In this Polanyi-Wigner model [18] n is the number of par-

ticles per unit area and I the reaction order. The next assump-

tion will be that n is almost constant; that is there is al-

ways a layer of particles left on the surface. To find the

total number N of desorbed particles an integration has to be

made over the surface and over time.
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Fig. 4. Experimental set-up of our laser desorption mass spectrometer

system.
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00 OO

N=2iTCn ƒ ƒ exp[-AE/kT(r,t) ]rdr dt (8)
o o

A numerical integration using the temperature distribution

from formula (4) and the K and A values for stainless steel

revealed that the total number of particles desorbed per laser

pulse can be approximated by

N~exp(-AE*/kTm) (9)

where the effective desorption energy AE* deviates less than

20% from the real desorption energy AE. The accuracy of this

approximation is demonstrated by fig. 3, where calculated va-

lues of N are plotted as function of 1/Tm in the temperature

range 700 K<1m<1800 K for two values of AE. This relationship

between the integral number of desorbed particles and maximum

surface temperature is not critically dependent on the laser

pulse form and the incorporation of a linear temperature de-

pendence in the preexponential factor C in formula (7) as check-

ed numerically. It will be evident that interpretation of ex-

perimental data on basis of this relationship results in an

approximate activation energy for thermionic desorption under

the assumptions made which can differ by about 20% from the

true value.

EXPERIMENTAL

The experimental set-up is shown in fig. 4 and has been

described before [19]. The ion source is of the conventional

Nier type, however, for LD work the electron beam was switch-

ed off. The laser beam and sample can be admitted to the sour-

ce via separate entrance ports. Focusing of part of the ion

spectrum on the simultaneous ion detector was performed by

the combined action of the electrical and magnetic quadrupole

and the sector magnet. The detector consisted of a Chevron

CEMA detector and a phosphor screen. Light signals produced

after arrival of ions at the detector were transported out

of the vacuum via a glass fiber system followed by two lenses

to focus the image on a Vidicon camera. Using an optical
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Pig. 5. A typical laser desorption mass spectrum of sucrose (MW 342)
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multichannel analyzer the image could be stored for further

processing. Time resolved measurements can be made by allowing

ions to enter the sector magnet only during a certain time

interval (+ 100 ys). The electronic circuit for this is trig-

gered by the visible light produced in the predischarge in the

laser.

The laser used was a Lumonics K-101-2 TEA CO2 laser (wave-

length 10.6 Mm) with nominal pulse length of about 200 ns and

maximum energy 1 J. Only a small fraction of the laser energy

(0.6-21 mJ) was focused to a spot with an estimated Gaussian

diameter of 0.24 mm using a Ge-lens. This results in energy
2

densities in the range of 1.3-46 J/cm . Mean power densities
6 8 2

of 8.7 10-3.1 10 W/cm were produced in this way. The time

dependence (fig. 1) of the laser pulse was measured using a

Photon Drag monitor combined with a storage scope. Energies'

of the laser pulse were measured using a Joule meter. Laser

energies could be varied using a set of CaF_ absorber plates

and a continuous polarization attenuator.

As a sample material sucrose (Merck art.7651) was used and

as substrate materials we chose stainless steel and quartz.

Best results were obtained if the surface was ground and che-

mically cleaned before applying the sample. An amount of 10 yg

sucrose dissolved in 10 yl methanol was deposited on the sub-
2

strate (surface area 20 mm ) using a syringe. Ten drops of

1 yl each were deposited to get a more homogeneous distribution

of the sample on the surface. No sodium in the form of NaCl

was added to the sample because addition of NaCl up to a re-

lative concentration NaCl : sucrose= 100: 1 did not result in

an appreciably increased ion current.

RESULTS

Quasi-molecular ions could only be measured in a relative-

ly small range of the laser pulse energies. Lower laser energy

limits were posed by corresponding low ion signals, whereas

higher limits were posed by ion source instabilities resulting

from high ion currents. In fig. 5 a typical laser desorption
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(mJ)
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m/z

1.

2.
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.60

.86

.00

.31

.31
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-
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-
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-
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a - average precision 15%.

b - not determined.
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mass spectrum of sucrose is presented. Isotopic peaks are not

given because of the limited resolution (300) of the instru-

ment. The spectrum is dominated in the molecular mass range

by [M+Na]+ and [M+K]+ peaks at m/z 365 and 381, respectively.

The main fragmentation observed is a cleavage at the glycosidic

linkage while no loss of H-0 from the molecular ion is obser-

ved. Na - and K -complexes of these fragments are present at

m/z 185, 203 and m/z 201, 219, respectively. Very intense sig-

nals of Na and K are observed in the low mass range at m/z

23 and m/z 39, respectively.

Before presenting the results on ion intensities of parti-

cular mass peaks as a function of laser energy, first the data

acquisition will be explained. At a fixed laser energy the

ion intensities vary considerably from pulse to pulse because

of, e.g., inhomogeneities in the sample layer and substrate-

surface. By comparing only intensities from two adjacent sam-

ple spots and using a ground surface these variations were

minimized. In two consecutive laser pulses two different laser

energies were used and the relative change of the ion currents

at a particular mass value was determined. The difference in

laser energies could not be taken too large because of the

limited dynamic range of the ion detector. This procedure was

repeated about 35 times and the mean relative increase in ion

intensity was calculated. In table 1 these mean values are

presented.

The factors of table 1 can now be multiplied to produce

fig. 6 where the relative ion intensities at masses m/z 23,

185, 203 and 365 are plotted as function of laser energy. The

curves are normalized on maximum ion intensities. Absolute

ion intensities of the quasi-molecular ions are of the same

order of magnitude as those of the fragment ions (m/z 185,

203) and are about two orders of magnitude smaller than the

Na -ion intensities.

The number of Na -ions arriving at the detector is approx-

imated to be 10 for a laser pulse of 5 mJ incident on a stain-

less steel substrate. With this value and an estimated extrac-

tion and transmission efficiency of 10 for the mass spectro-

meter system we calculated the number of alkali ions produced
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Fig. 6. Relative ion intensities as function of laser energy for a

quartz substrate (x) and a stainless steel substrate (•).
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to be 10 per pulse.

For the two substrates the maximum ion intensities are of

the same order of magnitude. It will be clear from fig. 6 that

the ion intensity curves for stainless steel and quartz as

a function of incident laser energy show a different behaviour

indicating that the substrate plays a major role in the pro-

cess. Perhaps these differences can partly be attributed to

a different temperature reached by the two substrates during

laser pulses with the same incident laser energy. An indica-

tion for this is that although the melting temperatures of

1883 K for quartz and 1808 K for stainless steel [17] are very

close the start of surface melting of the two substrates was

observed at different laser energies; 2.4 mJ (± 15%) for quartz

and 5.6 mJ (± 15%) for stainless steel.

DISCUSSION

From the experimental results presented in this paper the

following characteristics about laser induced ion currents

from a stainless steel substrate covered with a sucrose layer

can be extracted:

( i ) A minimum laser energy of about 2 mJ is required to

produce measurable currents of alkali ions. From this

experimental "threshold" the ion intensities increase

with laser pulse energy up to a maximum value. A further

increase of the laser energy does not lead to higher

ion yields and sometimes even a slight decrease in ion

intensity is observed.

( ii ) Quasi-molecular and fragment ion yields are of the same

order of magnitude although a stronger increase of the

fragment ion relative to the quasi-molecular ion with

increasing laser energy can be observed.

(iii) The Na -intensity exceeds the organic ion intensities

by two orders of magnitude. Nevertheless, the dependen-

ce on laser pulse energy is highly similar to that of

the organic ions.

Using a quartz substrate instead of a stainless steel substrate
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TABLE 2

LASER PARAMETERS S USED

Authors

Daves et al.

Heinen et al.

Kupka et al.

Krueger and

Schueler

Zakett et al.

Heresch et al.

Cotter

Vastola and
Pirone

Mumma and
Vastola

Stoll and
Röllgen

Kistemaker

et al.

This paper

(ref)

(27)

(28)

(29)

(30)

(25)

(21)

(31)

(32)

(33)

(23)

(22)

IN SEVERAL

laser type

Ruby

Nd YAG

Nd YAG

Nd YAG

Ruby

Ruby

Nd YAG

Nd YAG

Nd YAG

C02

Ruby

Ruby

cw C0„

Nd Glass

cw (X>2

C02

LDMS EXPERIMENTS USING ORGANIC SAMPLES

wave
length

694 nm

1064 nm

1064 nm

265 nm

347 nm

347 nm

265 nm

1064 nm

1064 nm

10.6 pm

694 nm

694 nm

10.6 pm

1064 nm

10.6 pm

10.6 pm

pulse
time (s)

IQ"3

io~4

10"8

1.5 10"8

3 10-8

3 10~8

8 10"9

lO"8

8 10~5

4 10~8

3 10"4

3 10~4

5

lO"4

10"1

1.5 10~7

power den-_
sity (W/cm )

5 1o
4

2.5 105

2.5 109

> io7

io8

io8

io8

io8

>2.5 1O3

> 3 106

io6

io6

20

5 106

io3

8.7 106

energy den-
sity (J/cm )

50

25

25

.15

3

3

.8

1

.2

.12

300

300

> 100

500

100

> 1.3

Where possible, minimum energy densities for quasi-molecular ion formation
are presented as extracted from literature.
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these characteristics are also observed, however the onset of

and the maximum in the ion currents occur at lower laser pul-

se energies and the increase of the ion currents with increas-

ing laser energy is stronger.

Comp_arison_with_other_data

Only a few results have been published on the role of laser

energy in LDMS of organic samples [20,21], In some cases a

minimum laser energy to produce quasi-molecular ions can be

extracted from the published results [21,23]. However, the

minimum laser energy appears to be highly dependent on the

laser and sample systems used. A definite increase in the ion

currents with laser power density was also reported. In par-r

ticular, Heresch et al. [21] observed a non-linear behaviour

in the range of nominal power densities 2 10 - 10 W/cm .

It is not easy to compare in more detail results obtained

by using different lasing systems and sample preparations.

The lack of knowledge on the underlying physico chemical pro-

cesses makes it difficult to select the "characteristic" laser

parameter for comparing the results. Many LDMS data have, al-

most intuitively, been presented as function of the applied

laser power density. In this terminology it was stated that
6 2a laser power density of about 10 W/cm is needed to produce

quasi-molecular ions [24]. Indeed, many highly similar spectra

have been recorded at power density values within two orders

of magnitude from this level with quite different laser sys-

tems. Although this might be taken to indicate that laser power

density is the characteristic parameter in LDMS, three recent-

ly obtained results do not support this. Firstly, LDMS spectra

are also obtained at power densities in the range of 20-10

W/cm [22,23]. Under these low level irradiance conditions

a time delay was observed for the ion current generation with

respect to the applied laser pulse. Secondly, in some experi-

ments ion generation did not stop immediately after the laser

pulse; effectively ion generation occured at zero laser power

density [25,26]. Thirdly, in several papers [21,23] and in

particular in this paper, a strong influence of the substrate

material is reported on the laser power density required for
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ion generation. These observations lead to the conclusion that

laser power density alone is not sufficient to characterize

the different lasers used in LDMS.

The above mentioned time behaviour of the ion emission and

substrate influence can be tentatively interpreted on the ba-

sis of the assumption that a minimum substrate temperature is

required for ion emission. Therefore it seems worthwhile to

take the energy deposition in the sample/substrate system as

the basic parameter. However, there are many obstacles in the

evaluation because of the fact that reflection and absorption

coefficients for the samples at the various wavelengths and

intensities are not available. Consequently we could only cal-

culate the radiated laser energy per unit surface area used

in the various experiments. The quoted laser parameters from

which the radiated energy density was calculated, had to be.

treated with caution because generally these values are esti-

mated rather than measured. In table 2 the calculated energy

density values from literature are summarized, they show a

variation of four orders of magnitude. This variation is small

compared to the seven orders of magnitude variation in the

laser power density values used in these experiments. The ab-

solute variation is rather large but is acceptable in view

of the inaccuracy in the laser parameters and different samp-

ling systems used. It is striking to note that the three la-

sing systems used by Daves et al. [27] in one experiment de-

livered about the same energy density despite the quite dif-

ferent intensities, focusing conditions and pulse times. The

high energy densities needed when using low power cw CO, la-

sers can be explained by the large part of the absorbed laser

energy which will be conducted away during these long pulses.

Other high values as used by Vastola et al. [32,33] and Kiste-

maker et al. (Nd-Glass laser) cannot be rationalized at this

moment. In conclusion, we state that comparison of different

laser systems used in LDMS on the basis of the irratiated ener-

gy density seems to be more appropriate than on the basis of

laser power density.
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A next step in the interpretation of the data on the basis

of a thermal model is to determine the sample and substrate

temperatures obtained in LDMS. However, because of the unknown

reflection- and absorption coefficients, thermal conductivi-

ties and heat capacities of the irradiated sample/substrate

systems, these temperatures cannot be calculated directly from

the applied laser energies. Under the assumptions made in the

surface temperature calculations it has been shown that an

approximately linear relationship exists between the maximum

surface temperature and the incident laser energy. It has to

be noted that this relation only holds for relatively short

pulses (< 10~ s) and in a limited temperature range; from

ambient temperature to the melting point of the substrate ma-

terial. With the help of a calibration point, namely the laser

energy required for heating the substrate to the melting point,

we could approximate surface temperatures as function of ap-

plied laser energy. Of course, the temperature varies rapidly

in time and place on the substrate and therefore we charac-

terized the surface temperature by the maximum temperature

reached in the centre of the irradiated spot. Conversion of

the laser energy scale to this temperature scale leads to plots

as shown in fig. 7. One has to note that only a small part

of the experimental data is shown, e.g. data corresponding to

calculated surface temperatures below the melting point of

the substrate. Highly congruent ion intensity curves are ob-

tained for stainless steel and quartz so that it might be con-

cluded that the surface temperature of the substrate is the

relevant parameter in the desorption process. The onset of

the alkali- and organic ion currents occurs at surface tempe-

ratures in the range of 600-800 K. These temperatures are quite

reasonable with respect to a thermionic origin of the alkali

ions.

For this reason we adopted a thermionic emission model to

describe the alkali ion current. As outlined in the surface

temperature calculations approximate activation energies AE*

for thermionic emission can be obtained from a plot of the

ion current versus the maximum surface temperature. A least
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squares fit of AE* to the experimental data in fig. 7 leads

to AE* = 0.8 eV and 0.6 eV for Na+-emission from the stainless

steel and quartz substrates, respectively. Interpretation of

these values on the basis of ionization potentials and work

functions is rather tentative because of the undefined surface

conditions during the emission process.

If this thermal emission model is also used to interprete

the results for quasi-molecular ion emission one has to assume

that these ion molecule complexes can survive temperatures

in the range of 600-800 K. This does not seem to be a reason-

able assumption unless the quasi-molecular ions are much more

stable than the neutral molecules. Nevertheless, the experi-

mental results of the organic ions in fig. 7 can be described

reasonably by a similar relationship (form. (9)) between maxi-

mum surface temperature and integrated ion current as used .

for the alkali ions. The resulting values for AE* of 0.2 eV

for the quasi-molecular ions and about 0.6 eV for the fragment

ions are only used for a quantification of the increase of the

ion currents with temperature. This facilitates comparison of

the various ion currents.

Concluding this section it will be clear that differences

in ion current intensities using different laser energies on

stainless steel and quartz substrates can be qualitatively

attributed to the different temperature responses of the sub-

strates .

The concept of a simple thermal desorption process of ion-

molecule complexes had to be abandoned because of the fact

that quasi-molecular ions are only observed at high surface

temperatures. The presence of a strong alkali ion current which

is always accompanying the quasi-molecular ions, can point

to the prerequisite of an intense Na+-ion current for cationi-

zation reactions. This leads to the postulation of a gas phase

complexation reaction for the formation of quasi-molecular ions.

In this concept sucrose particles are evaporated at relative-

ly low surface temperatures during the early stage of the la-

ser pulse from the centre of the laser spot and later on from
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the edges of the irradiated spot. Thermionic Na -ions are emit-

ted only from the hot central part of the spot. This model sup-

poses the evaporation of intact sucrose molecules. Although

this assumption was considered to be non-realistic for some

time, various experimental data support this idea nowadays

[34,15]. This qualitative picture of evaporation and gas phase

complexation covers the experimental data reported in this

paper. However, a quantitative interpretation of the data with

this model has not been succesful up till now. The main ob-

stacles are the unknown reaction kinetics of the desorption

and fragmentation processes, which determine the gas phase

concentration of sucrose. A simple molecular evaporation and

ionization model does not suffice to explain the results quan-

titatively as will be shown in the following paragraph.

Suppose that the sucrose sample at the irradiated spot is

evaporated completely as intact molecules and that the sucro-

se cloud is overhauled by the much faster alkali ions emitted

somewhat later. The chance P that an alkali ion forms a com-

plex with a sucrose molecule is then given by

P_ = 1 - exp(-n * a) (10)
G 5

where n is the number of sucrose molecules vaporized per unit

surface area and a is the cross section for complexation. Ap-

proximate values for the parameters under our experimental con-

ditions are n = 10 inolecules/cin and a = 150 A (Langevin

cross section) [35]. These values lead to P « 1 , thus every

alkali ion can form a complex, provided that sufficient gas

phase molecules are available: n_ > n.T + (n„ + is the number
S Na ' NcL

of sodium ions emitted per unit surface area). It will be clear

that this condition can be fulfilled at relatively low sub-

strate temperatures and consequently the behaviour of the quasi-

molecular ion current has to be linearly proportional to the

number of alkali ions emitted at low laser energies. At high-

er laser energies the number of alkali ions can exceed the

number of sucrose molecules and the quasi-molecular ion cur-

rent will be proportional to the sucrose gas phase density.

From figs. 6 and 7 it is observed that the quasi-molecular

ion current is not linearly proportional to the alkali ion
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current, indicating that n M + > n . This conclusion contradicts
15 o

the value of n +«10 ions/cirr at 5 mj as deduced from the

measured Na -current. Obviously, in the context of this model,

the number of sucrose gas phase molecules is highly overesti-

mated; the vaporization of the sample proceeds not uniquely

via molecular evaporation. This point of view is supported by

a consideration of the heat transport from the heated substrate

into the sample under the assumption that a direct heating of

the sucrose sample by laser irradiation is negligible. At the
9

high heating rates in the centre of the laser spot (> 5 10

K/s) the energy transport via thermal conduction is not suffi-

cient to heat the sample layer uniformly to the momentary sub-

strate temperature. This leads to high temperature gradients

in the sample layer. First order calculations support the pos-

sibility of sample vapourization and fragmentation of the lay-

er in close contact with the substrate while the top layers

are still in the solid state. The resulting explosive removal

of sample material proceeds via cluster ejection rather than

molecular evaporation. Molecular evaporation can be expected

from adjacent low temperature areas. The fact that in our ex-

periments no cluster ions could be detected may be explained

by a mass distribution in such a way that most of the particles

fall beyond the detection window of our instrument.

Another indication for supply of sucrose from the outer

regions of the irradiated spot can be found in the work of

Heresch [21]. A much improved quasi-molecular ion current was

obtained by focusing the laser beam on surface irregularities

with dimensions comparable to the laser spot. These irregula-

rities were introduced by mechanically scratching the sample

surface, apparently leaving a "bare" substrate at the centre

of the laser spot.

CONCLUSIONS

In the foregoing discussion it has been shown that all ex-

perimental results can, at least qualitatively, be explained

by a thermal model where a minimum temperature has to be
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reached before quasi-molecular ion formation can take place.

Minimum temperatures extracted from the experimental data are

too high for a thermal desorption of intact quasi-molecular

ions and favour a model where intact sucrose molecules and

alkali ions combine in the gas phase. Furthermore- in the frame-

work of such a model it is suggested that sucrose molecules

involved in the complexation reaction originate mostly from

the outermost areas of the laser spot.
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CHAPTER III

Gas phase ion/molecule reactions
in laser desorption mass spectrometry

ABSTRACT

The desorption of neutrals, alkali ions and quasimolecular

ions of sucrose was studied as function of substrate tempera-

ture in laser desorption mass spectrometry. These phenomena

were also investigated in thermal desorption experiments. It

was concluded that in these experiments gas phase cationization

is the major ionization process.

INTRODUCTION

Laser desorption (LD) mass spectrometry has been introduced

as an analytical technique for the analysis of so-called non-

volatile organic compounds [1-4]. Representatives of various

classes of biomolecules, e.g. oligosaccharides, oligonucleo-

tides and oligopeptides have been used frequently to demon-

strate the potential of the method. The phenomena encountered

in LD mass spectrometry e.g. the occurrence of ions indicative

of the molecular weight of "non-volatiles", were quite unex-

pected. Initially a rationalization of the physicochemical pro-

cesses involved could not be given. This challenged various

scientists' imagination to advance new theories on the desorp-

tion of organic ions [5,6].

As new observations on desorption phenomena crowded in

[7-18], various features in LD mass spectrometry were recog-
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nized, which pointed to ion/molecule reactions and unimolecu-

lar dissociations. A similar situation existed in ion induced

desorption mass spectrometry [19-22] and in fact Cooks et al.

[22,23] pointed out that the interpretation of the desorption

spectra can be facilitated greatly by using the available know-

ledge on gas phase ion chemistry. However, details of the de-

sorption and ionization processes involved in the ion formation

and release of "non-volatile" sample molecules have not appear-

ed previously. Surface ionization and consecutive ionic emis-

sion as well as gas phase ionization of neutral molecules de-

sorbed intact have been proposed [18], but no evidence has been

presented which favours one of these processes. Of course, the

"non-volatility" of the samples investigated should exclude a

gas phase ionization model; however, it has been argued that

under specific conditions, for example high heating rates, .

molecular evaporation can be enhanced over molecular dissocia-

tion [10,11 ,18,24,25].

LD mass spectra of various organic samples have in common

the predominant occurrence of quasimolecular ions formed either

by protonation or attachment of metal ions. Alkali ion attach-

ment has been observed most frequently, although also cationi-

zation by other metal ions has been reported [26,27]. Further-

more, abundant contributions of single cations involved in the

cationization process are found to accompany the quasimolecular

ion yields. Although the formation of ions can result from

single and multiphoton absorption processes in principle, the

cation production observed under low power C0~ laser radiation

[9,16] can hardly be attributed to processes of this type. The

conditions rather point to a thermal process. Indications for

cation production by thermal ionization [28] in LD mass spec-

trometry can be extracted from several reports. First, with

low power lasers (< 10 W cm ) only alkali ions are involved

in the cationization process [9,16], This can be correlated

with low surface temperatures obtained in these experiments.

At high laser intensities non-alkali ions and related ion/

molecule complexes are also formed. Furthermore, the increase

in alkali ion currents from different substrates with increas-

ing laser beam intensity shows a simple correlation with
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estimated surface temperatures [29]. It must be noted that the

surface condition of the irradiated substrate, e.g. roughness,

also affects the action and quasimolecular ion production [14],

and can be rationalized by the dependence of the temperature

distribution on the surface condition.

The atomic ion currents emitted from bare metal surfaces

during laser irradiation were interpreted adequately some time

ago by a thermal ionization model [30]. Thus, cation production

seems to be related to a high temperature process. Nevertheless,

the formation of quasimolecular ions at these temperatures is

rather unlikely because of the thermall stress experienced by

the organic molecules. The most logical proposition to deal

with this conflict is to assume that quasimolecular ion forma-

tion takes place outside the hot surface area.

To study experimentally the cation production and quasimo-

lecular ion formation as a function of the substrate tempera-

ture a number of relatively simple experiments were performed.

First, a small thermocouple was used as sample substrate, which

was irradiated by a low power CO- laser. The disaccharide su-

crose was used as sample material. The observed sequence of

desorption phenomena confirmed the role of surface temperature

in LD mass spectrometry. On the basis of these results several

thermal desorption experiments were performed to investigate

the contribution of gas phase ion/molecule reactions to the

cationization process.

EXPERIMENTAL

Mass analysis of the ions generated was performed with a

quadrupole mass filter (Finnigan 3000) coupled to a signal

averager (Fabritek 1072) for the data acquisition. The modi-

fied ion source was of the open type to facilitate the intro-

duction of a laser beam, an alkali ion beam and a sample.

Electron impact spectra were recorded at 70 eV electron ener-

gy, whereas the electron beam was turned off during the re-

cording of ion currents resulting from cationization by alkali

ions. The time evolution of a number of mass peaks was follow-

ed by the use of a home-built multiple peak selector. In the
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LASER DESORPTION

HIGH TEMP GRADIENT PROBE

INDIVIDUAL ION AND MOLECULE SOURCES

Fig. 1. Schematical experimental

set-up in the three

experiments described.
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cationization experiments the mass spectrometer source poten-

tials were set for maximum alkali ion current detection. The

low amplification of the electron multiplier (10 ) limited the

sensitivity of the instrument and spectra were recorded at re-

latively low mass resolution.

Three experiments were performed and the arrangements used

are represented schematically in Fig. 1. In the first experi-

ment a small NiCr-Ni thermocouple (50 ym diameter) used as

sample substrate was irradiated by a continuous wave CO- laser

(GTE Sylvania 941). The laser beam was focused down to a spot

of 0.2 mm diameter, delivering a power density of about 10

kW cm . In the second experiment resistance heating was ap-

plied. The substrate was composed of a thin W-filament (60 urn

diameter) spotwelded to stainless steel wires (1 mm diameter).

Heating currents of about 0.8 A were used and the temperature

of the sample supporting stainless steel wire was followed by

a NiCr-Ni thermocouple. In the third experiment the sample

was evaporated from a heatable W-ribbon (30 ym thick) placed

just outside the mass spectrometer source. Heating of the rib-

bon by a direct current of about 1 A was monitored by a NiCr-

Ni thermocouple. To produce a constant and intense [K] beam,

a special [K] source was used (Spectra-Mat) [31], which was

placed 1 cm outside the mass spectrometer source. The energy

of the [K] ions was kept as low as possible (< 3 eV). This

was effected by setting all potentials of the [K] source close

to the mass spectrometer ion source potential. This operation

considerably reduces the intensity of the [K]+ beam; however,

ion currents of about 100 nA could be obtained.

The disaccharide sucrose (C-|2H22°11' m o l- w t 342» Merck)

was used as model compound. Solutions of sucrose in water-

methanol were prepared and 1 yl aliquots were applied to the

substrates. Estimated sample amounts used were of the order

of micrograms. No alkali salts were added to the sample.

RESULTS AND DISCUSSION

Most of the data presented below concern the cationization
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of sucrose molecules by potassium cations. Although also some

other "non-volatile" compounds have been used we will restrict

ourselves to the sucrose data. The use of [K] ions was not

based on any theoretical consideration, but resulted from the

intense [K] emission from bare substrates when heated either

by a low power CO- laser or resistively.

The heating of the thermocouple by the focused continuous

wave CO- laser was investigated by recording the electromotive

force of the thermocouple as a function of laser irradiation

time. Simultaneously, the laser induced ion currents or the

ion currents obtained after additional electron impact ioni-

zation were measured. The results obtained are presented in

Pig. 2 and show a distinct sequence of desorption processes.

The temperature of the thermocouple increases rapidly after

the start of the irradiation to about 1200 K in 1 s. Neutral

particle descrption takes place mainly during the low tempera-

ture stage of the process, as can be deduced from the time

profile of the electron impact ion currents and the temperature-

time profile. In Fig. 2 the ion intensity of m/z 126, presu-

mably the pyrolysis/electron impact fragments levoglucosenone

and hydroxymethyl furaldehyde [32], is given. Highly comparable

curves have been obtained for other typical fragment ions of

sucrose, e.g. at m/z 162, 144 and 98 [32]. Mainly [K]+ ions

are emitted at thermocouple temperatures in the range of

800 K < T < 1200 K, whereas at higher temperatures [Na] + , [Rb] +

and [Cs] currents can also be measured. The results are de-

pendent on the alkali contamination of the surface and the

ionization efficiencies at the various temperatures. In Fig.

2 we plotted only the [K] current because of the dominant

role of [K] in the cationization process. The sharp increase

in [K] current with temperature reflects partly the increase

in ionization efficiency with temperature, whereas the maxi-

mum and the decrease in the ion current has to be related to

the diminishing removal of alkali contamination at the sur-

face. The steady state [K]+ current at longer irradiation times

is probably determined by diffusive processes in the bulk of
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the thermocouple material to supply the depleted surface layer,

ion/molecule complexes of [K]+ and sucrose molecules or frag-

ments thereof are observed only after relatively long irradia-

tion times. In addition to the quasimolecular ion at m/z 381

fragment ions due to glycosidic cleavage were measured at m/z

201 and 219. In Fig. 2 the ion currents at m/z 381 and 219 are

given and appear to be highly correlated. Dehydration from

sucrose (m/z 363) could not be observed within the detection

limit of the instrument.

The presented sequence of neutral evaporation, alkali ion

emission and quasimolecular ion formation is not critically

dependent on the laser intensity applied. At different laser

beam intensities the events occur on different time scales;

however, the correlation between temperature and neutral and

ionic emissions still holds. Only at low laser intensities,-

where the thermocouple temperature remained below 700 K, could

[K] emission and quasimolecular ion formation not be observed.

A first interpretation is that quasimolecular ions are emit-

ted only at high surface temperatures. However, it requires

that the quasimolecular ions survive the thermal stresses ex-

perienced at these temperatures. Although it is possible that

ion/molecule complexes have higher thermal stabilities than

the parent organic molecules, it seems rather unlikely that

quasimolecular ions of sucrose are stable at temperatures of

about 900 K. Because of the relatively low heating rates used

in this experiment, a delay in the vibrational and rotational

temperatures with respect to the translational temperatures

is considered to be of no importance. A second interpretation

is that the high surface temperatures at which quasimolecular

ion formation is observed are required for the alkali ion pro-

duction rather than for the release of quasimolecular ions.

Obviously thermionic [K] ions are involved in the cationiza-

tion process. On the basis of the arguments presented earlier,

cationization of intact sucrose molecules by thermionic ions

on the hot surface seems to be rather unlikely; the ion/mole-

cule reactions have to take place on a colder part of the sub-

strate or in the gas phase. It should be mentioned that a gas

phase reaction requires molecular evaporation of sucrose, pre-
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sumably from the less hot parts of the substrate. Obviously

for both models, surface cationization and gas phase ionization,

two different temperature areas are required.

High_temgerature_2radient_grobe

The main effect of laser irradiation in LD mass spectrometry

seems to be to create quite different temperatures at adjacent

surface areas. This implies that quasimolecular ion formation

can be induced also by other heating devices, provided that

appropriate temperature gradients are produced. Therefore, we

constructed a hybrid sample substrate composed of a thin wire

and a thick wire. Heating this system resistively resulted in

a high temperature of the thin wire, which served as [K] sour-

ce, whereas the thick wire reached only moderate temperatures

and could be used for sucrose supply. The time evolution of

the desorption processes from this device was monitored for

the ionic species and the results are shown in Fig. 3. Emis-

sion of [K] started within 1 s after the initiation of the

heating. Quasimolecular ion formation could be detected after

relatively long heating times of about 5 s. By earful control

of the heating current low quasimolecular ion currents could

be measured for more than 60 s, whereas any fragment ion cur-

rent was absent. However, a slight increase in the heating

current resulted in a more intense, quasimolecular ion emis-

sion of short duration, accompanied by formation of fragment

ions due to loss of water from the molecule. Under these con-

ditions we measured the quasimolecular and fragment ion cur-

rents at m/z 381 and 363 respectively. Highly congruent curves

were obtained as is shown in Fig. 3. To our surprise fission

of the glycosidic linkage, leading to ions at m/z 201 and 219

was not observed. Within the reproducibility of the experiment,

vaporization of sucrose was found to be highly correlated with

quasimolecular ion formation, as deduced from the electron im-

pact ion current measured at m/z 126. However, after long heat-

ing times, a measurable ion current at m/z 126 was still pre-

sent, presumably due to release of pyrolysis products.

Quasimolecular ion formation did not depend critically on

the temperature-time profile. For instance, it was interesting
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a»
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Fig. 3. Sample substrate temperature and ion intensities for high tem-

perature gradient probe as function of resistive heating time.
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to observe that the quasimolecular ion current could be re-

stored after interruption of the heating current. A tempera-

ture measurement of the sample supporting part of the substrate

showed that quasimolecular ions are formed at relatively low

"sample temperatures", in a range of 450-550 K (see Fig. 3).

This was only a rough indication, because of the temperature

gradients on the substrate and the fact that the position of

the thermocouple did not necessarily coincide with the place

from where sucrose was supplied. Nevertheless, the determined

temperature range is close to that measured for vaporization

of sucrose in the first experiment (see Fig. 2). From the data

obtained the following conclusions could be drawn: quasimole-

cular ion formation resulting from resistive heating and laser

heating of a substrate loaded with sucrose, seems to proceed

via identical, thermally induced processes. The idea of sepa-

rate areas of alkali ion and sucrose supply was confirmed;

however, it could not be decided whether the ionization takes

place in the gas phase or on the surface.

In order to test possible contributions of gas phase reac-

tions, separate sources for [K] ions and sucrose molecules

were used. Both were shielded to minimize possible contributions

of cationization on the heated surfaces of the [K] and sucro-

se sources. Because of the fact that the cross-section for gas

phase complexation will increase with decreasing relative ener-

gy of the particles, the energy of the [K] ions was kept as

low as possible (< 3 eV). Sucrose was evaporated from a ribbon,

heated to 450-480 K, as determined by a thermocouple reading.

At 460 K a quasimolecular ion current of low intensity could

be measured for some minutes. In Fig. 4 two spectra are shown,

which were obtained by signal accumulation for 30 s. Because

of the limited memory of the signal averager only the mass

range from m/z 200-400 was recorded. Fragment ion intensities

were relatively low at "sample temperatures" of 460 K and 475

K. Strong dehydration of the quasimolecular ions was observed

at higher temperatures. No abundant fragment ions due to fis-

sion of the glycoside linkage were observed, which is in con-
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Fig. 4. Partial mass spectrum of the gas phase ionization products

of evaporated sucrose and K for measured sample ribbon

temperatures (a) 460 K and (b) 475 K.
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contrast to our LD mass spectrometric results.

The results obtained in this experiment show clearly that

quasimolecular ion formation of sucrose can result from gas

phase ion/molecule reactions. Consequently, evaporation of in-

tact sucrose molecules as required in this experiment turns

out to be possible under thermal conditions. Recently Stoll

and Röllgen [33] have also observed cationization of sucrose

by thermionic [K] ions generated by low power CC>2 laser irra-

diation and came to the same conclusions as given above.

CONCLUSION

In LD mass spectrometry cationization of sucrose can be ra-

tionalized on the basis of gas phase ion/molecule reactions'

of thermionic alkali ions emitted from the hot central part

of the irradiated sample and sucrose molecules evaporated from

adjacent less hot areas. However, no explicit evidence has been

presented which excludes any contribution of surface cationi-

zation.

Extrapolation of this model to LD mass spectrometry of other

"non-volatiles" seems to be straightforward, but has to be ve-

rified.
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CHAPTER IV

Kinetic energy distributions of ions
produced in organic laser desorption

ABSTRACT

Kinetic energy distributions of laser desorbed Na -ions '

and quasimolecular ions are presented for a pulsed CO -laser
7 2(i = 200 ns, 2 10 W/cm ) irradiating a stainless steel surface

coated with sucrose. From these distributions information is

extracted on the processes contributing to formation of quasi-

molecular ions. The energy distributions are broader than ther-

mal distributions and display a tail at higher energies ex-

tending to 1 eV. The energy distributions are interpreted as

a transformation of initially thermal distributions (T < 10 K)

by ion-molecule interactions in a dense plasma cloud over the

surface. Calculations supporting this interpretation are pre-

sented .

INTRODUCTION

Kinetic energy distributions of particles produced by in-

tense laser irradiation of solids have been investigated al-

most since the invention of the laser. The interest in this

subject ste:ns from the fact that these distributions reflect

the ion formation process and therefore contain information

on this process. Almost all investigations reported up till

now were focused on atomic ions. In this chapter we will pre-

sent results on ion energy distributions at laser power den-
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7 2sities (10 W/cm ) for which large organic molecules are de-

sorbed from surfaces as complete molecules. The molecules are

observed in the form of complexes with cations [1]. These con-

ditions are especially interesting since from the molecular

species involved only small fragment ions can be produced under

classical mass spectrometrical conditions where after thermal

evaporation of the compound the vapor is ionized by electron

impact.

Most of the earlier published results have been obtained
9 13 2

for laser power densities in the range 10 - 10 W/cm [2].

Atomic ions with kinetic energies of 1 keV have been observed

under these conditions. It has been generally accepted that

these ions have been produced in a laser generated hot ion

plasma. At these high power densities only during the first

stage of the laser pulse material is desorbed from the surface.

During the remainder of the laser pulse most of the laser ener-

gy is absorbed in the cloud of evaporated material by way of

inverse Bremsstrahlung processes [2,3] leading to a high den-

sity of ions and electrons with a high temperature: a hot plas-
13ma with temperatures of 700 eV for power densities of 10

2
W/cm . These laser plasma processes start normally at power

8 9 2densities in the range 10 - 10 W/cm . At laser power densi-
4 7 2ties below this threshold in the range 10 - 10 W/cm the ion

formation process is less clear. Only linear effects are ex-

pected at low power densities resulting in a thermal heating

of the sample/substrate with an accompanying thermoionic emis-

sion. The energy distribution of these ions should be expected

to show a Maxwellian behaviour [4], Only in one case has a

kinetic neutral energy distribution been reported which could

be fitted with a Maxwellian distribution [5]. The temperature

of 1250°C characterizing this distribution was in conflict

however with the calculated maximum surface temperature rise

of 30°C. These results were obtained using a very short laser

pulse (3 10 s) and an organic sample. Ions with kinetic

energies up to a few eV were observed in two experiments un-

der conditions where longer laser pulses were used, both for

organic materials coated on a substrate and gases absorbed on

semiconductors or ionic crystals [6,7]. Even higher kinetic
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energies up to 25 eV have been reported in another experiment

where ionic crystals or organic materials were irradiated [8].

In this last case the energy distributions could be explained

by metastable decompositions of larger clusters, initially de-

sorbed with a mean energy of 6 eV.

All authors claim that in their experiments the observed

ions are not produced by thermal processes. On the other hand

we have proposed in earlier publications that the ions consist-

ing of a complex of neutral organic molecules and alkali cat-

ions can result from gas phase reactions of neutral particles

and alkali ions thermo-emitted from a hot spot on the substrate

surface [9,70]. This model was confirmed at low laser power
4 2densities (10 W/cm } by measurements of Stoll and Röllgen [11].

To test if this simple model is also applicable at higher la-

ser power densities, molecular ion energy distributions were
7 2measured using power densities of about 10 W/cm .

EXPERIMENTAL

Both time of flight [5,6,8] and retarding grid methods

[7,11] have been used in the past to measure kinetic energy

distributions of laser desorbed ions. To obtain both a good

mass and energy resolution, a high transmission and simulta-

neous detection of the complete energy distribution resulting

from one laser pulse we have chosen the experimental set-up

which is shown schematically in fig. 1. Laser produced ions

are extracted out of the ion source region and mass dispersed

in a magnetic sector. Ions of one particular mass are select-

ed and further energy analyzed in a hemisphei-ical condenser.

The complete energy spectrum of these ions is ion imaged onto

a simultaneous detector. We will look in more detail into some

parts of the instrument.

Several ion sources can be used without breaking the va-

cuum. A cylindrical stainless steel probe coated with sample

material can be irradiated by a TEA CO2~laser pulse (Lumonics
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ION SOURCE

VIDICON CAMERA

ELECTR. QUADRUPOLE

ELECTR. CONDENSER

Pig. l(a). Experimental set-up of laser desorption

mass spectrometer and energy analyzer.
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25mm

Fig. I(b). Schematic blow-up of the laser ion source. Ions are desorbed

from probe P at position A and extracted by a voltage difference

between the probe and plate E, focusing occurs at the object

slit 0. The shielding electrode S has the electrical potential

of the probe.
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K-101, T=200 ns, X =10.6 ym) . A spot of 10 cm is irradiat-
7 2

ed with power densities of 2 10 W/cm with a pulse energy of

30 mj. A surface ionization source can be interchanged with

the probe to produce alkali ions with a known initial kinetic

energy distribution to calibrate the energy analyzer. For mass

calibration of the magnetic sector a conventional Nier type

electron impact ion source is used. The ion sources are oper-

ated at nominally 1500 V. Ions produced by these sources are

extracted and imaged onto the object slit (0.23 mm) of the mass

spectrometer with the help of a voltage difference AV between

extraction electrode E and shielding electrode S, see fig. 1b.

Optimal focusing of the ions is obtained for AV = -80 V. How-

ever, in most laser desorption measurements AV=0 V had to be

used to obtain useful mass spectra. In this situation the ex-

traction field is determined only by the penetration of the-

accelerating field through the central and off axis holes in

the extraction electrode.

The ion currents leaving the laser probe and arriving at

the various electrodes were estimated from the voltage varia-

tions over a load resistor (10 Q) in series with the power

supply. The RC-times of the circuits were measured to be

about 160 ps for both the probe and the object slit circuit.

For mass selection a 60° sector magnet with radius 150 mm

is used. Two quadrupole lenses are used to focus the ions

(image width 0.2 mm) on the entrance slit of the energy ana-

lyzer. This adjustable slit was opened to 5 mm in order to be

able to transmit a wide range of kinetic energies (up to 15 eV) .

At the entrance slit of this stage the ions have a kinetic

energy of nominally 1500 eV. To obtain a high absolute reso-

lution the ions are decelerated by 1350 V to give a nominal

lower kinetic energy of E c =150 eV in a five element cylindri-

cal lens. The original energy distribution is superposed on

this energy. Actual energy analysis takes place in the hemi-

spherical condenser with a radius of R= 150 mm. Subsequently

the complete energy spectrum is ion imaged onto the detector

by another five element cylindrical lens accelerating the ions
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to a kinetic energy of nominally 1500 eV at the detector for

a higher sensitivity. For our lens setting the calculated li-

near magnification of the decelerating and the accelerating

lenses are M = - 1 . 6 and M = - . 6 9 respectively. Together with

a theoretical energy dispersion of 2R/E = 2 mm/eV at the sphe-

rical condensor this leads to an energy dispersion of 1.4 mm/eV

at the detector. For a first calculation of the theoretical

energy resolution only the spherical condenser is considered,

image aberrations due to the cylindrical lenses are neglected.

At the entrance slit of the energy analyzer the object width

is about 0.2 mm as determined experimentally. The calculated

full opening angle is 1° and the height is limited to 1.6 mm.

Using the linear magnification 1^= 1.64 and the corresponding

angular magnification (Liouville [12])Ma = 1.93 the width at

the exit of the condenser will be 0.46 mm leading to a theo-

retical resolution of 0.23 eV.

Detector

The detector consists of two channel plates for conversion

of ion currents to amplified electron currents. At a subsequent

phosphorus screen the electrons are converted to photons. Via

fiber optics and an optical lens system the image at the phos-

phorus screen is read by a Vidicon camera and then stored in

an optical multichannel analyzer (OMA). This system has been

described before [9]. Selected spectra can be sent to a Vax

computer system for further data handling. Spectra presented

in this article are corrected for sensitivity variations over

the detector surface.
—2 2

The ions are focused on an area of 10 cm of the channel-

plate detector within 5 10~ s. This means that only 10 chan-

nels are available and no recharging of the channels is pos-

sible during the measuring time. In the Chevron set-up at max-

imum amplification (10 ) one incoming ion depletes 50 channels

in the second channelplate. Thus only 20 ions can be amplified

linearly in the short measuring time. Therefore the amplifi-
A

cation was set to a low value (10 ) to avoid non-linearity

in the measurements of about 10 ions per pulse.
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Fig. 2. Deconvolution of measured thermionic energy distributions for

Na -ions.

(a) I : Convolution product of a Maxwellian distribution (JcT= .1 eV)

and the apparatus function.

II: Experimental distribution.

(b) Maxwellian thermal energy distribution with kT= .1 eV.

(c) Apparatus function.
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As sample material the disaccharide sucrose (MW 342) has

been chosen in these experiments. The laser desorption mass

spectrum has been presented elsewhere [9]. With Na as the

complexating cation three main characteristic peaks can be

observed in the mass spectrum: the quasimolecular ion [M+Na]

(m/z 365) and two peaks presumably resulting from a cleavage

of the glycosidic linkage (m/z 203 and 185). A solution was

prepared of sucrose (Merck 7651) in demineralized water. The

stainless steel probe was dipped in the solution and dried.
o

We estimate that 150 yg/cm is coated in this way on the sub-

strate .

RESULTS

The transmission of the energy analyzer was measured to be

in the range 50-100%. Including the efficiency of ion extrac-

tion out of the ion source and the subsequent transmission of
A

the sector magnet we estimate that 1 out of 10 ions produced

in the ion source arrives at the detector.

The energy resolution of the instrument is deduced from the

measurement of the thermoionic Na -distribution shown in fig.

2a. It has to be noted that this distribution is a convolution

of the thermoionic energy distribution of Na -ions emitted

from the surface ionization source and the apparatus function.

We assume a Maxwellian energy distribution [4,133
N(E)dE = CE exp(-E/kT)dE (1)

From visual inspection of the surface and reported [10] values

for surface temperature vs. heating current we estimate a tem-

perature of about 10 K for the surface ionization source. A

value of kT= .1 eV was therefore inserted in eqn.(1)f leading

to the distribution displayed in fig. 2b. Using this energy

distribution the apparatus function was determined, this func-

tion is displayed in fig. 2c. The full width at half maximum
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Fig. 3. Kinetic energy distributions of laser desorbed ions as a function

of laser energy (low extraction conditions, AV=o V) for

[sucrose+Na] -ions (m/z 365, first column), Na -ions (m/z 23,

second column) and complexes of sucrose fragments with Na -ions

(m/z 185, third column). Ion intensities increase by two orders

of magnitude for an increase in laser energy from 25 to 50 mJ.

(3.102-4.104 ions for m/z 365, 3.103-7.107 ions for m/z 23

and 1.1O2-2.1O4 ions for m/z 185).
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(FWHM) of this function is 0.2 eV with tails extending to high

er and lower energies, partially reflecting small lens aber-

rations. The observed asymmetrical behaviour is expected from

the ion optical properties of the hemispherical condenser.

Although an energy resolution of 0.2 eV is not so spectacular

one has to keep in mind that only one slit at the end of the

ion source limits the ion-beam. Insertion of narrow slits to

limit the size of the object in the energy analyzer will lead

to an undesirable intensity reduction of our ion pulse. The

zero point of the energy scale in fig. 2a has been determined

from fig. 2b-2c with an estimated accuracy of 0.1 eV.

Using the above lenses kinetic energy distributions of la-

ser desorbed ions have been obtained for several ion species,

laser pulse energies and source conditions. As discussed in

the experimental section because of the short pulsed nature

of our ion-signals and the focusing at the channel plate de-

tector even for small numbers of ions a low amplification has

to be used to avoid non-linearity problems. To improve the

signal/noise ratio the results of ten different laser pulses

were added up.

Results obtained for Na -ions (m/z 23) and [sucrose + Na] -

ions (m/z 365) and fragment ions (m/z 185) are plotted in fi-

gure 3 for several laser pulse energies and low extraction con-

ditions (AV = 0 V) in the ion source. For reference purposes see

the kinetic energy distribution of Na -ions thermo-emitted by

the surface ionization source in fig. 2a. The energy axis

was calibrated with the help of this distribution as described

above with an estimated accuracy of 0.1 eV. The curves pre-

sented in fig. 3 are rather noisy due to the properties of

the detector. The variations in baseline, in particular at the

low energy side of the peak have also been observed with nar-

row thermal energy distributions and are attributed to elec-

tronic artifacts in the detector and readout system.

Nevertheless, several interesting features can be observed

in these figures: The laser desorption distributions are wider

(FWHM> 1 eV) than the thermoionic Na+-distribution, in parti-
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Fig. 4. Energy distributions as function of the extraction voltage A

(laser energy =41 mj) for laser desorbed [Sucrose+Na] -ions

(first column) and laser desorbed Na -ions (second column).

-3-2-1 0 1 2

Fig. 5. Energy distributions for [Sucrose+Na] -ions under repeated

laser irradiation (laser energy =74 mJ, 4V = o V) for the first

(a), fourth (b) and eighth (c) laser pulse.
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cular a tail is observed at energies > 1 eV. The energy dis-

tributions for the [M+Na] -ions seem to be a little wider than

for the Na+-ions. Only a few measurements on sucrose fragments

are included in the figure, they seem to indicate a behaviour

intermediate between the Na -ions and [M+Na] -ions. If the

energy of the laser pulse increases then the experimental dis-

tributions broaden and shift to lower energy, apparently even

to negative kinetic energies. These distributions were obtain-

ed at low extraction fields (AV=0 V) in the ion source. If

the extraction fields are increased similar phenomena occur

as observed for increasing laser energies (fig. 4). These phe-

nomena are more pronounced for the quasimolecular ions [M+Na]

than for the Na+-ions. This can also be observed in fig. 4.

If one sample position is laser irradiated during several

high intensity laser pulses the consecutive energy distribu-

tions show a decreasing shift towards lower energies and fi-

nally resemble the distributions obtained with lower laser

energies (fig. 5). Ion intensities decrease in this series

of pulses. Also the gas production decreases as observed by

the reading of a manometer in the source region. Obviously

the energy shift observed and the amount of material evapora-

ted are positively correlated. No electrical breakdown occurs

in the ion source during the pulse as checked by monitoring

voltage changes of the electrodes.

Further measurements have been made to obtain information

on ion and electron densities during the desorption process.

Net charges leaving from and arriving at the probe and object

slit electrode (fig. 1b) have been determined by measuring the

voltage variations of these electrodes over the load resistor

placed between the voltage supply and the electrode. Typical

results for these voltage variations are presented in figs.

6 and 7 for low laser energies. For time intervals which are

much shorter than the RC-time the measuring circuit functions

as a current integrator. In fig. 6 the probe voltage variations

are plotted together with the measured laser intensity and

calculated surface temperature [9] as function of time. For
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low laser intensities the probe voltage is zero during the first

half microsecond. Thereafter the voltage increases gradually

to 0.1 V within 5 ys. It is assumed that in the first half mi-

crosecond when the substrate is at its maximum temperature,

the thermoionic emission of positively and negatively charged

particles balances accurately, keeping the probe at a constant

voltage. This type of emission results from the absence of an

effective extraction field. The nature of the negatively char-

ged particles has not been identified, but it is expected that

apart from negative ions electrons constitute a large fraction

of the negatively charged particles. The increase of the probe

voltage after 1 us can be explained by either negative charge

emission from the probe or positive backstream to the probe.

Because of the highly reduced temperatures in this time domain,

negative particle emission is highly unlikely. The decay of-

the probe voltage signal after 5 ys is determined by the RC-

time of the measuring circuit. However sometimes a more rapid

decay is observed in the time interval 5-20 ys. Moreover, at

high laser energies the signal shows a complicated behaviour

in the first 5 ys.

Voltage variations at the slit electrode are presented in

fig. 7. After charge separation has taken place the first po-

sitive ions arrive at the object slit about 3 ys after the

laser pulse has started. This delay time can be interpreted

as a time of flight for laser desorbed ions. For a simple cal-

culation we assume a linear acceleration from 0.1 eV (10 K)

at probe P to 10 eV at the center of extraction plate E and

further to 1500 eV at the electrode 0 (fig. 1b). Under this

assumption a time of flight of 2 ys can be calculated for the

Na -ions and 9 us for [M+Na] -ions. Ions arrive at the object

slit during a time interval of 40 ys which is larger than ex-

pected from these simple calculations. For longer times this

voltage decreases due to recharging currents through the load

resistor as determined by using a smaller RC-value in some

of the experiments. Integration of the complete voltage-time

curves indicates that the amount of positive charge sticking

to the surface of the slit electrode varies from 1.5 10~10

—9
Coulomb for a laser energy of 30 mJ to 10 Coulomb for a
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Fig. 8. Comparison of a measured laser produced energy distribution (II)

and the convolution product (I) of a Maxwellian energy distribu-

tion (kT= .4 eV) with the apparatus function (m/z=365, laser

energy = 25 mJ and AV= o V) .
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laser energy of 50 mJ. Assuming a 100% transmission from the

probe to the object slit electrode this leads to numbers of
n g

minimally 1 0 - 6 10 positive ions desorbed for laser energies

in the range 30-50 mJ. About equal numbers of positively and

negatively charged particles are desorbed from the probe sur-
—11

face. Integrating the probe voltage signal (5 10 Coulomb,
3 108 particles) indicates a maximal excess of 30% negatively

charged particles desorbed. A much lower excess is obtained

if the signal is interpreted as positive ions backstreaming

to the probe.

DISCUSSION

From the results presented, it will be clear that the ion

energy distributions depend strongly on the experimental con-

ditions. Similar observations were reported by Hardin and

Vestal [8]. In our view the distributions measured for rela-

tively low laser energies and minimum extraction fields

(AV = 0 V) reflect best the initial ion energies since the dis-

tributions obtained at higher laser energies and extraction

fields are strongly influenced by the ion optical properties

of the ion source. The ion kinetic energies observed under

our conditions are much lower than the energies of hundreds

of eV for ions originating from a laser produced hot plasma

[2], On the other hand, the energy distributions are wider

than the thermoionic Na -distribution with a temperature of

10 K displayed in fig. 2a. As a first approximation in ana-

lyzing our experimental results for low laser energies and

low extraction fields, the experimental [M+Na] -distribution

was fitted by a thermal distribution (eqn.(1)) convoluted with

the apparatus function (fig. 2c). The result of this proce-

dure is presented in fig. 8 for a distribution with kT = 0.4

eV. We conclude from this fit that a large part of the expe-

rimental distribution can be described by a thermal distribu-

tion function with an ion temperature of 3000-3300 K. Although

these temperatures exceed the melting point of the substrate

material (1808 K [14]) no change in the substrate surface due
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to melting could be observed. Therefore it is concluded that

the apparent ion temperature is not identical to the substrate

temperature. Since it is unlikely that large organic molecules

like sucrose can survive such high temperatures for a long

time this may indicate that the internal and kinetic degrees

of freedom are not in equilibrium. Analogous conclusions were

drawn by Antonov et al. [6] from their experiments on desorp-

tion of adenine using U.V. laser pulses (photon energy 4 eV).

They stated a non equilibrium nature of the molecular sputter-

ing by laser irradiation. It was suggested that direct elec-

tronic excitation of molecular ions and molecules on the sam-

ple surface is responsible for this [6]. These phenomena are

highly unlikely to occur under our conditions where only pho-

ton energies of 0.1 -eV are available.

The relatively high initial kinetic energy of laser desorbed

ions reported by Hardin et al. [8] are far above the values

reported by Antonov and in this chapter. A fit with his "thermal1

distribution function resulted in a most probably kinetic ener-

gy of 6 eV for K -ions released from a KI sample. The energy

distributions of molecular species have an additional contribu-

tion of ions of lower energy. It was proposed that these ions

originated from unimolecular decomposition of larger cluster

ions. In our experiments the contribution of such processes

could not be detected, probably because of the relatively long

residence time of the ions in the source (up to 40 ys).

The strong influence of experimental conditions on energy

distributions can be exploited to provide information on the

processes responsible for the observed results. The main ob-

servations to be explained are s

(i) The kinetic energy distributions are broader than a

thermal energy distribution.

(ii) The energy distributions broaden and shift to lower

energies at increasing extraction fields,

(iii) The energy distributions broaden and shift to lower

energies at increasing laser pulse energy.
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(iv) The energy distributions for Na+ and [M+Na] respond

differently on laser energy and extraction field.

Especially the observed shifts to lower energies are in-

teresting. The dependence of these shifts on laser energy, ion

species, extraction conditions and history of the laser spot

cannot be attributed to surface charging and indicates that

interactions in the gas phase play a major role under our con-

ditions. Several possibilities are available to explain such

a shift. The first possibility is that ions formed at the sur-

face can be decelerated by collisions with slower neutral par-

ticles or other ions. A second possibility is that ions are

not formed at the surface but at another position at a lower

potential. For instance a fast Na -ion collides with a neutral

and transfers its charge but not its energy (charge exchange).

Furthermore, a quasimolecular ion can be produced by gas phase

complexation of a Na+-ion and a neutral molecule. These pro-

cesses are further complicated if a dense cloud of positively

and negatively charged particles is formed over the surface

during the laser pulse. If this cloud is dense enough electric-

al fields cannot penetrate in the cloud and effective accel-

eration and deceleration processes will only occur in the bor-

der region of the cloud and beyond.

The relative importance of these processes is very much de-

pendent on the ion and neutral densities over the surface during

the laser pulse. Therefore, particle densities will be esti-

mated below for a better appraisal of the processes.

—2 2
The surface area of our laser spot is 10 cm . On this

surface sucrose is deposited with a mean surface coverage of
17 2

2 10 molecules/cm . Some assumptions are made at this point:

(i) About 50% of all neutral particles out of the laser spot

leave the surface as a result of one laser pulse, (ii) All

particles are thermo-emitted from a surface with a temperature

of 1000 K. (iii) Desorption of the neutrals occurs during a

time interval of 10 us and desorption of ions and electrons

occurs during a time interval of 2 ys, the rate of desorption

is constant during this interval.
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The first assumption does not specify that particles desorb

unfragmented. From the reduction of ion signals (fig. 5) and

pressure pulses if one spot on the surface is repeatedly irra-

diated we estimate that a substantial amount of material is

desorbed in the first laser pulse. The second assumption re-

sults from the facts that the temperature of the surface is

high enough for alkali emission to occur (> 600 K) and no melt-

ing of the surface (< 1808 K) takes place during the pulse.

Since the temperature enters only in the velocity of the par-

ticles the results are not very dependent on the extact tem-

perature assumed. The assumption that neutral particles desorb

during a time interval of about 20 ys can be substantiated by

calculations on the time dependence of the substrate tempera-

ture. For a maximum substrate temperature of 10 K the sub-

strate temperature will exceed 460 K during 9 ys (fig. 6) , •

a temperature where desorption of neutral sucrose particles

takes place [10]. Analogous considerations for the charged

particle emission (T>800 K) leads to an emission time of 2

ys [10].

Sucrose molecules with a mass of 342 a.m.u. will have a

mean velocity of 3 10 cm/s when they leave the surface. At

short times t < 3 ys where the distance travelled by the neu-

trals is less than the dimensions of the laser spot the neu-

tral number density in the gas phase will be constant and equal

to 3 10 neutrals/cm (30 torr) for 50% desorption. These high

densities are in rough agreement with estimations from the

observed pressure pulses. The extraction plate is reached af-

ter 40 ys. At this point a volume of 2 cm will be occupied

by neutrals leading to a mean number density of 5 10 par-
3 —2

ticles/cm (5 10 torr). For simplicity the particle density

is taken to decrease linearly between 3 and 40 ys. The densi-

ty will fall off as t~ at longer times. For neutral fragments

with a mass of half the molecular mass the velocity will chan-

ge only with a factor /2 so that the results will not be great-

ly influenced. From the above it will be clear that in our ex-

periments dense gas clouds are formed over the surface.

Normally, most of the desorbing ions are Na+-ions. At a
o

laser energy of 30 mJ about 10 positively and negatively
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charged particles desorb from the surface. From fig. 7 it can

be deduced that the effective average velocity of the ions in

the source region between the probfc and the extraction elec-

trode is about 5 10 cm/s (20 ys arrival time). This value

has to be compared with a thermal Na-velocity of 10 cm/s and
4 3

the sucrose neutral velocity of 3 10 cm/s at 10 K. Using

this velocity during Na -emission (t < 2 ys) the density of

Na+-ions will be constant and equal to 10 ions/cm . After

arrival at the extraction plate (t = 20 us) the ion density in
8 3the source is then 5 10 ions/cm . Again a linear decrease

of particle density between t = 2 and t = 10 ys is adopted. For

longer times the ion density falls off as t

Plasma_ProBerties

From the experimental results it was deduced that about

egual numbers of positively and negatively charged particles

leave the probe. In a first approximation the densities of

the negatively charged particles are set egual to the posi-

tive ion densities. The Debye screening length AQ is given by

[17b].

eo k T\*ter)• ter)
with T the temperature of the particles and n the number den-

sity of ions and is calculated to be L = 2 10 cm at 2 ys

and A D=10 cm at 20 ys. Since in both cases AD is smaller

than the dimensions of the cloud the ion cloud should be de-

scribed in terms of an ion plasma. This plasma is in fact a

transient plasma. Because of the inherent difficulties in de-

scribing such a plasma we will limit ourselves to a descrip-

tion of a stationary plasma. The ion current extracted from

the plasma is determined by the Child-Langmuir relation [15,163

with j the space charge limited current density, m. the ion

mass and V^ the potential difference over the extraction re

gion with a length d. Because of the very weak extraction
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fields in the ion source region between the probe and the ex-

traction plate, efficient ion extraction will take place close

to the extraction plate. With e o = 8.9 10~
12 C2/Jm, e = 1.6 10~19

C, m. = 3.84 10~26 kg, V. = 1500 V and d = 1.6 cm this leads to
1 -4 2

j = 2.6 10 A/cm and thus a current of 18 yA extracted through

the center hole in the extraction plate. From our experimental

results a current of 4 yA is estimated (1.5 10~ C in 40 ys) .

A comparison of the uwo currents indicates that the surface

of the plasma cloud is curved toward the probe surface in or-

der to adjust the space charge limited current to 4 yA.

A characteristic of a plasma is that a sheath with a vol-

tage drop will develop between the plasma and adjacent elec-

trodes [17]. This sheath arises because the lighter electrons

move faster out of the plasma than the ions. Under our approx-

imation of a stationary plasma the voltage drop developed over

a sheath with a thickness in the order of AD is given by

AV = (.25 1nm./m )kT/e = 2.7 kT/e if the electron and ion tem-

perature are equal. This means that ions are accelerated out

of the plasma and gain energy. For ions in the plasma which

originally possess a kinetic energy of -̂  ̂ T this means a trip-

ling of their kinetic energy, i.e. for -̂  kT = .15 eV (T = 10 K)

ions of 0.4 eV kinetic energy are produced. Although this me-

chanism can roughly explain the observed high kinetic energies

it cannot be applied to the ions desorbed from the probe sur-

face into the plasma since these ions cannot gain extra kinetic

energy in the conservative electrical fields. Only ions pro-

duced inside the plasma can gain kinetic energy when they are

accelerated out of the plasma. For low energetic collision

conditions (.1 eV) ions can be produced in the plasma by a

charge exchange process and complexation.

In principle the plasma can be heated by absorption of

laser radiation if the laser frequency is smaller than the
2 i

plasma frequency a = (ne /m e_)* [18]. Under our conditions
10 " 12 3

w =6 10 Hz for an ion density of 10 ions/cm whereas for
P i4

the C02-laser w = 2 10 Hz. It is obvious from these figures

that the plasma cannot be heated by this process. Ion densi-

ties higher by eight orders of magnitude are required for this

process to occur. Excitation of individual electrons can result
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from inverse Bremsstrahlung processes [3]. This can lead to

substantially higher electron temperatures. From the data pu

blished in literature [19] we cannot estimate the relevance

of this process under our conditions.

The probability for an ion to undergo a collision leading

to charge transfer, kinetic energy transfer or complexation

is given by

*2
P = 1 - [exp- ƒ n(t)avdt] (5)

*1

where n(t) is the time dependent neutral density, a the rele-

vant cross section, v the relative velocity and t- and t 2 the

integration limits. First we consider charge exchange between

Na+-ions and Na°-atoms. The cross section for resonant charge

exchange is taken to be 10 %. [20] and the relative velocity

is 10 cm/s. Under laser irradiation the ratio of Na°-atoms

and Na+-ions can be as high as 10 [21]. Using the ion density

numbers calculated above the chance for a Na -ion to transfer

its charge to a neutral Na° is almost 1. Thus, on the basis

of the model used every alkali ion will undergo charge exchan-

ge and consequently the Na -energy distribution will be shift-

ed by 0.27 eV due to the acceleration over the plasma sheath.

From the measured energy distributions it is clear that only

a part of the ions have gained this energy. This might be a

result of the transient nature of the plasma not incorporated

in the model. The temporary absence of plasma effects is il-

lustrated by the fact that part of the ions arrive at the ob-

ject slit already at a time of t = 3 ]is (fig. 7 ) , close to the

calculated time of flight of 2 us for the situation where the

acceleration field is not changed by a plasma. Nevertheless

we believe that the high energy tail in the energy distribu-

tion can be attributed to the process described above. Im-

plicitly it has been assumed that ions and electrons are in

thermal equilibrium. If the electrons have a much higher tem-

perature T e like e.g. in a cold gas discharge the potential
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drop over the plasma sheath will also be of the order of kTe

[17]. Under our conditions a high electron temperature can

arise if laser light is absorbed by free electrons as they col-

lide with atoms (inverse Bremsstrahlung).

An additional process which can increase the kinetic energy

of the particles is an adiabatic expansion of the heated sam-

ple layer. This mechanism is the basis of supersonic beam ge-

neration [22,23]. For a rare gas the kinetic energy can be

increased by a factor of three, e.g. from 0.1 to 0.3 eV. To

verify the contribution of this process in laser desorption

one should measure the neutral energy distribution. The inte-

resting point in such a mechanism is of course that the organic

molecules are vibrationally cooled while at the same time they

are accelerated to higher kinetic energies. However, the nar-

row distribution resulting from such a process does not cor-

respond to the observed wide energy distributions.

The chance that an alkali ion will form a complex with a

neutral sucrose molecule is calculated from eqn.(5) by insert-

ing the appropriate neutral densities and a Langevin cross

section of 150 A [24,25]. The complexation chance is found

to be equal to one. The experimental results indicate that

only part of the Na -ions has formed a complex. This means

that the complexation probability is overestimated by the

model used. As with charge exchange this may be attributed

to the transient character of the plasma.

We will now discuss the shift of the energy distributions

to lower energy. At low laser energies and zero extraction

field this shift is small (negative tail extending to maxi-

mally -2 eV). Under experimental conditions with larger laser

energies and higher extraction fields the observed shifts are

much more pronounced and for quasimolecular-ions far more im-

portant than for sodium ions (fig. 4). Low kinetic energies

of the ions can be explained either by translational energy

transfer or resonant charge exchange in a collision of an ac-

celerated ion and a slow neutral. For collision induced kinetic

energy loss for the quasimolecular ions a hard sphere cross

section of a=200 A is used [26]. Effective acceleration takes

place at the boundary region of the plasma and beyond. At the
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extraction plate the field strength is about 100 V/mm. Insert-
14 -3

ing in eqn.(5) a neutral density of 5 10 cm , and assuming

linear acceleration between 0.1 eV and 10 eV, corresponding

with an integration interval of 0.1 us, result in a collision

probability of 0.1. We have to keep in mind that this is a

rough estimate. This probability shows that under these cir-

cumstances no large shift in the energy distribution is ex-

pected.

Next to kinetic energy transfer the Na -ion can be trans-

ferred between the collision partners. Because of the energe-

tics of this process it has to be expected that in a kinematic

collision this "charge exchange" reaction has a high probabi-

lity to occur.

Applying a higher extraction field in the source leads to

a withdrawal of the plasma front in the direction of the probe

surface [16]. This results in a higher neutral density at the

position of the plasma boundary, explaining the observed en-

larged shift to lower energies (fig. 4). At higher laser ener-

gies the neutral density wil] also increase since more neutral

particles desorb from the outer regions of the laser spot. Thus

a shift of the distributions is expected together with an in-

creased effect of the extraction conditions. Repeated laser

illumination resulting in depletion of the neutrals leads to

decreasing neutral densities and therefore smaller collisional

effects (fig. 5).

The sodium ions are less affected by the ion-neutral col-

lisions, firstly because of the smaller cross section (a = 50 & )

and secondly because at the time that a large part of the Na+-

ions arrives at the effective acceleration region (20 us) the

neutral density is still low.

CONCLUSION

We have demonstrated in this chapter that ion-molecule

interactions in a plasma cloud can transform the original ion

kinetic energy distributions of the laser produced ions. This

transformation is closest to unity for low laser energies and



- MO -

low extraction conditions. Almost all experimental results

can be interpreted by a model where guasimolecular ions are

formed by ion-molecule reactions and where a cold (T =10 K)

ion-electron plasma is formed over the surface. At the border

of this plasma ions are accelerated by the electrical field

and decelerated by ion-neutral collisions.
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CHAPTER V

Kinetic energy distribution measurements of ions
sputtered from solids and liquids

ABSTRACT

Experimental results are presented on energy distributions

of ions sputtered from a solid sample matrix and from a liquid

glycerol/water matrix. The widths of the distributions ars

about 0.5 eV for ions sputtered from the liquid matrix and

1-2 eV for ions sputtered from the solid matrix. Shifts of

the energy distributions due to sample charging are smallest

for the liquid matrix spiked with cations. Experimental results

for ions desorbed from the liquid matrix could largely be ex-

plained by a model in which ion clusters, desorbed from the

surface, experience desolvation in the gas phase.

INTRODUCTION

Sputtering of surfaces due to particle bombardment has been

investigated extensively. Yields, kinetic energy distributions

and angular distributions of the sputtered particles have been

determined. These data have provided a better understanding

of the fundamental processes leading to sputtering. Many inves-

tigations have been conducted for simple (cluster)-ions sput-

tered from metal surfaces. The broad kinetic energy distribu-

tions of the secondary ions (tens of eV) have mostly been dis-

cussed in terms of a linear collision cascade model [1,2]. In

this model it is assumed that only a small percentage of the
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particles in the interaction region are excited. The excited

particles lose their energy in a collision cascade via colli-

sions with thermal particles. Simple halides like NaCl were

also investigated. Kinetic energy distributions with full widths

at half maximum in the range of 3 eV [3] to tens of eV [4] have

been reported. Charging of the surface is a problem for these

isolators [5] . Energy distributions of neutral particles sput-

tered from simple halides and frozen noble gases have been in-

terpreted on the basis of a model where the distribution is

divided into contributions from a collision cascade process,

a thermal spike process and a thermal desorption process [6,7].

Interest has especially grown in the desorption mechanism

for organic layers. McFarlane demonstrated a decade ago that

intact large organic molecules are desorbed under bombardment

with 100 MeV ions [8]. Without further ionization techniques

molecules were detected in the form of "quasimolecular ions"

consisting of a complex of an intact molecule with a simple

cation attached to it. The molecules desorbed with this tech-

nique were at that time thought to be non-volatile, e.g. under

normal heating only decomposition products were supposed to

be observed in the gas phase. Organic mass spectrometrists were

very much interested as this technique, together with the field

desorption technique [9] opened a new field in analytical mass

spectrometry: the analysis of large, underivatized polar orga-

nic molecules like peptides and sugars. Further investigations

proved that analogous products could be obtained for a wide

range of experimental parameters. For example, primary ions
2 8

with kinebic energies in the range 10 - 10 eV (six orders of

magnitude) produced similar mass spectra [10]. Barber demon-

strated in 1980 that the use of a glycerol matrix for the sam-

ple prolonged the emission time of the secondary ion signal

[11]. It is widely accepted that the use of neutral instead

of ionic primary particles in this last experiment does not

influence the basic desorption mechanism [12,13]. At the moment

representative ions have been reported of the well known pep-

tide insulin (MW - 5733 amu, 51 amino acids) both using the se-

condary ion mass spectrometry (SIMS) technique [14] and the

more recent fast atom bombardment (FAB) technique [11]. The
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mechanism of the desorption process for organic layers is not

well understood. Fundamental investigations have been conduc-

ted only under conditions where solid organic layers were pre-

sent [15,16].

In this chapter kinetic energy distributions will be repor-

ted for ions desorbed both from a glycerol matrix and from solid

sample layers. The experimental results will be discussed and

combined with other data from literature to obtain a better in-

sight in the fundamental processes in secondary ion mass spec-

trometry.

EXPERIMENTAL

The experimental set-up is presented in fig. 1 and has been

described before [17,18]. Five different ion sources can be

interchanged without breaking the vacuum; a sample can be ir-

radiated with photons from a laser, with energetic (keV) ions

from a SIMS-source or with energetic (keV) neutrals from a

FAB-source. The sample is deposited on a stainless steel cylin-

der which is introduced into the source region via a differen-

tially pumped vacuum lock. For the experiments discussed in

this chapter primary Ar -ions were accelerated from a SIMS-

source to the sample coated cylinder. Two auxiliary ion sour-

ces could be interchanged with the SIMS source, viz. a normal

surface ionization source for ion energy calibration and a

classical Nier electron impact ion source for mass calibration.

Ions were extracted from the surface and entered the mass spec-

trometer through a narrow (.1 or .24 mm) object slit with a

nominal kinetic energy of 1500 eV.

The mass spectrometer consists of a combination of a 60°

sector magnet (radius 15 cm) with electrostatic and magnetic

quadrupole lenses. At the image region of the mass spectrome-

ter a variable slit is present to select ions of one nominal

m/z value, the slit width being variable from 0.5 to 5 mm. For

a slit width of 5 mm a wide range of kinetic energies (15 eV)

can be transmitted. The mass selected ions are first decelera-

ted in an electrostatic five element cylindrical lens and then
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ION SOURCE

WON. «MDRUPOLE

PRIMARY SOURCE FAB/SIMS

MOET

j j i l ELECTR. QUADRUPOLE

VIDICON CANERA

OB-

ACCELERATING
LENS

ELECTR. CONDENSER

Fig. 1. Experimental set-up. Quasimolecular ions are produced by bombard-

ment of the sample with primary ions from a SIMS ion-source. After

mass dispersion through the action of a sector magnet an inter-

mediate image is produced at the slit between the electrostatic

quadrupole and the decelerating ion lens. Energy dispersion occurs

in the electrical condenser. Ions are detected at a simultaneous

ion detector consisting of a double channelplate system, a phos-

phorous screen, fiber optics and a vidicon camera.



- 117 -

energy dispersed in a hemispherical electrostatic condenser.

For the experiments reported in this chapter the ions have a

nominal kinetic energy of 75, 150 or 1500 eV, at the entrance

of the condenser, depending on the selected lens/condenser

system. After energy dispersion the ions are accelerated again

in a second electrostatic five element cylindrical lens to a

nominal energy of 1500 eV at the position sensitive detector.

In this way a large part of the ion energy spectrum is imaged

simultaneously onto the detector.

The detector consists of two channel plates for ion into

electron conversion/amplification. Electrons on their turn are

converted into photons at a subsequent phosphorous screen. The

photons pass through glass fiber optics out of the vacuum and

are ion imaged onto an optical multi-channel analyzer via an

optical lens system. Spectra are transmitted to a Vax computer

system for further data handling. The spectra presented in

this chapter are normally raw data. They have not been decon-

voluted by the apparatus function (FWHM = .1 eV) nor were they

corrected otherwise unless specified.

Samgle_gregaration

Several samples have been used in our experiments. As re-

presentatives for simple inorganic salts both NaCl and equimolar

mixtures of Lil, Nal, KI, Rbl and Csl were used, deposited as

a solid phase or dissolved (0.02 molar of each compound) in

a glycerol/water matrix (10 volume % H2O, further denoted as

glycerol matrix). Organic samples which were used consisted

of the organic salt tetrabutylammonium jodid, the peptide

Gly-Leu-Tyr and the carbohydrate sucrose. All samples were

dissolved in the glycerol matrix. In a separate experiment

tetrabutylammonium jodid was deposited as a pure solid salt

on the probe surface. In general these solid phase coatings

on the probe were obtained by dissolvation of the sample com-

pound in a methanol/water mixture and coating the probe with

this solution. After evaporation of the solute a thin solid

layer remained on the surface.

For the samples present in a glycerol matrix normally a

10 yl droplet was placed in an indentation of the probe surface.



- 118 -

<•*«•

d i1 2 T
KINETIC ENERGY CeV)

Fig. 2. Kinetic energy distributions for [Glycerol]H+-ions sputtered from

a pure glycerol matrix (a) and a glycerol matrix to which HC1

(0.006 molar) has been added (b) .
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Surface charging takes place under our experimental conditions.

To diminish surface charging HC1 or NaCl was added to the gly-

cerol matrix (0.006 molar HC1 or NaCl). Furthermore, in some

experiments with glycerol the probe surface was coated with

gold or carbon before applying the sample in order to reduce

surface charging.

RESULTS

It is well known that non-conducting sample layers can be

charged up considerably under ion bombardment. Consequently

secondary ion extraction from the sample layer can be reduced

and the measured energy distribution can be shifted to higher

energy and can sometimes even be broadened. Because of the li-

mited conductivity of the glycerol matrix and of the samples

used, effects of sample charging on the energy distributions

have been observed frequently in our experiments. The shifts

in the energy distributions ranged from 1-5 eV for pure solid

samples and from 0-1 eV for samples dissolved in a glycerol

matrix. The shifts varied from experiment to experiment, even

if the same sample materials were used. However, the shifts

varied only slowly during one experiment and exhibited a very

weak dependence on primary ion current density in the range

10 - 10 A/cm . Only at the higher current density limit ef-

fects on the shifts could be observed. Furthermore, for ions

desorbed from the glycerol matrix the shape of the energy dis-

tribution curve was not affected by the magnitude of the shift

or the primary and secondary ion currents within the experi-

mental accuracy. Variation of the primary ion energy (160-3800

eV) did not lead to a change in the secondary ion distribution

either. Careful cleaning of the sample substrate and an in-

crease of the electrical conductivity of the glycerol matrix

by addition of HC1 (0.006 molar) helped in minimizing the

shifts, but the treatments did not guarantee that the shifts

of the energy distributions were absent. To illustrate the

above reported findings, we show in fig. 2 two energy distri-

butions of protonated glycerol molecules sputtered from



- 120 -

07

05

X 0.3'

0.1

Fig. 3- PWHM-values of the kinetic energy

distributions of protonated glycerol

clusters [Glycerol] H desorbed

from a glycerol matrix.
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Fig. 4. FWHM-values of the energy distri-

butions for alkali ions sputtered

from a solution of various alkali

iodides in glycerol.
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Fig. 5. FWHM-values for [NaCl] Na -clusters
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sputtered from a solution of NaCl

in glycerol.
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a pure glycerol matrix (fig. 2a) and a matrix to which HC1 has

been added. It can be seen that the shift is reduced from about

0.8 to 0.2 eV by addition of HC1 and that the shapes of the

curves are highly similar. The full widths of both distributions

at half maximum (FWHM) are 0.5 eV.

In fig. 3 we present graphically the widths of the energy

distributions for the series of glycerol clusters [glyceroln]H

for 1< n < 5. With increasing cluster size the PWHM-values first

decrease from 0.5 eV for n = 1 to 0.35 eV for n = 2 and then in-

crease gradually to 0.7 eV for n = 5. In first instance it seem-

ed logical to incorporate also the energy distribution of sput-

tered protons in this series of experiments (n=0). However,

the nature of the proton energy distribution was quite diffe-

rent. A very broad energy distribution was observed with FWHM-

values exceeding 10 eV. Thusfar this is the broadest distribu-

tion observed for ions sputtered from a glycerol matrix.

To investigate the energy distributions of various atomic

ions sputtered from a glycerol matrix an equimolar mixture of

Lil, Nal, KI, Rbl and Csl was dissolved in the matrix (total I~

concentration 0.1 molar). The energy distributions gradually

broaden with increasing mass of the alkali cations. The FWHM-

values are presented in fig. 4 and display the increase from

0.35 eV for Li+ to a value of 0.55 eV for Cs+.

Results for cluster ions of NaCl dissolved in a glycerol

matrix demonstrate an increase of the width of the energy dis-

tribution for increasing cluster size. In fig. 5 results are

presented for [NaCl] Na -cluster ions. For [KI] K+-cluster ions
n ix

(0<n<3) desorbed from a glycerol matrix a similar behaviour
was observed as for the [NaCl] Na -cluster ions. Also

+ n
[Glycerol]Li -ion energy distributions are broader than those

for Li+-ions. The minimum FWHM-value in all these series was

always observed for the single alkali ion.

The energy distributions of Na[NaCl] -clusters from a pure

NaCl matrix display a much less reproducible behaviour and are

much broader at half maximum (1.2 - 2.2 eV) than for the situa-

tion where NaCl has been dissolved in the glycerol matrix

(0.35-0.7 eV) .It is not possible to extract from the data

a clear trend of broadening energy distributions for increasing
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Fig. 6. FWHH-values of the energy distributions for ions desorbed from

a glycerol matrix in which (C4Hg)4N i" has been dissolved.
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Fig. 7. FWHM-values of the energy distributions for ions desorbed from

a glycerol matrix in which sucrose has been dissolved.
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Fig. 8. FMat-values* of the energy distributions for ions desorbed from

a glycerol matrix in which the tripeptide Gly-Leu-Tyr has been

dissolved.
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cluster sizes. Not only the width but also the form of the

energy distribution is different for ions desorbed from the

solid or the liquid phase. Energy distributions for Na -ions

desorbed from a solid NaCl-matrix even show a tail above 10

eV (see also fig. 9).

In fig. 6 FWHM-values are plotted for (fragment-)ions from

the organic salt tetrabutylammonium jodid (MW = 369 amu), de-

sorbed from a glycerol matrix. Within the estimated experimen-

tal error (0.1 eV) for these measurements the FWHM-values of

the intact (C.HQ).N+-cation (m/z 242) and the fragment ions

are equal. For ions from the solid phase the FWHM-values are

higher and vary much more (0.5-1.6 eV) as measured for the

ions with m/z 184, 185, 242 and 243.

Results on energy distributions for the disaccharide sucrose

(MW 342 amu) dissolved in a glycerol matrix are plotted in fig.

7. In this figure FWHM-values are presented for ions from a

matrix to which HC1 or NaCl is added. For the latter case extra

peaks corresponding to complexes of sucrose(-fragments) with

Na are observed. The peaks for protonated molecules or pro-

tonated molecular fragments show within the experimental error

the same FWHM-value as for sodium cationized analogues.

We have chosen the tripeptide Gly-Leu-Tyr (MW 351 amu) as

a last representative of the organic molecules. The FWHM-values

are presented in fig. 8. Again it is clear that within the ex-

perimental error the energy distributions of both quasimolecu-

lar and protonated fragment ions display the same behaviour.

DISCUSSION

In this discussion we will first compare our experimental

results on energy distributions for ions desorbed from pure

solid matrices with data from literature. Subsequently we will

discuss the results on energy distributions for ions desorbed

from liquid glycerol matrices.

ComEarison_with_literature

Atomic metal ions desorbed from metal surfaces display broad



TABLE 1 . COMPILATION OF FWHM VALUES FOR ENERGY DISTRIBUTIONS OF SPUTTERED IONS

Ion/Sample

( C H 9 ) / / ( C H ) H I
*» -7 ft *f i7 ft

[Benzene]H /Benzene

[Atropine]"/Atropine

[Valine-COOH]+/Valine

[Valine-COOH]+/Valine

[Valine + H]+/Valine

CH-/C (contaminated)

CH+/C (contaminated)n
[H,O] H-/H.02 n 2

[NaCl]nNa
+/NaCl

Li+/LiBr

Li+/LiCl

Cs+/CsBr

Na+/"Valine"

H+/Valine

Na+/NaCl

K-/KC1

[Csl] Cs+/Csln
Na+/NaCl

Li+/LiF

K+/KC1

R-/KC1

ArJ/Ar
Ar+/Ar

cluster
size
n

0-3

0-3

1-16

0-3

0-2

1-3

1-3

FWHM (eV)

0.5- 1.6

a few eV

0.7 (radial part)

1

30

30

1.5-4

3- 100

1.7 - 3.2

1.2-2.2

1

2.7

3.6

2-4

6

3

5-6

3-9

15

19

22

21

4.5-7

4.5-7

Primary
Projectile

Ar+

He+

252Cf-fission
32gm+

Ar°

Ar°
252Cf-fission2 3V +

He+

Ar+

252Cf-fission
252

Cf-fission
252

Cf-fission
32sm+

32sm+

He+

Ar°

Ar+

Ar+

Ar+

Ar+

He+

Ar+

Xe+

beam parameters
Energy (kev)

fragments

fragments

fragments

fragments

fragments

4

3

2-4

.3-3

105

1.2 104

3

3

io5

92

.3-3

2-4

105

105

105

1O3-19

1O3-18

20

15

.3-3

70

90

90

40

3.

3.

io3

103

5

5

Reference

This work

Lancaster

Fürstenau

Dück

Surman

Surman

Becker

Becker

Lancaster

This work

Becker

Fürstenau

Fürstenau

Dück

Dück

Miyagawa

Richards

Honda

Arikawa

Arikawa

Arikawa

Arikawa

Orth

Orth

[15]

[16]

[19]

[20]

[20]

[21]

[21]

[15]

[21]

[16] 1
[16] »

[19] '

[19]

[3]

[5]

[23]

[4]

[4]

[4]

[4]

[24]

[24]
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energy distributions with energies over 100 eV [1]. For mole-

cular (fragment-)ions much sharper distributions are expected

and observed; these distributions have in general a FWHM-value

< 10 eV as can be observed in table I. Our energy distributions

also fall in this region; the FWHM-values (1-2 eV) for tetra-

butylammonium jodid are intermediate between the results obtain-

ed by Dück et al. [19] for a valine sample (FWHM< 1 eV) and

the results obtained by Lancaster et al. [15] for a frozen ben-

zene sample (FWHM a few eV). A comparison with the results ob-

tained by Fürstenau et al. [16] cannot be made since in their

experiments only the radial component of the energy distribu-

tion was determined.

For alkali ions desorbed from alkali halides a wide varia-

tion (1-22 eV) can be observed for the FWHM-values of the ener-

gy distributions. This wide variation is not yet understood.

One possibility to explain the differences may be a different

energy dependent transmission in all these experiments. This

possibility could not be checked for the experiments described

in literature since not enough information was available. Under

our experimental conditions an energy dependent transmission

will only occur in the ion source region since at other posi-

tions no narrow slits are present to limit the beam. In the

ion source region energy discrimination may take place because

of energy dependent focusing. We have estimated from a simple

ion optical calculation the number of ions accepted by the mass

spectrometer as function of initial energy. The assumption was

made that ions are emitted homogeneously from the irradiated

spot with a cosine angular distribution. A correction for trans-

mission effects of the energy distribution of Na -ions desor-

bed from solid NaCl leads to an increase of the FWHM-value from

2 to 2.5 eV, see fig. 9.

Arikawa [4] and Miyagawa [3] have tried to compare their

results with distributions predicted by the linear collision

cascade model. They were able to fit part of their results on

Li and Na+ with the distribution resulting from this model

dN _
dl "

E
(E+Eb)

(1)
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KINETIC ENERGY (eV)

Fig. 9. Influence of energy dependent transmission of the ion source on

the kinetic energy distributions of Na -ions sputtered from a

solid NaCl matrix.

(a) Experimentally determined energy distribution.

(b) Energy distribution smoothed and corrected for energy dependent

transmission.
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with dN the flux of secondary particles with energies in between

E and E + dE, Efa the binding energy and C a constant. It should

not be expected in general that such a fit can be made even if

a linear collision cascade process is dominant. The reasoning

for this is twofold. Originally eqn.{1) has been derived for

neutral atoms desorbing from an atomic surface. For atomic ions

this distribution should be multiplied with the energy depen-

dent ionization chance P(E). To fit the experimentally observed

distributions models are used where P(E) increases for increas-

ing energy [1]. Secondly, for molecular ions deviations from

the distribution described in eqn.(1) are expected for kinetic

energies above the lowest internal bond energy of the sample.

Both for atomic clusters [7] and sputtered neutrals from SFg [25]

such a deviation has been reported; at high energies the dis-

tribution falls off much faster with increasing energy than,

the E decay as expected on the basis of eqn.(1).

The results from our experiments can be summarized as:

1) Energy distributions for ions desorbed from a liquid

glycerol matrix are sharper than for ions desorbed from

the solid phase.

2) Energy distributions for fragment ions resemble very much

the distributions for the quasimolecular ions.

3) Energy distributions for [NaCl] Na +- and [glycerol] H +-

cluster ions get broader for increasing cluster size.

4) Energy distributions for alkali ions get broader for

increasing ion size.

It can be shown that almost all energy distributions

suited for sputtered ions apart from a thermal Maxwellian dis-

tribution display the trend that a broader distribution cor-

responds to a higher bonding energy to the surface. With this

relation the difference in energy distributions for ions sput-

tered from a pure solid compared to those sputtered from a

glycerol matrix can be understood in terms of different bond

energies; it is more difficult to sputter ions from an ionic

solid matrix than for a non-ionic glycerol matrix.

As a typical example of an energy distribution for ions sput-



CO

CO

cc

cr>

ca
<

CO

CO

CD

ce

to

0 1 2
KINETIC ENERGY

0 1 2 3
KINETIC ENERGY (eV)

0 1 2 3
KINETIC ENERGY (eV)

Pig. 10. Comparison of experimental [Glycerol]H+-energy distribution (a)

with energy distributions from a linear cascade model (b) and a

thermal desorption model ( c ) . The last two energy distributions

have been corrected for transmission in the ion source and have
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tered from a glycerol matrix we will consider the [glycerol]H+-

distribution. The experimental distribution is compared with

the distribution given by equation (1) and with a thermal dis-

tribution [26] (figs. 10a, 10b, 10c respectively). Fig. 10b

demonstrates nicely that ion energy distributions for ions de-

sorbed from a glycerol matrix cannot be described by eqn.d)

since the high energy tail predicted by this equation is absent.

A better fit results in fig. 10c if a Maxwellian distribution,

resulting from a "thermal spike process" is used.

U = CEexp(-E/kT) (2)

with dN the flux of ions with energies between E and E+dE,

T a representative temperature and C a constant. However, we

do not want to infer from this result that the sample has ac-

tually been in thermal equilibrium at a temperature of kT = 0.2

eV for two reasons. Firstly, the organic molecules in our ex-

periments are not expected to survive such severe conditions

for a long time. Moreover, the observed differences in energy

distributions for similar ions desorbed in one experiment (al-

kali and cluster ion series) are in conflict with this picture.

No differences are expected in case of a thermal equilibrium.

The results on fragment ions (figs. 6, 7 and 8) show that

the energy distributions for quasimolecular ions and protonated

fragment ions desorbed from the glycerol matrix are very much

alike. This result suggests that fragments will be formed close

to or at the surface since the alternative of gas phase dis-

sociation of a quasimolecular ion into fragment ions will lead

to lower kinetic energies and therefore energy spreads for the

fragment ions in comparison with quasimolecular ions.

Gas phase processes can be used to explain our observations

of alkali ions and cluster ions desorbed from the glycerol

matrix. The energy necessary to desorb an alkali ion from the

glycerol matrix is expected to decrease in the series Li+ to

Cs as can be derived from the decrease of the energy needed

to extract an alkali ion from water (5 eV/Li+-ion vs. 2.6 eV/Cs+-

ion [27]. If the alkali ions desorb as single ions from the

liquid matrix it would therefore be expected that the energy

distribution gets narrower in the series Li+ to Cs+, contrary
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to the observed results. This experimental trend can be explain-

ed by assuming that a large fraction of the alkali ions desorbs

from the surface as cluster ions. The energy required to desorb

such a large cluster ion will vary less in the series

Li+[solvent] to Cs [solvent] . When the cluster ion movesn n
awav solvent molecules may desorb from highly excited cluster

ions leading ultimately to a single alkali ion. Since the Li -

ion has a lower mass than the Cs -ion it will obtain less ki-

netic energy relative to Cs when the cluster falls apart. This

model explains the observed trend of rising FWHM-values for

the ions Li to Cs . From the large mass ratio MPC/MT• =133/7

it follows that this effect should be more pronounced than ex-

perimentally found. A better correspondence between observed

and predicted results is obtained if this model is applied to

explain the cluster ion energy distribution where larger clus-

ters in a series give rise to broader energy distributions as

observed for [glycerol] Li , [NaCl] Na and [glycerol] H . Per-

haps the sharpening of the energy distribution of [glycerol]2H

relative to [glycerol]H may be due to a contribution of direct

emission of [glycerol]H from the surface. From the electrical

potential distribution in the ion source and the observed re-

sult that no shifts of the energy distributions occur to ener-

gies below the source voltage it can be deduced that our re-

sults only reflect declustering processes in the first 100 um

from the surface.

The process of solvent evaporation from charged droplets

is well known. Iribarne observed recently that charged drop-

lets can evaporate in the gas phase to leave a single ion or

protonated molecule [28], Cooks can explain his results on

matrix effects in secondary ion mass spectrometry by a model

as discussed above [29].

CONCLUSION

In this chapter results have been presented for energy dis-

tributions of ions desorbed both from a solid and a liquid

matrix. The different results for ions desorbed from these
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matrices can be explained in terms of bonding energy in the

matrix; ions are desorbed much more easily from a liquid gly-

cerol matrix than from the solid matrix. The smaller energy

shifts and more narrow energy distributions for ions desorbed

from the liquid glycerol matrix compared to the solid matrix

are practical advantages in mass spectrometry.

A high degree of similarity between the energy distributions

of quasimolecular ions and fragment ions desorbed from the

liquid matrix suggests that the fragmentation process takes

place at the surface. The observed trend in cluster energy

distributions of increasing width in case of increasing clus-

ter size, for ions desorbed from glycerol, is contrary to what

has been published on cluster ions desorbed from solid matrices.

This trend for the cluster ions and the analogous trend for

alkali ions desorbed from glycerol can be explained on the ba-

sis of a model where larger ion-clusters desorb from the sur-

face and experience desolvation in free flight close to the

surface.
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Summary

In this thesis results are reported from a study on the

desorption- and ionization process initiated by infra-red

laser irradiation (LDMS) or ion bombardment (SIMS) of thin

organic sample layers. The study is especially focused on

the formation of quasimolecular ions under these conditions.

Results of these investigations can be used for a better op-

timization of the LDMS and SIMS techniques in organic mass

spectrometry.

In chapter I an overview is given of laser desorption mass

spectrometry. It is shown that a wide range of laser systems

can be used to generate quasimolecular ions from various bio-

logically important classes of compounds as oligosaccharides,

glycosides, nucleotides and peptides. However, a thoroughfully

understanding of laser absorption and neutral- and ionic de-

sorption processes is absent. This knowledge is of importance

in particular with respect to improvement of reproducibility

of the technique.

The coupling of the laser energy into the organic sample

layer is investigated in chapter II. From a series of experi-

ments, using different substrate materials and laser inten-

sities it was concluded that the laser energy is primarily

absorbed by the substrate material and not by the organic

overlayer. It has to be noted that this conclusion is valid

for the laser-sample-substrate system studied, but a priori

cannot be generalized to every laser desorption experiment.

Quasimolecular ions are observed only if the substrate-sample

system has reached temperatures high enough to induce ther-

mal ionization processes. In this light, the condition

necessary for quasimolecular ion formation is the absorption

of a minimum amount of laser energy in the substrate-sample

system. Therefore comparison of laser desorption experiments

has to be made on the basis of the energy densities deliver-

ed by the lasers and not by the laser intensities, as done

hitherto.
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The formation of quasi-molecular ions, either in the gas-

^s or on the substrate surface is investigated in chapter

III. It is shown that for a number of samples, thusfar clas-

sified as "non-volatiles" molecular evaporation by a thermal

process is possible. The gas phase densities obtained are

sufficiently high to produce quasi-molecular ions by gas phase

complexation with thermal alkali ions. These experiments were

performed with a low power c.w. CO2 laser and by thermal

heating. Extrapolation of the dominance of gas phase ioniza-

tion of evaporated neutral molecules to laser desorption

experiments with higher power lasers was pursued in chapter

IV. Kinetic energy distributions of the ions were measured

to probe the desorption and ionization kinetics. A straight-

forward interpretation of the relatively broad energy distri-

butions is not possible. However, it is evident that the

distributions are affected by gas phase processes in the plas-

ma formed above the surface. Ion-molecule collisions in

the accelerating field in the ion source lead to consider-

able energy losses of the ions and give a broadening or

shift of the energy distribution towards lower energies.

Furthermore, ions formed inside the plasma by ion-molecule

reactions, can be accelerated over the plasma sheeth and gain

energy. This leads to a broadening of the distribution to

the high energy side.

In chapter V kinetic energy distributions are reported

for ions sputtered from organic solids and liquids. Sample

charging is a major problem in the accurate determination of

the energy distributions. Therefore, only the widths of the

distributions were analyzed. Organic ions sputtered from a

liquid solution, show a relatively narrow energy distribu-

tion with a full width at half maximum of about 0.5 eV. The

high energy tails, characteristic for ions sputtered from

solid samples, are absent here. The highly comparable dis-

tributions measured for quasi-molecular- and fragment ions, in-

dicate that fragmentation of quasi-molecular ions takes place

very close to or even at the surface. On the other hand gas phase

dissociation of less strongly bound cluster ions can take place,

as deduced from the decreasing widths of the distributions for

ion-clusters of decreasing size.
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Samenvatting

In dit proefschrift worden resultaten gegeven van een onder-

zoek naar het desorptie- en ionisatieproces geïnitieerd door

infra-rood laserbestraling (LDMS) of ionenbombardement (SIMS)

van dunne organische monsterlagen. Het onderzoek is speciaal

gericht op de vorming van quasi-moleculaire ionen onder deze

omstandigheden. Resultaten van deze onderzoekingen kunnen wor-

den gebruikt voor een betere optimalisering van de LDMS- en

SIMS-technieken in de organische massaspectrometrie.

In hoofdstuk I wordt een overzicht gegeven van laser de-

sorptie massaspectrometrie. Er wordt getoond dat een breed ge-

bied van lasersystemen gebruikt kan worden om quasi-moleculaire

ionen te genereren voor verschillende biologisch belangrijke

klassen van verbindingen zoals oligosachariden, glycosiden,

nucleotiden en eiwitten. Een diepgaand bsgrip van de laser-

absorptie en neutrale en ionogene desorptieprocessen ontbreekt

echter. Deze kennis is vooral van belang met betrekking tot

verbetering van de reproduceerbaarheid van de techniek.

De koppeling van de laserenergie in de organische monster-

laag wordt onderzocht in hoofdstuk II. Uit een serie experi-

menten waarbij gebruik gemaakt is van verschillende substraten

en laserintensiteiten wordt geconcludeerd dat de laserenergie

primair door het substraatmateriaal wordt geabsorbeerd en niet

door de organische laag. Er moet hier opgemerkt worden dat

deze conclusie juist is voor het bestudeerde systeem van laser,

monster en substraat, maar dat ze niet zonder meer uitgebreid

kan worden tot elk laser desorptie experiment. Quasi-molecu-

laire ionen worden alleen waargenomen als het substraat-monster

systeem temperaturen heeft bereikt die hoog genoeg zijn om

thermische ionisatie processen te induceren. In dit licht is

de voorwaarde voor vorming van quasi-moleculaire ionen de ab-

sorptie van een minimum hoeveelheid laserenergie in het sub-

straat-monster systeem. Daarom moet een vergelijking van laser

desorptie experimenten worden gemaakt op basis van laserener-

gie dichtheden en niet laserintensiteiten zoals tot nu toe

werd gedaan.
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De vorming van quasi-moleculaire ionen, of in de gasfase

of op het substraatoppervlak wordt onderzocht in hoofdstuk III.

Er wordt getoond dat voor een aantal monsters, tot dusver ge-

classificeerd als "niet-vluchtig", moleculaire verdamping moge-

lijk is door middel van een thermisch proces. De verkregen

gasfase dichtheden zijn hoog genoeg om quasi-moleculaire ionen

te produceren door gasfase complexatie met thermische alkali

ionen. Deze experimenten werden uitgevoerd met een laagvermogen

c.w. CO2-laser en met thermische verwarming.

Een extrapolatie van het belang van gasfase ionisatie van

verdampte moleculen naar laser desorptie experimenten met ho-

ger vermogen lasers wordt uitgevoerd in hoofdstuk IV. Kinetische

energieverdelingen van de ionen zijn gemeten om de desorptie

en ionisatie kinetiek te onderzoeken. Een eenduidige interpre-

tatie van de relatief brede energieverdelingen is niet moge-

lijk. Het is echter duidelijk dat de verdelingen beïnvloed

worden door gasfase processen in het plasma wat boven het opper-

vlak is gevormd. Ion-molecuul botsingen in het versnellende

veld in de ionenbron leiden tot aanzienlijke energieverliezen

van de ionen en geven een verbreding of verschuiving van de

energieverdeling naar lagere energieën. Bovendien kunnen ionen

die in het plasma zijn gevormd door ion-molecuul reacties,

worden versneld door de plasma grenslaag en daardoor energie

winnen. Dit leidt tot een verbreding van de verdeling naar de

hoge energiekant.

In hoofdstuk V worden kinetische energieverdelingen beschre-

ven voor ionen gesputterd vanuit organische vaste stoffen en

vloeistoffen. Oplading van het monster is een belangrijk pro-

bleem bij de nauwkeurige bepaling van de energieverdelingen.

Daarom worden alleen de breedtes van de verdelingen beschouwd.

Organische ionen die uit een vloeibare oplossing zijn gesput-

terd, laten een relatief smalle energieverdeling zien met een

volle breedte op halve hoogte van ongeveer 0,5 eV. De hoge

energiestaarten karakteristiek voor ionen gesputterd uit vaste

stof monsters, zijn hier afwezig. De zeer goed vergelijkbare

verdelingen die gemeten zijn voor moleculaire- en fragmentionen,

geven aan dat fragmentatie van moleculaire ionen plaatsvindt

vlakbij of zelfs op het oppervlak. Aan de andere kant kan
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gasfase dissociatie optreden van minder sterk gebonden cluster-

ionen, zoals afgeleid uit de afnemende breedtes van de verdelingen

met afnemende clusterion-grootte.
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Professor Kistemaker wil ik speciaal dankzeggen voor zijn sti-

mulerende kritische opmerkingen. De meeste dank ben ik toch

echter verschuldigd aan Piet Kistemaker, de steun die hij me

heeft gegeven heb ik uitermate gewaardeerd. Vol bewondering

ben ik hierbij geweest voor zijn originele ideeën, zijn duide-
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Al spoedig besloten Piet en ik om de opstelling te verbouwen

teneinde simultane metingen te kunnen uitvoeren aan kinetische

energieverdelingen. Bij de ionenoptische berekeningen voor het

nieuwe apparaat heb ik kunnen putten uit de enorme kennis van

Henk Boerboom op dit gebied. Onze simpele schetsjes werden

door Paul de Jongh omgezet tot gedetailleerde blauwdrukken.

In de mechanische werkplaats werden gedeeltes van de opstelling

vakkundig vervaardigd door Wim Brouwer, Wim Barsingerhorn,

Ruud Boddenberg en Renë Koper. Joop van Wel nam het keramische

werk voor zijn rekening en Cor van der Zweep laste verschil-

lende onderdelen aan elkaar. Jan ter Beek nam het grootste

gedeelte van de electronica voor zijn rekening. De electronica

voor de stappenmotor was van de hand van Hans Alberda en de

beveiliging van het totaal werd verzorgd door Rob de Haan.

Frans de Haan bracht de aansluiting tussen apparaat en compu-
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bedraden van de verschillende onderdelen geschiedde in nauwe

samenwerking met Henk van der Brink en Hans Dassel. Ook voor

"tussendoortjes" en zelfs voor "beunhazen" verrichtten ze hand-

en spandiensten. De kwaliteit van al dit werk weerspiegelt
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- 141 -

Tijdens al deze werkzaamheden werden een aantal metingen

verricht, zowel op het oude LDMS-apparaat als op de Finnigan-

massaspectrom^ter. Anne van der Wiel heeft als technicus tij-

dens de eerste metingen op de Finnigan zijn handigheid en im-

provisatietalent getoond. The presence of Kimio Isa as a guest

during one year has lead to a very fruitful collaboration re-

sulting in a number of articles, one of which has been taken

for chapter III. Also outside the work I have pleasant memories

of this period and wish to express my thanks. Another guest,

Krysztof Bederski, is thanked for helping in testing the mass

spectrometer section of the new instrument. Het testen van het

tweede gedeelte van dit apparaat gebeurde samen met Wim van

der Zande die als jonge doctoraal student onze groep kwam ver-

sterken. Zijn werklust, snel begrip en grote intelligentie

maakten het tot een genoegen met hem te mogen samenwerken. In

de hoofdstukken IV en V is. zijn inbreng aanwezig. Pieter-Jan

van Bommel wil ik hier dank zeggen voor de hulp met een aantal

ionenoptische berekeningen voor hoofdstuk IV.

Jammer genoeg is er geen tijd geweest om FAB-energie ver-

delingen te meten. Ronald Hoogerbrugge is hier nu mee bezig.

Zowel Ronald, Wim als Piet wil ik van harte bedanken voor het

werk dat ze hebben verricht om het proefschrift drukklaar te

krijgen.
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verder tot stand dankzij een aantal mensen. Anneke Smit heeft
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opgenomen, Frans Monterie maakte hiervan vaak nog op dezelfde

dag een fotografische afdruk. Henk Sodenkamp jr. verzorgde het

uiteindelijke drukken van het manuscript. Ook jullie wil ik

graag bedanken.

Als laatsten wil ik de dames dankzeggen die altijd zo be-

hulpzaam waren bij de secretariaatswerkzaamheden: Louise Roos,

Tineke Doorn en Ans Nolen.

De lijst van mensen die ik wil bedanken kan gemakkelijk

tweemaal zo lang worden gemaakt; de andere leden van mijn

groep, het huishoudelijk personeel en vele mensen uit het
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dat ik ze zeer erkentelijk ben.


