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PREFACE

The present work, performed since 2005 to 2007, be=n dedicated to the
development of a “good” system of electron phot®@mion that uses metal targets
irradiated by excimer lasers. This research projet been mainly realized in the
Applied Electronics Laboratory, at the DepartmehtPtysics of the University of
Salento. The attention has been focused on thenitpeds to enhance the electron
emission efficiency, in order to obtain electroraims of high intensity. Low angular
divergence and short time duration of the extrabieaims are other objectives of this
work. In particular, this study wishes to lead e bptimization, for the realization of

new and versatile accelerators, useful for appboah the fields of:

- new scientific devices such as free-electronriadeEL)
- X-ray machines

- electron beam therapy machines

- high power microwave generators

- controlled thermonuclear fusion reactors

- collective ion accelerators for basic phgsstudies and medical therapies.

Therefore, the photo-extraction process under miffeexperiment conditions has

been carefully investigated. Namely we studiedeleetron emission of a sample as a
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function of experimental controlled parameterse like target material, its superficial
morphology, the accelerating voltage, the waveleagid the fluence of the used laser.

During the thesis work, this phenomenon was stubiedneans of three excimer
UV lasers of short wavelengths: KrF at 248 nm, XaCB08 nm and KrCl at 222 nm
wavelength; regarding to the materials used likhades in the experiments, they
were mostly yttrium and zinc.

To comprehend the processes concerning the phatemmiit is necessary to
develop a fine electron-beam extraction systens. ilnportant to find if, changing the
experimental conditions, there is a real possyitit increase the number of the
extracted electrons from metal target. In particulae surface morphology variations
of the cathode and its influence on the chargelyadre analyzed.

Samples with natural and induced surface roughmese examined. Micro
superficial irregularities were simply created adnelir effect on photoemission process
studied in detail.

Using a fast oscilloscope the pulsed current sggreahd the incident laser
waveforms were recorded; measurements and anahees been carried out on
photo-emitted current, temporal quantum efficienglgctron spatial distribution, and
temporal behavior under laser action.

Moreover, a theoretical model has been formulatddch allows one to estimate
the results for a real surface profile and to prethe current and the efficiency for
particular morphologies that will be realized ased in the future.

To confirm the performed calculations, simulatiomde OPERA 3D was used.

Using this one it is possible to plan the anod&a@ad¢ gap and to let the different
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voltages on the surfaces; starting the estimatioocgss, several experimental
parameters were evaluated and confronted withafleones.

Future work could be the realization of finer sijo&l roughness, one-two order
lower, hoping to increase more and more the eledieam intensities.

In the Chapter 1 there is the development of theaggns that govern the electron
photoemission process. In particular, thermionidssiman, field-effect emission and
photo-emission will be treated; the reduction oé twork function of the metal
(Schottky effect) plays a fundamental role in thetocurrent calculation.

In the Chapter 2 the whole experimental apparagudeiscribed in details: the
vacuum chamber, the targets, the diagnostic systenhthe way to record the laser
and current pulses. Complete description of theattaristics of excimer lasers are
made: the active medium, the laser chamber, thepmgrsystems used, the duration
and the shape of the laser pulses.

In the Chapter 3 the experimental results concgrrilme efficiency and the
photocurrent for different metal targets, irradiatey different excimer lasers are
reported.

In the Chapter 4 a theoretical model and an eleittreimulation of an extraction-
acceleration system is presented. Choosing apptepparameters, it is possible to
correlate the results obtained to the ones caroed from the experimental
measurements, in order to confirm the given inttgiion of phenomena that govern

the photoemission process.
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In the Chapter 5 there is a discussion of all #silts and a comparison between
different types of cathodes (changing work functidhickness, and superficial

morphology) and different laser wavelength.

Furthermore, during the Ph. D. course several patiins on paper and

proceedings for conferences participations have besde:

I. F. Belloni, G. Caretto, A. Lorusso, V. Nassisi, M.Siciliano, “Photo-emission studies
from Zn cathodes under plasma phadgddiation Effects and Defects in Solids, 160, p
587-594, 2005.

Il. G. Caretto, D. Doria, V. Nassisi and M.V. Siciliarif®hotoemission studies from metal
by UV lasers” Journal of Applied Physics, 101, 73109-73116, 2007.

lll. G. Caretto, L. Martina, V. Nassisi, M.V. SiciliantBehavior of photocathodes on
superficial modification by electrical breakdowmuclear I nstruments and Methods B,
2007 (in press).

IV. G. Caretto, L. Martina, V. Nassisi and M.V. Siail@ “Temporal behavior of
photoemission for Yttrium cathodedRadiation Effects and Defects in Solids, 163
2008.

V. G. Caretto, P. Miglietta, V. Nassisi, A. Perronedad.V. Siciliang “Photoelectron
performance of Y thin films and Y smooth bullkRadiation Effects and Defects in
Solids, 163 2008.

VI. F. Belloni, G. Caretto, A. Lorusso, V. Nassisi, Perrone and M.V. Siciliano, “Photo-
emission studies from Zn cathodes under plasmaeph&PLA 1l, Giardini Naxos,
Catania,ltaly, June 8-11, 2005.

Vi

.F. Belloni, G. Caretto, D. Doria A. Lorusso, V. Nas, A. Perrone, M.V. Siciliano,
“Studio dell’evoluzione temporale dell’efficienzaiantica di un fotocatodo metallico”,
XCI Congresso Nazionale SIF, Catayitaly, September 26 - October 1, 2005.

VIII. V.Nassisi, G.Caretto, A.Lorusso, D.Doria, F. Beiland M.V.Siciliano, “Temporal
guantum efficiency of a micro-structured cathodERAC 06, EdimburghScotland
June 26-30, 2006.

IX. D. Doria, F. Belloni, A. Lorusso, G. Caretto, V. $&&si and M.V. Siciliano, “Plasma
influence on photoemission from metal by UV laseEESCAMPIG XVIII, Leccdtaly,

July 12-1520086.
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1 Electron emission from metals

1.1 Introduction

In this chapter the fundamental physical laws tp@tern the electron emission
from solids and, in particular, from metals aresgrged. In details, thermionic effect,
field effect and photoelectric effect will be dissed and analyzed; Schottky effect
will be considered, being it responsible of tangibériations of the extracted electrons

number.

1.2 Metals properties

According to the'free electron model’[1], it is possible to consider the external
electronic shells of metal atoms like free fermigas. In fact, these ones can move in
the whole solid and feel less the interaction it nuclei, because of the shield effect
due to the internal shells. Macroscopically, one sappose that the metal forms an

almost equipotential structure for the conductidecions, that suffer only little



Ph. D. Thesis = Garetto

perturbations of their free path, because of intévas with the lattice ions and the
others electrons. In this model the electron ené&gyue simply to its kinetic energy
and it is feasible to think the metal like a potainbole deefEs: the electron is able to
leave the metal surface if its kinetic energy isager tharks (figure 1.1).

The free electron energy distribution(E, T) is defined like the electron number
for energy unit and for volume unit at T temperatdrhe knowledge of this quantity is
important because allows to establish if insidéhef metal there are fermions able to

overcome the potential barrier.

VACUUM

METAL ¢,

Figure 1.1- Schematic representation of the potential hol&énftee-electron model.
Esis the minimum energy necessary for electron taogefrom the metallic surface,

@ is known like the metal work function

By quantum calculation, being the electron a hatéger spin particle (fermion),

one can write the energy distribution as

o(E,;T)=N(E)f(E,T) (1.1),

where N(E) is the state density anéi(E,T) is the Fermi-Dirac distribution, namely

the probability that a fermion has got eneiyt the temperatur€ ; all the energy

values have to be referred to the bottom of therg@tl hole.

10
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The expression for the Fermi-Dirac distribution is

1

E-E¢

kT

f(ET)=
1+e

(1.2),

wherek is the Boltzmann constank,is the solid temperature agd is the Fermi level,
that corresponds to the energetic state that halsapility %. In opposition to the
classical theory, at temperatufe= 0 K some electrons may have no-zero energy; this
fact is due to the Pauli Exclusion Principle. For0 K the levels with energies higher
thanEg begin to populate; the levEl can be interpreted like the fermionic maximum

energy reached at the absolute zero temperature.

f(E) T=0°K
1,0
T=300°K
0,81
T =2500°K
0,6
0.4}
0,21
0 I 1 1 ) A
-10 -06 -02 0 0,2 0,6 1,0
E - Er, eV

Figure 1.2 -Fermi-Dirac distribution function for different tgmrature values.

The state density is the number of the electronvpleme unit at fixed energy; it

can be written as

N(E)= i—’j (2m)oE2 (1.3),

11
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wherem is the electron mass ardis the Planck constant. Utilizing the expressions
(1.2) and (1.3) it has been obtained the final idenor the energy distribution of free

electrons

(1.4),

as plotted in figure 1.3.

The function p(E, T) shows a small dependence with the temperaturepiihe
effect due to the temperature is the changing ef @lectron concentration in the
neighborhood of Fermi energy from lower to higherergetic levels.Er can be

considered like a constant depending on little erajure changing.

Al
™\
k!
!
1
\ _— 7ok
!
!
LY
N

Figure 1.3 -State density as a function of the energy foea &lectron gas.

One of the most important property for the solidd a particular for the metals is

their work function ¢, =E,-E. (figure 1.4), defined like the minimum energy

12
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necessary for an electron to overcome the potddialer at O K temperature. It is of

the order of few eV and depends on the materialdtaposes the solid.

Energy, eV
Outside the meta
T=2500"K
T=0"K= E.
Ep
l Zero leve
PiE] Distance,x

() (b)

Figure 1.4 - (a) State density for two different values of tenapere.
(b) Potential wall onto the metal surface.

The work function is not fixed; it depends on tbeghness and on the presence of
imperfections in the crystal lattice. It plays andamental role in the phenomena
correlated to the emission of electrons from thdase of a solid: photoemission,
thermionic effect, field emission or electron triEemdrom a metal to the other (contact

potential).

1.3 Thermionic emission

This process allows to get electrons by increa#iegtarget temperature. In this

way the p(E,T) function assumes high values r Er and electrons can leave the

metal surface.

13
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Also for temperatures near to the melting poinmetal (~ 16K) few electrons are
extracted, therefore at room temperatuie8Q0K), the probability that an electron is
able to rise above the potential barrier is very.lo

The expression for the current density by therni@mission is

4 k2T2 _%
J, :%e kT (1.5).
If one lets
4rrmek? A
A=——=120 |——— |,
h? {cmsz}
the equation (1.5) can be simply written as
@
J, =AT?% T 1.§),

well known like Dushman-Richardson equation [2].

The space-charge effect in the area of emittedreles is the primary responsible
of a significant reduction of the current densiy &ll the extraction processes.
The (1.6) formula is effective in the saturatioginee, namely the state with high

electric fields applied, in order to annihilate #pace-charge effect.

14
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1.4 Schottky effect

If an external electron is near a metallic surfegenected to the ground, the metal
polarizes itself and induces attractive forces be é&lectron. Until the distance
electron-surface is greater than the interatomicedision,image charge methodan

be used in order to calculate its potential en¢Bgy

V.oo=-= (1.7),

represented bpB curve plotted in figure 1.5.

The model proposed by Schottky supposes that thtisnpal energy is valid for
distancesz > z, assuming a constant force for< z < z, where 3 is a critical
distance, function of the material; in this regtbe potential energy of the electron is a

linear function ofz (CAline in figure 1.5).

METAL VACUUM

—

Figure 1.5- Surface potential wall for field-effect.

15
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If the metal is undergone to an intense externadtat field, the work function
decreases; this phenomenon is known Sidottky effectSupposing a homogeneous
field F, the total potential energy of the electron is $hen of the image potential and

the one due to the applied field

2

\ua=—§E—er (1.8)

This function (red curve in figure 1.5) has its nmaxm atz = z,, where

1 e
z, = \/; (1.9).

From V(z) expression it is possible to obtain the equatmnwork function

reduction in presence of external electric field

Ag =V(z,) = - eJeF (1.10).

Therefore, the Richardson-Dushman equation (1.6) ba rewritten in its

generalized form, which contains a correction fadiee to the applied electric field

KT

J, = AT? exr{— MJ (1.11).

This one has a good compatibility with experimerdata if it is considered a
mirror-like surface, instead for oxidized and rouglaface [4] it is necessary to

introduce a new correction

16
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J, = AT? ex;{— %ﬁj (1.12)

wheref is an empiric coefficientf(>1) that rules the emission increasing for a real
surface. In fact, the cathode surface it is notga#lly smooth, being produced by sand-
blasting or polisher machines. The Schottky effafitiences all the others emission

processes.

1.5 Field-emission effect

In presence of very intense electric field, nanaflyhe order of 1®V/cmor more,
the field emissioneffect occurs, very different than the Schottky .ol this case
electrons, because of tunneling process, crospdtential barrier at the metal surface

[5]. From quantum considerations, the emittedentrdensityJ, can be evaluated by
integrating the product function between the flojE,) of incident electron on the
surface and the probabiliB(E,)of penetration of electron into the potential berri

V(z), on the whole range of electron energy.

J, :Te n(E,) P(E,) dE, (1.13),

2
whereE, = 2p_z +V(2) is the electron energy related to its motion altreyg direction,
m

eis the electron charge am is the z component of the moment.

17
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The expression fom(E,) can be obtained from Fermi — Dirac statistic, ifeon

considers the free electron model for conductiectebns
E,-Er
n(E,) = ‘"Thﬂm[ue ”J (1.14),

The probability of penetration through the potdnbarrier is determined by
solving the time-independent Schrddinger equation, an electron moving irz

direction

d?

2m[E -V@)]y =0 (1.15).

For one-dimension potential the model proposeddioky [3] can be used:

-V, se z<0
V(2) = & (1.16),
-——-—eFz se z>0
47

whereV, is a constant lower than Fermi enekly Solving the equation (1.15) it is

possible to have an approximate expression foptbkabilityP(E,)

_ 49(y)
P(EZ)—ex;{ e (2mlE,| ) (1.17),

3~)2
whereg is a tabulated function Qf:£e|—EF|L [5].

18
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For low temperaturesr(- 0), namely for electron energies nearest to Ferval)e
by insert (1.14) and (1.17) into the (1.13), itpessible to obtain current density

carried out for field emission

— e3 2 4g(yF) 3 %
J = R = - =7 12mlE 1.18
¢ 8ﬂh|EF|t2(yF) ex e ( | F| ) ( )’

wheret is a tabulated function of. =

For relatively low electric fieldR < 10 V/cn) the functionsg(y,) andt(y.) can

be approximated to 1, simplifying once more th&8)-.

@1

3

whereB = ﬁ and B = (2m|EF| )"

N

If one works at sufficiently low temperatures, tield emission presents only a
little difference with the limit cas& = 0. When the temperature reaches values df 10
K, the equation (1.19) is not valid, because ofcthribution due to the electrons that

overcome the Fermi level.

19
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1.5.1 Resistive heating by field effect

The surface of an electrode is never perfectly oniike. In real cases the
presence of tips and whiskers (figure 1.6a) in $heface geometry enhances the
electric field strength, even at relatively low tagles.

Almost all metallic surfaces present microscopiaskérs with height of the order
of 10* cmand base of the order of 18m Their density is usually in the range 1 # 10

whiskersént.

FIELD LINES

:
T

~
by

ARRERARA | BRI AR R

—LN | L

[T NN

(@ ()

3
FREELFITLT T

Figure 1.6: (a) Electric field lines on the tip of the whiskép) Heat flow for a cylindrical emitter

If high voltage is applied to the metal, the elecfreld strength on the tip of the
whiskers can be even two orders of magnitude grédaaa the equivalent macroscopic
electric field, inducing noteworthy electron emdssi by field-effect and local

superficial heating.

20
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For theoretical study of heat flow in the caseielidf emission, one can considers a

simple cylindrical emitting (figure 1.6b). The teerpture variation in the infinitesimal

volume elementlV = 7zr2dl is

a. 1 d (1.20),
ot pcmr;dl dt

where p is the mass density; the specific heat of the material, is the cylinder

radius and (:j_tQ the heat flow in the volume element. Considerihg tesistive

generation of heat (Joule effect) and the thermi@action, the heat floyw] is

dt dt Joule dt cond . ’
where
Q J2nmrZdl (1.22a),
dt Joule
Q[T 0T (1.22b),
dt |, al, a |

J is the current densityl the distance from the base of the whisker, whiland K

are the electric resistivity and the thermic conihildy of the material respectively.

oT

The termsE OT‘ are, respectively, the temperature gradient inl thesitive

and —
0l

+

andl| negative direction.

21
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By placing the expressions (1.22) into the (1.20)is possible to obtain the

following equation

0°T _pcadT __J°n

Lt 1.23),
al? K ot K ( )
whose solution is
__3n
T—_—KI +C1| +C2 (124)
For a particular choose of the boundary conditions,
T=0 If =0
T 0 if I=L
al
the maximum temperature at the top of the emitterL() is
_J3°n .
Toox = L (1.25).

2K

The current density required to get, near the melting point of the material is of
the order of 10 + 1¢° Alcnf. It is essential to highlight that because of tips
distributions, the effective emitting area is smalthan the whole metal surface;
therefore the total current density is differenftand is of the order of 4 10 A/cnf.

The strong heating of the emitter can induce materaporization with local

production of plasma characterized by quick hydrzagic extension [8, 9] (few

cmiLs).

22



Ph. D. Thesis ~ Garetto

1.6 Photoemission from metals

When an electron in the conduction band absorbslesmtromagnetic enerdyy, it
is well known that its kinetic energy may be enotglovercome the potential barrier.
This phenomenon is well known liggotoelectricemission If the temperature of the

system isT = 0 K, theoretically the electron extraction cartur only if hv >¢,. In

this case, in fact, the electrons have the Fermiggnand, after the photon absorption,
they will have got energy > E, - E;, needed to the photoemission. By placiagg:%

and beingE, = E; +¢,, it is evident than only electromagnetic waveshwiequency
v=v, are able to excite electrons over the I&elThe photoelectric effect is,

therefore, a threshold process.

For temperatureg >0K it is possible to have emission evenvikv,, namely

utilizing photons by energies lower than the metakk function. In fact, as seen
above, over the absolute zero of temperature la Bitnount of electrons populates
energetic states higher than the Fermi level. So,jnkeractions with photons of
energies not much smaller than the work functibaytmay be able to prevail over the
potential barrier.

The photoelectric effect is based on a physicatgse not applying in the case of
free electron model. In fact, if one considers phecess of collision involving a free
electron, initially blocked relatively to the laladory reference system, and one photon

of energye, and momentump,. The inelastic scattering photon-electron is sspplo

occurring along thex direction of reference orthogonal to the metalfesie. By

23
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applying the energy and impulse conservation foasnulin the case of complete

absorption of photon by electron

E =
o ° 1.26),
en @29

where E, and p, are, respectively, energy and momentum of elecafter collision.

The electron total energy after scattering will be
E

Tot = Ee + mC2 ZI)’

where mc? is the electron rest energy. The total energybmamritten like a function

of the momentunp,
EZ, =c’p? +(mcz)2 (1.28).

By matching the expressions (1.27) and (1.28),tlziag the (1.26), it is possible

to obtain p2 +2c p,m, = p?, namely

P. =4/ P +2Cp,m, > p, (1.29).

This one is not coherent with the momentum consienvdaw (1.26).
The electron-photon scattering phenomena in a natalmore complex than a
simply collision between two particles. It is, iacf, necessary to take in account the

contribution due to the crystal lattice in additionthe concept of the potential barrier.

24
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So that an electron may be liberated in the vacafien the photon interaction, the

momentum component, orthogonal to the metal surface has to be

p2
2—X+hv> E, (1.30)
m

One can obtain that the photoelectric current dgnger radiation intensity unit, is

proportional to the so-called Fowkenction[10]

+00 (E-E)
FoATmekT \lve @ | dE (1.31)
h3 E.-h ,
2
whereE =P .
2m
By placing yz%f:hv ando(t) = nrlll'/th)% , the expression (1.31) becomes

F(o)= mekTL

jln[1+ e"‘y] dx (1.32).

The analytical expression of the integral in the32) is given by the following
seried11]
+00 end
3= (-t se 0<0

Fey=" "
2 +o00 -nJd
AL

2
n=1 n

(1.33).

An important parameter that influences the cathduesen for electron extraction

is thequantum efficiencydefined by

25
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_ Numbernf photoemittdelectrons

— (1.34).
Numberof incidentphotons

The materials with the highest values of quantuficiehcy, under the same
experimental conditions, are the metals and the icggmuctors. In metallic

photocathodeg varies from 10 to 10, in semiconductors it reached values of.10

The remarkable difference is mainly due to higheftectivity value of the metal
surface than the semiconductor one, at the UV veangghs.

Furthermore, before to reach the surface, the nioternal metal electrons
dissipate probably the excess energy absorbed frootons, because of enormous
number of collisions with others electrons and @&alykttice impurities. In the case of
metals, only the electrons nearest to the surface e involved to the extraction
process.

In the semiconductorl?2], instead, the electrons lose energy by mednihe
interactions with lattice phonons. The lost endggyn this case, a little amount of the
one absorbed: by a consequence even the mostahtdattrons are able to release
themselves through the semiconductor surface.

The semiconductor cathodes like GaN/InGaN or AlGa®BaN (hetero-epitaxial)
present high quantum efficiency: 40% at 250 nm wength [13]. They, besides, work
only at very high vacuum level, since a little aomtnation could damage and make
them not working for these applications.

Although the quantum efficiency is higher in semidoctors, they are difficult to

construct. The metallic photocathodes present naatwantages of other nature: low
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vacuum conditions, little cost of realization, leetease of handling, short response
time and the possibility to be used for long timéhaut modify their characteristics.
Furthermore, the principal advantage is that thectsdn beam parameters
(intensity, time duration, angular spread) can betolled easily by modifying the
target work function and the laser source chareties (wavelength, time duration,

pulse shape, spot area).

1.6.1 Multi-photon process

More detailed studies of photoemission phenomenbf] provide a general
relation that includes possible non-linear effetulfi-photon process). The more
generalized Fowler-DuBridge equation, modified bipeBnbergen and Betchel [15],

represents an evaluation of the total photo-cumensity

N+1

MOEDINAQ) (1.35),

with

J,(t)=a, AI") - R)"T2(t)F[o(t)] (1.36).

%
In the equation the current densily = AT?e " is due to the thermionic emissioA,

is the Richardson constant whose value is 120 %&f®) and @ is the metal work

function, while J,, J,,..., J, are the current densities due to the one and more-
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photons processes. The coefficientsare related to quantum phenomena concerning

the multi-photon emissiona(= 1 in the ideal case)i(t) is the incident radiation

intensity, R is the metal reflectivityT(t) is the target temperature aRfb(t)] is the

Fowler function with argumend(t) = nhv = ¢, , kis the Boltzmann constant, whil

KT (1)

represents the nearest integer smaller tﬁ‘hn
14

The multi-photon effect consists mostly in the diameous absorption of two or

more photons. This process allows us to observéopleztrons even if it idw < ¢,

and the temperaturkis so low that allows only electrons in the neigintihood of the
Fermi levelEr to populate states of higher energy. In qualitatiray, it is possible to

consider that, for a two-photon procegs (ot very lower tharhy) (figure 1.7), it is
hv <¢, <2hv, while in the case of the absorption ofphotons [16]has to be

hv <¢, <nhv.

VACUUM
frv
METAL %
i E,
&

Figure 1.7: Schematic representation of two-photon photoemisgiocess. The simultaneous absorption
of two photons allows to the electron to overcoheepotential barrierZhy > ¢ o).
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For hv <¢,, the electron emission is due to multi-photon peses and the total

current is the sum of the thermionic component
J, = AT exp(-¢, / KT) (1.37),
the components for the n-photon process, in the oasN+1
J,(t) Oa,l"(t)A- R)"J, exphhv /KT) (1.38)

and the component due to the highest multi-photongss, fon = N+1

‘]N+1 DaN+lA| N+1(t)T2(1_ R)N+l x{%(%j +§} (139)

In the caséw > ¢,, from the theory the emission has got only twonterbecause

of zero value of N. Therefore there is only thethienic term
J, = AT?exp(-@, /KT), (1.40)
and the term

J, Da,Al()T2 (1~ R)x{%(h"k—;%j +%} (1.41).

For this work the thermionic component was neghicteecause the maximum

temperature reached by the cathodes is of the ofdeF K.
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1.7 Emittance and Brightness

The emittance is a quality fundamental parameterafb electron beams. It is
related, to the pattern that the beam particlesipcaevithin the six-dimension phase
space. In many practical cases (where the magwetior potential is zero) the three
coordinate pairs within the entire phase spacecangpletely decoupled. Choosing z
along the beam direction and supposing, for sintplica cylindrical symmetry
problem, all the conclusions for transverse x-diogcare the same than the ones for
the y-direction. Assuming that the transverse nmstiare slow compared with the
velocity in the beam direction, it is possible tdstitute the transverse linear momenta
m dx/dtandm dy/dtby the tangent values = dx/dzand y' = dy/dzof the divergence
angles for all the individual trajectories. Thug tbommonly used two-dimensional
emittance definitions regard the patterns thatpidicles independently occupy in the
(x, x)and(y, y') planes.

If the electron trajectories are closely paraxiad transverse phase space #gea
x') and A(y, y') are constant quantities. This area, unless arfacts known as the
beam emittance.

The transverse phase spac¥ is, therefore, the plane where lie the po{mtsx’),
wherex is the position along the transverse axis, wkiile the angular spread value of
the singular beam trajectory in this point. Theutisg pattern is quite frequently of
elliptical shape (fig. 1.8).

The units to measure emittances, according tocuémtly used convention, are [

mm mrad].
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g
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20% Intensity contour

Figure 1.8 —Transverse emittance diagram with the contourgjokintensity.

Very frequently, the beam has a non-uniform denaitst it is useful to introduce
the concept of the fraction of all the particleattle inside the area whose contour is a
line of equal density. In the case of a Gaussiambprofile, derived from a common
thermal ion distribution, the beam emittance areghich contains a fractiohof all

beam ions is related foby the expression

=1-exg —&-
f=1 ex;{zg ] (142

rms

wheregmsis the root mean square emittance statisticallinddfby Lapostolle [17]

£, =4 X°X?—(XX)? (1.43)

where the averages ferandx’ are weighted by the beam intensity.
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For a uniform ion beam with circular spot of radiusas been found that [18]:

r | KT
Ems = = 1
2 me 42)
for a simply thermionic emission, while
r [nhv —g
Ems == 1.45

for photo-emission process at thghoton order. In the above expressionss the
particles velocity parallel to the beam axis. Thenmalized-relativistic emittance is

defined by means of

gNrms - W‘Erms 146)

v s .
where y=; andﬂ=E are the relativistic coefficients.

By substituting in the above expression, it is gaego obtain

_r [nhv-¢
£Nrms_y§ mCZ

(1.47).

To measure the angle of a trajectory precisely @gii approach [19] is used in all

diagnostics; this is shown conceptually in Fig..1T®e position of the front slit
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determines the spatial position of the particlebilavthe rear slit measures the angle

and the angular spread of the trajectories paskimoggh the front slit.

I motion
I motion

Faraday cup

i
///// //. ; reor{ analysing

jon beam slit

front analysing
slit

Figure 1.9 —Two-slit approach to evaluate emittance as measmeof position and angle separately.

The emittance is closely related to the concefiteaimbrightness which contains
together intensity, and angular dispersienof a particle beam, it is usually defined as

[18]

B e (a8

Xrms™ yrms

The normalized brightness is more useful and isxddfas

B = o — 'bg (1.49)

nXrms= nyrms
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2 Experimental apparatus

2.1 Introduction

In this chapter the experimental equipment usatenwork will be pointed up and
explained in details: the vacuum chamber, the tayghe diagnostic system, and the
way to record the laser and current pulses. Compulescription of the characteristics
of excimer lasers will be performed: the focus Ww# towards the active medium, the
laser camera, the pumping systems used, the dutati the shape of the laser pulses.
The whole experimental apparatus was realizedamplied Electronics Laboratory

LEAS of the Department of Physics in Lecce.

2.2 Experimental set-up description

The devices used in this work are shown in figuré and schematically

represented in figure 2.2.
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The used sources were three different wavelengthmex UV lasers. The first
laser was a KrF operating at 248 nm and 5 eV phetwrgy; it was an commercial
pulsed laser (Lambda physics COMPex 205) with pdigation (FWHM) of about 23
ns. The second one was a XeCl operating at 308nuhd £2 eV photon energy; it was
a home-made pulsed laser with pulse duration at WdfHabout 16 ns. The third one
was a KrCl operating at 222 nm and 5.6 eV photargy it was a home-made pulsed
laser with pulse duration at FWHM of about 10 nkede lasers work at irradiance
range between 0.1 and 10 GWfcm

The laser beam is led by a totally reflective aluated mirror (M), towards a
support on which are placed same neutral filtejgl{&t have the function to vary the
light intensity.

The beam is then directed towards a convergent (lensof focal f =1 m, that
focuses the rays, with an incident angle Hfdh the target (T) for electron generation,
into the extraction chamber.

Between the filters and the lens is placed a bedittes that deviates a portion of
the laser beam on a fast photodiode (Ph) HamanRit8@8U-02, which allows to use
the signal like a trigger and to record the temptemd of the laser pulses directly on
a digital oscilloscope.

All the devices are positioned onto metal rail nder to allow a better alignment

of the laser beam.
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Figure 2.1 —Photo of the experimental apparatus.

Va
—
f’ &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
F
M F B
Ph
Laser
RN

Figure 2.2 —Scheme of the experimental apparatus. M: totaflgctive mirror,Ph: photodiode, B: beamsplitter, W: quartz
window, F: crystal filters, L: convergent lens. @&node, T: target, K: sample-holder, Va: high vata@: capacitor.
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2.2.1 Extracting chamber

The electron extraction was performed inside ohauwm stainless-steel chamber
with cylindrical structure. High vacuum level wastained by means of a rotary pump
and a turbo-molecular pump (VARIAN) connected tlgiowa butterfly valve to the
chamber; by using this system with heater bandgr& vacuum level of the order of
10° - 10° Pa was reached. INFICON quadrupole mass specteomvess connected by
insulating flange to the chamber (figure 2.1), mley to control the quality of the
vacuum and the residual gases present in the clamlo&ing up the signal of the
load resistor by a digital oscilloscope Le Croy Wjano 7100 (1 GHz, 20 GS/s) the
electron waveform was recorded.

In order to allow the laser-beam to reach the tamygquartz window (W) was used
to close the chamber. On the back an insulatingglaconnected to a metallic cylinder
with the function of target holder and cathode (M)s present. The anode (A),
included in an empty cylinder, was made of a staslsteel grid with 4 meshes per
mn¥, called accelerating grid This one had an optical transmittance of 64%,
experimentally evaluated; it allowed the laser beamlluminate the cathode. The
system containing the grid was held to positiveeptial on respect to ground and his
function is to accelerate the photoelectron emitteth the target. Four capacitors (C)
of 350 pF/40 kV, calleduffer capacitors, were applied to the anode and conmhéate
parallel to the generator which supplies the acagteg voltage. Their function was to
stabilize the voltage value on the anode duringetkteaction. The maximum current

provided from the power supply is very little (dfet order of 10 mA), because it is
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characterized by a high internal resistance. Thesefduring the fast current transient,
when the laser beam interacts with the targetould be happen that the output
voltage is not constant. This problem is avoidedt®sse capacitors, and the charge
amount supplied in the accelerating phase is sntalde the one stored.

The extracted electrons were recorded in lower tima@ a nanosecond because of
the coaxial structure of the interaction chambewel as the acquiring system.

In order to evaluate the laser energy, a joulem@&tmntec ED-500, placed on the
guide near the chamber gate, is used. The joulenset®mnnected to an oscilloscope
and the energy is measured by converting a voltegection. The conversion factor
depends on the wavelength range, because of tfezethit absorption of the material
that constitutes the device; for the used wavelengite conversion factor V/J was
2.12 for KrF, 2.19 for XeCl, 2.03 for KrCIl. The netergy incident on the target was
obtained by considering the attenuation factor tuthe grid and the quartz window,
experimentally measured. This one depends, of epwns the utilizing wavelength; it
was carried out a value of 52% for XeCl, 56% foFkand 60 % for KrCl laser.

The sample-holder (K) was placed in a ring struestan insulating flange isolated
electrically it from the rest of the apparatus. Tdistance anode-cathode could be
modified by using a screw cursor (V), present andhiternal part of the sample-holder
(K), with a precision of 0.001 inches (correspomgdio 0.0254 millimeters).

In order to record the genuine current pulsess#mple-holder (K) and the cursor
(V) were ground-connected through a parallel ake&h resistors, whose value was
about 150Q@2. In particular, one resistor of them was of 1450connected in series to

a 50Q coaxial cable.
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These results carry out from a study that leadsotwsider the structure sample-
holder like a transmission line of characteristipedance 10Q. The device was used
also likeresistive shuntind it has the purpose to realize a radial symmieirythe
signal propagation. In this way the system suppdiedltage detection at its terminals

more uniform with respect to the taking point of gignal.

Figure 2.3 —Photo of the sample-holder with the resistive shunt

The above mentioned coaxial cable was useful tardmesmission of the signal,
produced by the extracted electrons, to the digsallloscope.

The three sources used provided a laser spot oft @3omnf for KrF, 52 mnf for
XeCl and 72 mrhfor KrCl.

The distance anode-cathode was set to 3.7 mm fora@yet and 5 mm for Y

target; the maximum accelerating voltage applied & kV. The application of

42



Ph. D. Thesis ~ Garetto

higher voltage values was limited for the presewicelectric arcs in the accelerating

gap. The work function was 4.33 eV for zinc andd3Y for yttrium cathode.

2.2.2 Cathode characteristics

In the present experimental work two different rietanaterials were used to
realize the cathodes: zinc and yttrium. They ware disks in shape, having 2 cm of
diameter and 0.5 mm of thickness; they were fixadhe sample-holder. The target
diameter matched the sample-holder one and it éas bttached at the stem by using
silver paste.

The Zn cathode surface has been smoothed by ghiadisher machine and then
treated by ultrasounds bath, in order to removeaiptessuperficial impurities. After, it
has been placed on the stem, inside the vacuumbsrafhe incidence angle of the
laser beam on the target surface was fixed fahalineasurements at 0°.

Two Y bulks with different surface morphologies werealized by utilizing
grinder and sand-blasting machines: smooth andhtolige purpose is to study the
variations of the electron emission efficiency dwethe modification, induced or
natural, of the cathode surface.

In the table 2.1 and 2.2 the main characteristiesrgcal-physical of the zinc and

yttrium, respectively, are reported.
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Chemical Symbol Zn
Atomic Number 30
Electron Configuration [Ar] 3d'%¢
Work Function 4.33 eV
Boiling Point 1180 K
Melting Point 693 K

Electrical Resistivity (at 300 K)  5.964uQcm
Specific Heat Capacity (at 25 °C) 388 J/(kg-K
Density (at 25 °C) 7140 kg/n
Thermal Conductivity (at 27 °C) 116 W/(m-K)
Reflectivity (for A =222+308 nm) 7080 %

Table 2.1 —Chemical-physical properties of the zinc.

Chemical Symbol Y
Atomic Number 39
Electron Configuration [Kr] 4d'58
Work Function 3.10 eV
Boiling Point 3609 K
Melting Point 1799 K

Electrical Resistivity (at 300 K)  5.96uQ-cm
Specific Heat Capacity (at 25 °C) 298 J/(kg-K
Density (at 25 °C) 4470 kg/m
Thermal Conductivity (at 27 °C) 17.2 W/(m-K)
Reflectivity (for A = 222+308 nm) 60+70 %

Table 2.2 —Chemical-physical properties of the yttrium.

To evaluate the average surface roughness theviatjoexpression has been used

[1]:
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za=(1+ sin%x} ®.1

wherea is the average half-amplitude of the periodic trefdhe roughness profile
recorded by the profilometer, whiteis the average spatial periodicity. Therefores it

possible to define the roughness as the ratio lextwiee average value afandb,

(2.2).

olo

For Zn and Y smooth samples, the average rouglooesicientR, is of the order
of 10% despite the smoothing treatment, a certain roaeghis present (fig. 2.4). For Y

rough sampl&, is of the order of 18 (fig. 2.5).
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Figure 2.4 —Roughness profile plot for zinc cathode, carriettmuprofilometer.
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Figure 2.5 —Roughness performance of Y rough sample, cart¢thy profilometer.

2.2.3 Diagnostic system

The choice of the analysis device consists of anrate diagnostic system, able to
get what it is really measured.

An electron beam that spreads through the vacuurargees in the neighborhood
a magnetic field that can interact with near condlumaterials. Furthermore, if these
ones have closed circuit it is possible to obséngeiced currents circulating inside
them. On this principle is based the operation ef&vski coil [2] and other devices,
like magnetic loops [3]. It is noteworthy to remesnlthat just these electromagnetic
induction phenomena can perturb the experimentalsmmements. This problem can
occur, almost, when the propagation structureshefdignals don’'t hold a constant
symmetry. Arise, in this way, the so-called spusigignals, produced by the inducted

currents, which added themselves to the ones dileet@lectrons gathered into the
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collector. The result is a single waveform on ttezilloscope and the measure is
inevitably faked.

Due to the high attenuation factor of magnetic desj in this thesis work, to
perform the measurements, it was chosen an alieenambalysis system: the resistive
shunt [4]. This one is independent from possiblectebmagnetic induction
phenomena. In order to verify the presence of arittion due to the induced
currents into the total signal read on the osalipe, a simulation device, schematized
in figure 2.6, was built up. The calibration was@oplished simulating the electron
beam by considering a current carrying in the adehloolder rod.

To diagnose the electron beam it was necessaryrsider the cathode-holder
together with the various elements of the chanmlider,a transmission line (figure 2.7).
When the electrons leave the cathode, a positil&epguopagates towards the end of
the rod. Nevertheless, being the rod long just 20 & delay time more than 1 ns is

observed. This result is due to the presence débuoapacitors.

146V/500

a )t
L

48X |Divider

| ]
Vinput

Figure 2.6 —Calibration system. S: resistive shunt.
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In this case the characteristic impedance valweinyg difficult to determine. Even

if the characteristic impedance for a transmis$iimmis defined by the expression

—JE 2.3
R=1c (2:3)

where L is the inductance an€ is the capacity of the line, we determined it
experimentally.

Theoretically we might consider the structure oé tthamber like an internal
conductor of 12 mm in diameter and more externaldactors of different diameter

with four capacitors inside. Approximating the gystlike a coaxial line, iRbecomes

1 R
Ro= 5 gln(Tj (2.4),
whereg is the dielectric constant,the magnetic permeabilitiR = 34 mm er = 6 mm
are the equivalent radii of the two conductors. this case it was obtained a
characteristic impedance, 8 about 1002, even experimentally.

Due to the 50Q output impedance of the pulse generator line usedthe
calibration, 4 resistors of 402 were connected in parallel between the cathode
entrance and the ground, as to obtain exactlyQ@@igure 2.6) and to avoid signal

reflections.
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Figure 2.7 —Scheme of the cathode stem and the chamber walgrinsmission line.

The input voltage ¥, was 154 V in amplitude, that generates a curralsiepinto
the cathode of 1.54 A. By utilizing the output sayvalue = 5.5V, it was

possible to estimate experimentally #teenuation factor

I cathode

k= (2.5).

output

From the figure 2.6, Mo = (3.2 X 48) V= 154 V, where “48” is the reduction factor
of the divider used to measure the input voltagerdiore
_ 154V

| cathode— m =1.54 A. 26)

It was obtained an attenuation factor

= 24 A _gogh 2.7).
55V V
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The figure 2.8 shows the calibration waveforms. Ftbm plots it is possible to
observe that, really, the output pulse is simitathe input one, the only difference
being the pulse amplitude. It is noteworthy that tise-time and the fall-time were the
same for both the signals. During the experimewtatk the calibration of the shunt

was usually controlled.

[ 1
[T LI B e B AL I e e ]
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Figure 2.8 -CH1 input signal; CH2 output signal

2.3 The excimer lasers

The excimer lasers represent a very interestingismpdrtant class of coherent
radiation sources that uses the transitions betwldrent electron states of special

molecules called “excimers”.
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These ones use like active medium a gas whose nhedeane composed by
halogen atoms (F, Cl, Br,...) and noble gas atoms e Ar,...). The noble gas
ground state has the electron configurat@p®, while the first excited state has the
configurations®p®s, like the ground state of the alkaline atoms (La, IK,...). As for
the alkaline, therefore, also the excited noble g@sns are highly electropositive,
inducing the formation of ionic bond with electrgag¢ive elements like the halogens.
The term “excimer” is acronym of the words “excitdamer” and it indicates the
diatomic molecules that present a bond state anthe excited electron levels, while
they are dissociated in the ground level.

In the mixture used for the laser operation theralso auffergas (usuallyHe or
Ne). This one has the double function to absorbingptimaping energy and to transfer
it to the excimer molecules. The figure 2.9 showe ¢imergy levels diagram of the

excimer molecule.

energy

excited
state

v=0

laser
action

fundamental
state

internuclear distance

Figure 2.9 —Electron states of excimer molecule.

51



Ph. D. Thesis = Garetto

There are several ways to pump energy into the mydte the population
inversion of the electron levels of the excimer ecolle. For the laser systems used in

this work, the pumping method used is the capaciigcharge (figure 2.10).

W L.
s6 3 10ko = gE%LP %— I T

Figure 2.10 —Typical operating scheme for excimer las®@ spark gapCe capacitorCr breakdown
ceramic capacitor& electrodesP preionizatorsyV, voltage supply.

Practically, there is a electrode coutg few tens of centimeters long, connected

in parallel with a series of high voltage ceramapacitors(C,), inside the laser

mixture and, therefore, inside the chamber. By reeanfast high voltage switch

(spark-gap) the ceramic capacitors were chargeal dapacitor(C. ), connected to the

power supply.
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2.3.1 The KrF laser

The KrF laser is one of the most important in thiegaries of excimer lasers. The
laser KrF emits at 248 nm wavelength, corresponting.0 eV single photon energy;
the pulse duration at full-width-half-maximum (FWHR4 about 23 ns.

The two main reaction mechanisms, responsible ®ptbduction of the molecule

KrF, carried out from the excitation of the atokis or Kr*. The first process was

described by using the following expressions

e+Kr - e+Kr’
Kr +F, - (KrF)"+F

where Kr was, at first, excited by a discharge, while aftereacts with a fluorite

molecule.

The second process can be illustrated by meang dbllowing three reactions

e+Kr - 2e+Kr”
e+F, - F +F
F +Kr*+M - (KrF) +M

First ionsKr andF were produced, and after they recombined themseavehe

presence of auffergasM, in this case Ne.

In this work, it was used a mixture composed by

53



Ph. D. Thesis = Garetto

Kr

He

Ne

2.3.2 The XeCl laser

4 %

0.1%

1.9 %

94 %

The laser XeCl emits at 308 nm wavelength, corredipgnto 4.02 eV single

photon energy; the pulse duration at FWHM is aldduins. For this laser type, the

active medium was composed by a mixture of theenglals Xe, the halogen CI, and

the buffer Ne, at about 3 atm of total pressuree Ruthe discharge, several chemical-

physical reactions begin inside the gas mixturectviéad to the excimer formation.

The operating characteristic, as the reactions &EXormation, are the same own of

the KrF laser. There are, also in this case, twom#&bion channels. The ionic channel,

through the reactions

HCl + e N
Xe +¢€ =
Xe +¢€ -

Xe"+Cl+Ne -

and the neutral channel
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Xe + ¢
Xe" + 2¢e

XeCl + Ne

=

=

=

dissociation of HCI
excitation of Xe
ionization of Xe

formation of XeCl
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Xe + HCIl + Ne - XeCl + H+ Ne.

In this work, it was used a mixture composed by

Xe = 2%

HCI = 0.2%
He = 2.8%
Ne = 95 %

2.3.3 The KrCl laser

The laser KrCl emits at 222 nm wavelength, corredpanto 5.6 eV single photon
energy; the pulse duration at FWHM is about 10Timss is the highest photon energy
used. For this laser type, the active medium wasposed by a mixture of the noble
gas Kr, the halogen CI, and the buffer Ne, at al3oatm of total absolute pressure.
Due to the discharge, chemical-physical reactionbjch lead to the excimer
formation, begin inside the gas mixture. The opegatiharacteristic, as the reactions
for KrCl" formation, are the same seen for the KrF and Xa§#rl There are, also in

this case, two formation channels. The ionic charthebugh the reactions
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HCl+ ¢ 5 H"+Cl+e = dissociation of HCI
Kr+e¢ - Kr + e —  excitation of Kr
Kr+e 5 Kr" + 26 = ionization of Kr

Kr'+Cf+Ne - KrCl'+Ne = formation of KrCl

and the neutral channel

Kr" + HCl + Ne - KrCl" + H+ Ne.

In this experimental work, it was used a mixturenposed by

Kr = 11 %
HCI = 5%
He = 5%
Ne = 79 %
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Experimental results and analyses

3.1 Introduction

In this work the incidence of the experimental paeters on the electron emission
from metal targets, irradiated by excimer laseras wanalyzed. The incident energy
and the charge accelerating voltage were variethgluhe experiments. The surface
morphology, induced or natural, of the samples stadied, because it was found that
the charge yield increased with the superficiadgudarity of the target. Therefore,
micro-structured defects were experimentally crebaie the cathodes and its effects on
electron beam studied in detail

In this chapter are reported the experimental tesahd the analyses of the

measurements performed on all the photoemittedrefebeams.
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3.2 Measurements with Zn cathode

In this experimental phase the analyzed cathode av@n bulk with smooth
surface. For all the measures the anode-cathotendes was fixed at 3.7 mm and the
maximum applied accelerating voltage was 25 kVjtéohby the presence of arcs in
the anode-cathode gap. The cathode work function 483 eV. The pulsed laser-
induced photoelectric charge was measured as aidanof the voltage applied
between anode and cathode. In this work the measunts were performed after to
have operated the vacuum into the chamber for altnwasdays.

The experiments were performed by using XeCl and|&sEr sources.

3.2.1 Data and analyses with XeCl laser

The XeCl photon had not sufficient energy to cargoaduction electron over the
potential barrier placed on the target surface.imduthe experiment, besides, the
sample reached the maximum temperature of abouk5@0 it is possible to neglect
the thermionic contribute. Therefore it was suppdbeatithe electron extraction is due
mainly to the one and two photon absorption. Frbw Fowler-DuBridge equation

(1.34) carried out the current density for XeCElas

XeClp T2 hv-¢ XeClp 122 ol 1(2hv-¢ 2P
a - = — 3.1),
Jyect) Ua"ATI L R)eXFE KT j"‘az AlI'T°(1-R) [2( T j + 6} (3.1)
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where the thermionic term was ignored.

In the figure 3.1 the performance of the photo-tadipeak current depending on
the accelerating voltage, at three different laseergies incident on cathode, was
plotted. The maximum current value was 2.3 A, olgdiat 48 mJ energy and 12 kV
accelerating voltage. This last was limited, becanfsthe formation of breakdowns
between anode and cathode. From the plot it iseewithat the current obtained at 11
mJ reached the saturation regime already at 2 kW higher energy values, the
saturation plateau is not clear; in fact the phwission efficiency increases with the
accelerating voltage. This behavior, callatkar regime can be considered like a

result of the overlapping between the Schottkyatfénd the saturation one.

3 )
—ciL cL
48mJ /
257 4 24my
= 11mJ /
2

1.5
1 / A A A 4 A 4 ‘4

Output peak current [A]

0 5 10 15 20
Accelerating voltage [kV]

Figure 3.1 —Performance of the peak current vs. the accelgrabitage for Zn cathode irradiated by XeCl laser.
C-L: Child Langmuir law.
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The C-L curve in the plot represents the Child—Langntawv for the studied
system. It gave the limit of maximum currentsjpace-charge regimeorrelated with

a certain voltage and gap distance for an idealalio
~ 3/2
Jo = 23400° Gv—d2 (3.2),

whereSis the laser spot are¥,is the accelerating voltage adds the anode-cathode
distance.

It was noteworthy to observe that in linear regitine slope of the current curve
increases together to the laser energies and avddages the Child-Langmuir law
(C-L curve) is violated (the experimental data owene the theoretical maximum
current). This fact was explained by consideringsygem not ideal: the cathode was
not perfectly smooth and the anode was a grid. Bbiracteristics enhanced the
electric field on the cathode surface and, as asexuence, its work function
decreases. Due to the Schottky effect, in factwhbek function varies, in agreement

with the following expression:

JBE (3.3),

v=%" 47,

where ¢ is the zero field work functiork is the electric field strengttﬁe/4n£0)1’2 IS
about 3.810° N"2m C*?andg is a constant that depends on the surface morgjolo

For a mirror-like surfacg = 1, if this one, instead, begins to be irregulad to present

imperfectionss >1. g, called theelectric field gain factor at the surfacmay be of the
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order of 18 — 1C for superficial whisker-like micro protrusions [1Therefore,
considering the function (3.1), the current densdy increase on the applied voltage
and this fact explains the slope of the curves.

From figure 3.1 it was evident that the slope @ thfferent curves grew with the
laser energy and at low accelerating voltages tperéenental data violated the Child-
Langmuir law. This comportment was emphasized fghéi laser energy and could
be explained by considering the plasma formatiothencathode surface. The plasma,
in fact, introduces a certain impedance in the arcathode region, shifting the Child-
Langmuir law [2, 3]. Besides, from studies abd& ion generation, it is well known
that the plasma expand and this fact can shoreemnlode-cathode distance [4]. As a
consequence, the increase of the output currentfiedhe Child-Langmuir law in

space-charge regime

_ 3/2
Jo = 23400° V=2 (3.4),

(d - vt)°

whereV is the applied accelerating voltageis the anode-cathode distance, wile
andv are, respectively, the impedance and the expangioeity of the plasma.

In the figure 3.2 the waveforms of the laser (upp&ce) and current pulse (lower
trace), at 11 mJ laser energy and 6 kV of applathge, are reported.

It is possible to note that the photoemitted curpaunse presents a width lower
than the laser one. This behaviour is typical of-photon process: in this case, in fact,
the current density depends IBrand this fact involved a FWHM decrease of about 4

ns for the current pulse.
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Figure 3.2 -Waveforms of laser (upper trace) and current p{itseer trace) for laser XeCl,
at 48 mJ laser energy and 12 kV applied voltage.

From this picture is evident, besides, that theenirtime duration is shorter than
the laser one and it has an onset time delayethaita? ns. At higher incident laser
energies, the process starts into the domain ofwbephoton emission, but after the
peak of laser intensity the electron emission iases. This enhancement is ascribed to
the plasma formation that, apart from the decreddke distance anode-cathode, can
contribute to extract electrons. This behavior isdent in fig. 3.4, where the
normalized curves of laser-intensity and photoeditturrent on time, at 48 mJ energy
and 9 kV applied voltage, are shown. The triangplaints represent the temporal
guantum efficiency (TQE), defined by the ratio betwethe number of extracted
electrons and the number of incident photons at ti&tant

J(t)hv
el (t)

Mqe (t) = (3.5),
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whereho is expressed in eV, whild(t) andI(t) are the output current density and the
incident laser intensity, respectively. In the prasexperiments the efficiency was
practically calculated by means of the oscilloscopereforms (fig. 3.3), utilizing the

expression

V,, (t) thy Ok [jvah (t) cett

Nree (t) = (3.6),

Vo (1) CE

laser

whereVg (1) is the amplitude, at theinstant, of the voltage signal on the oscilloscope
screen due to the electron currev, (t) is the amplitude, at the instant, of the
voltage signal on the oscilloscope screen duedarttident photong; s, is the total
incident laser energy ands the attenuation factor (2.7).

In this case, the quantum efficiency reached itximam value close to 12 ns
from the laser onset time. It was approximatelyx4(, obtained at 48 mJ laser

energy and 9 kV accelerating voltage.

H ¢
dt

Figure 3.3 —Temporal quantum efficiency calculation by usingibsscope signals.
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Figure 3.4 —Zn sample: normalized laser (blue line) and currerai€vline) pulses,
obtained by using the XeCl laser at 48 mJ energy9akV applied voltage.
The yellow line represents the TQE calculated engame conditions.

3.2.2 Data and analyses with KrF laser

The results obtained by using KrF laser are venylainto the ones carried out
with XeCl laser, even if in this case the predominghenomenon is the one-photon
process. In fact, the KrF photon energy is highantthe work function of the used
metal; as a consequence in equation (1.38) is NielOtlae electron photoemission is

mainly studied by one-photon process. From expragdi.40) it is possible to obtain

I DA A1 R)%[h“—k“’j (3.7),

™ . :
where the termg is neglected, because it is little with respedht®other term.
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By the theory, the most of the current is direalgpending on the difference
between the single photon energy and the work fomctigure 3.6 shows the peak
current value as a function of the acceleratingagd, at different laser energies: it is
possible to observe that the maximum value of #gekurrent was close to 12 A, at
14 mJ laser energy and 16 kV applied voltage.

Comparing the slope of the current curves withahes obtained with XeCl at the
same incident energy, one find that the KrF onesevarger. The found results mean
that the photoemission process depends strongh@mutput current, weakly from
the laser energy. In this case more current isymed and the more and more plasma
is generated.

Even in this case, as for XeCl laser, at low acediley voltages (few thousands of

volts), there are a violation of the Child-Langmiaiv (fig. 3.5).

14 7
—C-L C-L
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1279 4 14my i
= 11mJ 4
A
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Figure 3.5 —Peak current vs. the applied voltage for Zn cathodéiated by laser KrF.

67



Ph. D. Thesis = Garetto

The modification of the current limit was, in facgused by a geometrical change
of the cathode surface. Since during its formati@nplasma had a boundary velocity
of about 34 km/s [2], under laser irradiation thede-cathode distance shortened,
enhanced the maximum value of the photo-extraatectat.

As foreseen by the theory, in this case the phoitssan is wholly a one-photon
process. This fact was confirmed by the experimedd#d, if the target is illuminated

by low laser energies.

33F

Figure 3.6 -Waveforms of laser pulse (upper trace) and cusigmial (lower trace),
for KrF laser at 16 mJ laser energy and 10 kV agiplioltage.

Figure 3.6 shows the laser and the current pulsd6amJ energy and 10 kV
accelerating voltage; it is very evident the simijabetween the shapes of the two
waveforms. In this case no plasma is producedetasing the accelerating voltage or

the laser energy the current waveform becomesridginge the laser one.
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In the figure 3.7 the normalized laser and curperi$es and the temporal emission
efficiency are plotted for 11 mJ incident energyd at6 kV applied voltage. The
quantum efficiency was about ®10* at the beginning of the laser pulse and it
increased approximately of 90% close to the tathef pulse, reaching the maximum
value of about 1.80“ This performance is due to the plasma on the sarfa
imperfections of the cathode, which increases Iygtite charge yield close to the tail
of the laser pulse (small shoulder in current puisig. 3.7). By a simply one-photon

process, in fact, one can expect constant emigffmmency (eq. 3.5).

1,2
—=—Fledronz
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Figure 3.7 —Zn sample: normalized laser (blue line) and curreiai€v line) pulses,
obtained by using the KrF laser at 11 mJ energyl&nkl of applied voltage.
The yellow line represents the TQE calculated enshme conditions.

69



Ph. D. Thesis = Garetto

3.2.3 Temperature evaluation

From equation (1.35) it is obvious that the tempperformance of the current
density J depends on the treadf the laser intensity and the temperaturé.
Therefore, in order to control the photoemitted enty the exact temporal shapel of
andT is fundamental to know.

The laser waveform was simply obtained by meankephotodiode; the function

T(t), instead, is more difficult to estimate. This omefact, obeys to the following law

[5]:
T()=T, +CIOI g(t—t)t™2dt (3.8),

whereT, is the time zero temperature = 1°R R is the metal reflectivity
0 y \/7 ) ’
K pc,

K is the thermal conductivityp is the mass density and, is the specific heat
capacity;log(t), besides, is the temporal profile of the laseenstty. In the present
case anly average value on the irradiated surface was ubedralculation of the
integral was performed by means of software dewglap Excel. In this way the exact
temporal shape of the cathode temperaififtpwas obtained.

Irradiating the cathode with XeCl laser at 48 mé&rgg and 50 mmspot, the
maximum temperature reached was about 510 K.ritpdeal performance is shown in

figure 3.8, together to the laser intensity wavefdft).
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Figure 3.8 —Temperature performance of the Zn cathode irradlilayeXeCl laser with 48 mJ energy and 50 tfaser spot.

Besides, the temperature of the cathode irradibyerF laser reached the value

of about 440 K, at the maximum used energy of 1@&millaser spot of about 40 rim
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Figure 3.9 —Temperature performance of the Zn cathode, irradiby KrF laser with 16 mJ energy and 40 Timser spot.
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The obtained temperature values ruled out the tlgimemission of electrons.

From these calculations pointed out that the taig@perature was, in both cases,
lower than its melting point (about 700 K). The parature so calculated refers to an
ideal mirror-like surface. In the real case, théhodes presented a “natural” surface
roughness which depends on the realizing procags3FR.0). The roughness involves
an increase of the local temperature for Joulecefteecause the higher electric field
on the surface tips enhances the photoemittedrdurf@erefore, the combined action
of the incident laser energy and the high extractadent could cause the melting of

the upper layers of the tips, with a low densitggpha production.

Figure 3.10- SEM microanalysis of the Zn cathode surface leefaser irradiation
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3.3 Measurements with Y cathodes

In this case the analyzed cathodes were two Y bulkk different surface
morphologies. For all the Y samples the anode-chthdistance was fixed at 5 mm
and the maximum applied accelerating voltage wak\23imited by the presence of
arcs in the gap. The cathode work function was ¥.1Gnce more, the pulsed laser-
induced photoelectric charge was measured as aidanof the voltage applied
between anode and cathode. In this work the measunts were performed after to
have operated the vacuum into the chamber for dliwos days. The experiments

were performed by using XeCl, KrF and KrCl excirtegers.

3.3.1 Results for smooth cathode

3.3.1.1 Data and analyses with XeCl laser

In this set of measures the cathode with smootfaselr placed inside the vacuum
chamber, was irradiated by the XeCl excimer lasefig. 3.11 the peak current values
vs. the accelerating voltage (0-25 kV), for 12 &@#dmJ incident laser energy, are
reported. The maximum found current value was ab@A, at 24 mJ and 25 kV.

The saturation effect of the current curve at 12ismibot present at 24 mJ, as it is
possible to observe from the linear trend of theespondent curve. This behavior is

due to the plasma formation on the target surfadeich is emphasized at high
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incident energies or extracted current. The plasmayttion enhances the emitted
charge over the previsions of the Fowler photoeimmskaw (at high voltages) and the
Child-Langmuir limit (at low voltages). The resulttise red dot curv(V), whose is

evident the linear dependence of the extracteceotion the applied voltage.

9l a2am /

B 12mJ

| === Child-Langmuir &
curve A

Peak Current [A]
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>

0 5 10 15 20 25
Accelerating Voltage [kV]

Figure 3.11 —Peakcurrent vs. applied voltage for Y smooth samplanilinated by XeCl laser.

The quantum efficiency on time was calculated foltaythe eq. (3.6) and plotted
in fig. 3.12, under the experimental conditions2df mJ incident energy and 25 kV
applied voltage. The TQE maximum found value was aBd#10°, recorded at 24

ns from the laser pulse onset time.

74



Ph. D. Thesis = Garetto

12 a
—=—Eledronz

10 —+—Photors
@ 16
z "R =
o =
E OfF 4 E
= w
Z 04 =
= 12

02 1

on T T 0

0 10 20 30 40

Time [ns]

Figure 3.12 —Temporal quantum efficiency of Y smooth samplediated by XeCl laser.
Experimental conditions: 24 mJ of laser energy 251tV of applied voltage.

By using the eq. (3.8), it pointed out that the mmaxm temperature reached by the
Y smooth target during the experiment was clos8d0 K (at 24 mJ incident laser
energy and 50 mhof laser spot), close to 16 ns from the beginmifthe laser pulse
(fig. 3.13). Although also this value is lower thiéae melting point of the material, the
production of a low plasma density and the Schot#fiect, due to the local
imperfections however present on the surface #i$4), enhance the photo-extracted

current and the emission efficiency (fig. 3.12).
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Figure 3.13 —Temperature behavior of the Y smooth target irtamticby XeCl laser with 24 mJ energy
and 50 mrailaser spot.

2@k

Figure 3.14 —SEM microanalysis of the Y smooth sample surfaderbdaser irradiation.
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3.3.1.2 Data and analyses with KrF laser

Fig. 3.15 shows the experimental results for theesaathode illuminated by KrF
laser: peak current as a function of the accelegatoltage, evaluated at the same laser
energies used in the previous measurements. Evehiancase, the sample was
illuminated by several laser shots (with the sampet/8uence), in order to ablate
pollution and possible oxides from the target stefa

The maximum output current was 9.3 A, reached anh24aser energy and 25 kV
applied voltage. For 16 and 12 mJ the current pgak about 3.8 A and 2.4 A,
respectively. Once more, the current peak curves kapositive slope that increases
with the laser energy and the data overcome thiel€hngmuir limit at low voltages.
Again, these behaviors are explained with the exfte on the photocurrent of plasma

formation and Schottky effect.
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Figure 3.15 —Peakcurrent vs. applied voltage for Y smooth samplaiinated by KrF laser.
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The quantum efficiency was calculated as a functibthe time, following the
same calculation procedure (fig. 3.16). Its maximuaifue, registered at 33 ns, was
approximately 6.0 xIf obtained at 24 mJ incident energy and 25 kV applioltage.
This efficiency value is higher than the one carpetlirradiating the same target with

XeCl laser in the similar experimental conditioBs3(x10°).
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Figure 3.16 —Smooth Y sampleNormalized laser (blue line) and current (violeg) pulses,
obtained by using the KrF laser at 24 mJ energy2anklV of applied voltage.
The yellow line represents the TQE calculated exgame conditions.

The relatively low current and efficiency values gested to irradiate by laser the
sample with high incident energy, in order to remompurities and oxide layers.
Practically, the operation was performed by putteny the neutral filters placed at
the laser gate and keeping a 10 kV acceleratinthgelbetween anode and cathode.
The incident laser energy was about 100 mJ. Strasgharges in the anode-cathode

gap were observed in consequence of this treatriaetcombined action of incident
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laser energy and the high current crossing theetangrface induces the melting of the

surface layer, creating a new rougher surface pfuthicro-tips and valleys (fig. 3.17).

Figure 3.17 —SEM microanalysis of the Y smooth surface, aftecttarges induced by high incident energy.

Irradiating the target at 12 mJ laser energy aradtipj the photo-current vs.
voltage, it was possible to note that, in this céise extracted charge is higher than the
one obtained before at the same incident energyréi 3.18). The maximum laser
energy used was limited by the occurrence of eteatcs. In this case the maximum
output current was about 8.5 A, reached at 25 k¥cgoktlerating voltage, in opposition
to the value of about 2.5 A obtained in the firgasure set. It was clear that the cause
of this behavior is due to electric breakdowns oetlion the cathode which increased

its superficial roughness.
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conditions. The values found are plotted in fig.93.the maximum value of TQE was
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Figure 3.18 —Peakcurrent vs. voltage at 12 mJ energy for Y smoothpde, after inducing breakdowns.

It has been very interesting to calculate the ekiva efficiency in these operating

about 3.3 x10, recorded close to 33 ns from the laser pulsetdimse.
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Figure 3.19 —Temporal quantum efficiency for smooth Y sampladiated by KrF laser, after inducing discharges.

Experimental conditions: 12 mJ of laser energy 2m#V of applied voltage.



Ph. D. Thesis = Garetto

It is evident the growth of the efficiency closethe shoulder of the current curve,
at the tail of the laser pulse. This increase ofgghetoemitted current is, once again,

due to the plasma formation on the more irregulafase.

3.3.2 Results for rough cathode

3.3.2.1 Data and analyses with KrF laser

In the Figure 3.20 the experimental results folgtoaathode are reported: peak of
photo-extracted current as a function of the vatagplied in the gap. The measures

were executed at three different laser energiesld@and 24 mJ.
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Figure 3.20 —Peak photocurrent vs. applied voltage for Y rougmpsle irradiated by KrF laser, at three differamrgies.
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The maximum output current achieved was about 16.&tAhe incident laser
energy of 24 mJ. For 16 and 12 mJ the maximum sume&s about 8 and 4 A,
respectively. The current curves present, also is tase, a positive slope that
increases with the laser energy and the data onerd¢be Child-Langmuir limit at low
voltages. As seen above, even in this case thédsevioes could be explained by the
influence on the photocurrent of plasma formatind &chottky effect.

The temporal quantum efficiency was calculated kg fitrmula (3.6), in these
experimental conditions: 24 mJ laser energy ank\2applied voltage. Its maximum

value was recorded at 33 ns from laser onset timenss about 1.2x10(fig. 3.21).
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Figure 3.21 —Rough Y sampleNormalized laser (blue line) and current (violee) pulses,
obtained by using the KrF laser at 24 mJ energy2anklV applied voltage.
The yellow line represents the TQE calculated exgame conditions.

During the electron extraction the sample roughmiesseases, due to the melting

of the superficial tips. Therefore, after this setmeasures, we tried to enhance the
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roughness of the surface. For this purpose thestargs illuminated by high energy
laser beam (approximately 100 mJ). Again, this afpen was performed by removing
the neutral filters, placed close to the laser wwd This action induced electric
breakdowns in the anode-cathode gap, whose consegjweas the increasing of the
surface irregularity of the target. Local imperfeas were generated, whose
dimensions and periodicity were smaller than thes qme-existent, due to the
treatments by the machines. In figure 3.22 it isgide to observe SEM images of the

cathode surface before and after the high energgliation to enhance its roughness.

(a) (b)

Figure 3.22 —SEM microanalyses of the Y rough sample surfaefrb (a) and after inducing discharges (b).

Measuring, after this phase, the current vs. vel@gl2 mJ energy, it was possible
to observe that the extracted charge is higher tih@mne obtained before at the same

incident energy (figure 3.23). The laser energy used limited by the occurring of

electric arcs.
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Figure 3.23 —Peak current vs. voltage at 12 mJ energy for Y hasample irradiated by KrF, after inducing breakdew

In this case the maximum output current was abOub A, reached at 25 kV of
accelerating voltage, in opposition to the valueabbut 4 A obtained in the first
measure set. It was clear that the cause of thavier is that electric discharges
induced on the cathode had increased even moresuitiace roughness. As a
consequence, also the temporal quantum efficiemtyareced, if measured after the
induced electric breakdowns. In fig. 3.24 is pldttde calculated TQE for 12 mJ
incident laser energy and 25 kV of applied voltagemaximum value found in these
conditions was about 6.7x40reached after about 32 ns from the laser onged. ti
This value of emission efficiency was the highesinfb in this experimental work and
was due at the higher concentration of plasma mtodn the rougher surface. This
interpretation was confirmed by the large shoulderthe tail of the photocurrent

waveform (fig. 3.24).
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Figure 3.24 —Temporal quantum efficiency of Y rough sample itaéed by KrF laser, after inducing discharges.
Experimental conditions: 12 mJ of laser energy 251tV of applied voltage.
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Figure 3.25 —Performance of the temperature of the Y cathodadiated by KrF laser with 24 mJ energy
and 40 mrhlaser spot.
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Calculating the average temperature of the sampfiace at 24 mJ of incident
energy and 40 mfrof laser spot, a maximum value of about 980 K feamd. This
last was recorded at 23 ns from the beginning efl#fser action (fig. 3.25). This
temperature refers to an ideal mirror-like surfaghile on the local imperfections of

the cathode surface the melting point is probaé@ched.

3.3.2.2 Data and analyses with KrCl laser

In another experimental stage the Y rough target Maminated by KrCl excimer
laser, as to analyze the changes on electron emissie to the photon energy. Two
different laser energies were used: 12 and 20 md.niéasurements were performed
only in one day, because of the fast degradindh@fmixture that generates the laser
action.

The extracted currents are shown in fig. 3.26 amation of applied voltage. The
maximum current value was about 21.5 A, found atd0of incident laser energy and
25 kV of accelerating voltage. This current was bigtihan the one extracted by the
same sample by using KrF laser under similar erpamtal conditions (16.3 A
obtained at 24 mJ of incident energy and 25 kVpmliad voltage).

Even for 12 mJ the photocurrent was higher tharotteeobtained in the case of Y
rough target irradiated by KrF source under the esamperimental conditions

(approximately 15 A at 25 kV for the KrCl laser, opposition to 4 at 25 kV for the
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KrF laser). It is clear that this behavior was doiehe higher photon energy of KrCl

(5.6 eV) with respect to the KrF one (5 eV).
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Figure 3.26 —Peak current vs. accelerating voltage for Y rosgmple irradiated by KrCl laser.

The little shoulder in the current waveform, presanthe tail of the laser pulse
(fig. 3.27), was index of plasma production on tloeigh surface. The quantum

efficiency reached, in fact, a maximum value of xILB* localized in the

neighborhood of 12 ns.
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Figure 3.27 —Temporal quantum efficiency of Y rough sample iraéed by KrCl laser.
Experimental conditions: 20 mJ of laser energy 2n#&V of applied voltage.

Temperature calculations, in fact, confirmed thigerpretation: the maximum
surface temperature was about 700 K (reached atf@m the laser pulse onset time),
lower than the KrF one (fig. 3.28).

Even in this case, we tried of enhance the eleatraission by creating micro-
irregularities on the target surface. The same phaee of the electric breakdowns
stimulated by increasing the incident energy wadopmed. Irradiating, in these
conditions, the target at 12 mJ laser energy, tte@&ed charge was higher than one

found previous to the surface modification: 19 Aopposition to 14.5 A (fig. 3.29).
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Figure 3.28- Temperature evaluation of the Y cathode surfaediated by KrCl laser with 20 mJ energy
and 70 mrhlaser spot.
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Fig. 3.29 —Peak current vs. accelerating voltage for Y rocgtnode irradiated by KrCl laser at 12 mJ energy,
after inducing breakdowns.
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In this case the quantum efficiency increased flofix10* to 4.0x10" (fig. 3.30),

more than the double of the prior found value.
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Figure 3.30 —Temporal quantum efficiency of Y rough sample iraéeld by KrCl laser, after inducing breakdowns.
Experimental conditions: 12 mJ of laser energy 2m#V of applied voltage.

3.3.3 Time behavior

In another experimental phase, the performancéefphoto-emitted current on
time was studied. Two different repetition ratesnaident laser energy on target were
used, in order to analyze the photo-emission benhdor low and high total extracted
charge: fixed the same observation time, in fadfer@nt repetition rate means

different number of incident laser pulses.
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The cathodes examined were smooth and rough Y nieye source was the KrF
laser at 12 mJ, the accelerating voltage fixedOak\l, while the repetition rates used
were 1 and 1®Hz.

Preliminary operation was the electric breakdowmduction by means of high
incident laser energy on each target. The purpose twaenhance the surface
roughness, as to obtain a high current startingevalFor both cathodes the photo-
extracted current was monitored and recorded f00QG, at 1 Hz of laser action. The
same procedure was repeated for the second rateidént laser energy (fOHz).
Electric discharges were performed between the steps, in order to restore the
initial value of extracted charge, because of thestablishment of the original
superficial irregularity.

Figs. 3.31 and 3.32 show the comparison betweetethporal behavior of rough
and smooth cathode. They point out that after abh6000 s the photocurrent at 1 Hz
lessened about 50% and 40% for the rough and sneatitiode, respectively, while it
is different for the temporal trend at361z. After 10000 s it decreased of about 18%
and 6 % for the rough and smooth cathode, resmbgtiv

Indeed, inducing electric breakdowns, by increasimgglaser energy incident on the
cathodes, the initial values of current peak andw@Ee restored. This behavior can be
explained if one considers that each laser shaiceslthe roughness of the target
surface, due to the melting of the tips. This preaesluces the local electric field and,

as a consequence, the output current.
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Figure 3.31- Time performance of the photocurrent for Y rosgmple irradiated by KrF laser at 1 Hz (blue line)
and 10° Hz (violet line). The incident laser energy wasmJ, while the applied voltage was 10 kV.
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Figure 3.32— Time performance of the photocurrent for Y smaample irradiated by KrF laser at 1 Hz (blue line)
and 10° Hz (violet line). The incident laser energy wasmJ, while the applied voltage was 10 kV.
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At 10° Hz the photoemission didn’t decrease on time fethe 1 Hz laser
irradiation, confirming that for little extractecharge the surface morphology didn’t
change substantially. The above results were asbrmed by SEM microanalyses of
cathode surfaces which showed melted irregulardgireshe rough and smooth target

after 10000 s at 1 Hz repetition rate (figures 8.88d 3.33d).

Figures 3.33 -SEM images of the Y cathode surfaces, irradiatelfylaser at 1Hz repetition rate:
a) smooth sample after electric discharges; bjim@ample after electric discharges;
¢) smooth sample after 10000 incident laser pulfesgugh sample after 10000 incident laser pulses.
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3.4 Emittance evaluation

Emittance calculations for each metal target ancerlasnergy source were
performed in this work. An evaluation of the aragullispersion for all the produced

electron beams was given by using the formula §1.47

nhv - ¢
mc’

£N rms = y (39)

N

The plot in fig. 3.34 shows the normalized emittanatulated by means of the
above equation for Y and Zn samples, under diffeveanelength laser irradiation.
The best-value for the beam normalized emittagds about 1.2t mm mrad, reached
at 248 nm (KrF laser) with Zn cathode. For Y tardpet lowest emittance value, 15
mm mrad, is obtained by irradiating it with XeCkéa: this behavior is due to the
small difference between XeCl photon energy and ofkwfunction. The relatively
high emittance value, calculated for Zn sample ilhated by XeCl laser, is due to the
dominance of the two-photon effect, because thelX#®ton energy (4.02 eV) is
lower than the Zn theoretical work function (4.33)eV

From this considerations, carried out that anotadvantage in using metal
cathodes is the possibility to control easily tingwar spread of the extracted beam,

only by choosing opportunely the incident energyrse () and the target material

(9.
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Figure 3.34 -Normalized emittance calculated by using eq. (38)Y and Zn samples irradiated by excimer lasers.

The surface roughness of the cathode modifies thitagiwe values, because of the
decreasing of the metal work function due to thédB&y effect and the plasma
formation on the tips. The combination of these éffects involves an increase of the

angular divergence for the produced electron beams.
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Theoretical model and simulation

4.1 Introduction

In this chapter a theoretical model was developedrder to obtain the electric
field values on the rough surface of the cathodktarcalculate the surface rate with
higher electron emission. Besides, the resultsmiilations performed by OPERA 3-
D program are reported, in order to obtain electyeam trajectories and a photo-
current estimation close to the whiskers of thegalar surface.

The results obtained were compared with the onesrempntally observed, in
order to understand if, by modifying in another vibg surface characteristics of the

target, it is possible to improve the extractedbaam quality.

4.2 Theoretical model

The surface roughness can be simply modelled by sthgoa trial electric

potential. For sake of simplicity, the potential4sidependent, so it is limiting itself to
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consider ripples only in the-direction. Putting the perpendicular direction the

surface along theaxis, the electric potenti&lis:

V(x,2) = Hex{—z—”cho{z—”xJ +/7E +K (4.2),
a a a

wheren andx are constants that depend on the boundary conslitmamely the
cathode and anode voltagass a parameter that describes the tips periodaity the
target rough surface aréiicontrols their height. In the present casean be chosen in
the range 1-10 um, because of the real periodugitye irregularities on the cathode
surface, pointed out from profilometer and SEM asedy This potential satisfies the
Poisson equation.

Matching the expression (4.1) to a constant, nanvely O, it was found the
equation for the equipotential metallic surfacectsan equation can be analytically
solved, and the solution given in terms of Lamlsedtoduct-log function [1]. This
function is the solution of Lambert’s equation ahds the inverse function of =
W-&'. It is not very simple to write the analytical egpsion of this function, but it is

possible to point out its Taylor’s series aroundaalue:

W() = Z( m"™ (4.2).

n= nl

As a consequence, it has preferred just to drawusipng MATHEMATICA

software, the surface profile choosing the follogvparameters (fig. 4.1):

-1V, a-10°m,n-10V, k- -1V
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For such choice of parameters, the amplitudes ef uhdulations of metallic
surface are of the order 0.1 um, which is compatibith the observations of the
superficial imperfections created after inductestelc breakdowns. Considering only
this set of parameters, MATHEMATICA represents tlmeptial and the strength of

the electric field with the chromatic scales, likehe fig. 4.2.

—2x0® -1:07° 130" Z30°°
X (M)

Figure 4.1 —Pattern of surface roughness for the targets méogtually modified by the electric breakdowns.

Fixing the voltage on the anode to 25 kV, the podéattains the values of 7.5 kV
at a distance of 1 mm from the cathode, rapidlyeBsing in a region of the thickness

of the order of the surface undulations amplitude.
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Figure 4.2 —Representation of the potential and the electelcifon the cathode rough surfaceNb§THEMATICA .

The electric field is represented in fig. 4.3 asuacfion of the position on the
cathode surface, varying of an order of magnitudenfthe valleys to the top of the
whiskers. It is of the order of 1 MV/m into the Msls, while onto the tips it reaches
the value of about 12.5 MV/m. For a mirror-like fauwe the average electric field,

calculated at 25 kV of applied voltage, is aboti\&/m.

X (M)

Figure 4.3 —Plot of the electric filed strength vs. the positan the cathode irregular surface.
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The knowledge of the surface rate of higher electomssion, which certainly
give the major contribute to the plasma generaiios,very interesting. For example,
it has been found, by using the model, the sunfexréon with corresponds t& > 12
MV/m. From calculations, it carries out that this valseabout the 86 of the total
surface area of the target (fig. 4.3). It has besoulated, besides, that approximately
the 80 % of the total surface area corresponds textric field value higher than the
one related to a mirror-like sample, under the sarperimental conditions (5 MV/m).

Furthermore, it is remarkable to estimate the Wamaof the work function of the
metal sample, for such a micro-structured inductedjhness. Thinking the superficial
roughness as a series of defects in the crysteldathe work function is a function of
the ratio n between the defects average height and their gieity (fig. 4.4).
Practically,n is the reciprocal of theoughness coefficierR, defined in the eq. (3.2),

and is index of the whiskers size and their peditglion the sample surface.

aa

Figure 4.4 —Profile of crystal surface irregularity:is index of defects size and their periodicity.

In fig. 4.5 it is possible to observe the perceatagpdification of the metal work
function versusn [2]. In the following figureg is the work function fom — o,

namely for the ideal case of a mirror-like surface.
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Figure 4.5 —Work function of a metal target as a functiontad tlefect size.

For the case in exam of the Y cathode with inductécto-structured roughness,is
about 2 and, therefore, the work function decreapgsoximately of 70% with respect

to a perfectly smooth surface (fig. 4.5).

4.3 Simulation by OPERA 3-D program

With the aim of visualize the electron trajectorse®l to get a current density map
in the neighborhood of the surface tips, an elecbr@am simulation was performed by
means of the program OPERA 3-D. This one allowedan p model of rough surface
with tips high 0.5 um and large 0.3 um, while tiahce between these ones is fixed
at 1 um. This choice is compatible with the realehsions of the whiskers, produced

after the surface melting and the breakdowns s#taedl by high incident laser
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energies. The voltage was set to 0 on the cathodl€@rkV on the anode, while the
distance anode-cathode was fixed to 5 mm. TOSC#éridhgm of OPERA can be used
to compute magnetostatic or electrostatic fielddétermines and points out, by
chromatic scales, the static fields on the contwuface of the electrodes. With the

choice parameters, the resulting electric fieldrggth is shown in the figure 4.6.

[ 1.135846E 1007

Vim

L 3593611E+004

Figure 4.6 —Electric field representation on an idealized rosgiface by using OPERA 3-D.

It is possible to note that the maximum electr&diis reached just on the tips and
values approximately 11.4 MV/m. This result is conajde with the value carried out
from the above theoretical model.

In the figure 4.7 is exposed an electron-beam sitiari for this geometrical

model, by using SCALA algorithm of OPERA. SCALA can led to compute the
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effects caused by space charge in beams of chaagédles. It provides only results
for thermionic emission, therefore was set an ed@cemission with thermal energy

= ho — @ wherehw is the laser photon energy, whiges the metal work function. In
this case the chosen parameters were 5 eV (KrF) andp= 3.1 eV (Y). It is evident,
from their trajectories, the high density of extestelectrons near the tips of the rough

surface.

Figure 4.7 —Electron trajectories calculated by SCALA. The &lees are extracted from a sample with ideal rosigffiace.

VECTOR FIELDS

SCALA supplies also the density map of the exthcierrent on planes parallel to
the target surface. In order to avoid calculatioobfems due to the complexity of the

geometry, it is necessary to re-plan the geométnealel with 4 pyramidal tips high
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0.5 um and large 0.3 um; the distance between thess is again fixed at 1 pum.
Figure 4.8 shows the electron current density airde of 5um of diameter, drawn
just on the top of the surface pyramids. From gaigern it is clear that the maximum
for the photo-extracted current densifyis about 17.9 A/cf reached in the
neighborhood of the tips. For the geometrical madéh a mirror-like cathode, using
the same experimental parameters, the simulatipplies the current density= 2.5
Alcm? onto the sample surface. It is evident that thesqmee of the surface tips
(roughness) enhances the photo-emitted currenbaifitaan order with respect to the

smooth surface case.

Map contours: 4
0.000000 +000

Alcm?

L -1.787752E+001

V- VECTOR FIELDS

Figure 4.8 —Electron current density calculated by SCALA orirale near the surface tips.
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5 Discussion and conclusions

5.1 Summary of experiment and simulation

In this work the electron photoemission phenomericom metal cathodes
irradiated by excimer laser source was studied etaits. In particular simply
experimental techniques to increase the extradwagige and, as a consequence, the
emission efficiency for the target in exam, weneestigated. The surface morphology,
natural or induced, of the target is a fundamepaahmeter to determine the emission
efficiency. Therefore, the cathode surface was oeetied creating structures of the
order of 1 um, by means of high incident laser gynesnd electric breakdowns
induced on the target. The time performance of thentum efficiency was analyzed,
because it can give important information on therascopic process of emission. The
energy sources used were three excimer lasers:, XgEland KrCl. The incidence
angle laser beam-target was fixed to 0° for all tmasurements. The first laser has
308 nm wavelength, 4.02 eV photon energy and 5Z spuot area. The second one
248 nm wavelength, 5 eV photon energy and 43 spot area. The third one 222 nm

wavelength, 5.6 eV photon energy and 72 Tvapot area. The materials used like
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cathodes were two metals: Zn and Y. Although thessioin efficiency is higher with
semiconductors, the metal targets present sevdranéages: low realization costs,
short response time, low vacuum level to operatgukar spread of the electron beam
easy handy. These benefits allows to have not-elgereectron sources of fine
quality: high intensity, short pulse duration, dod emittance. These characteristic
are very important for the realization of new anersatile accelerators for the
industrial and medical applications: free-electriasers, high power microwave
generators, controlled thermonuclear fusion reactectron beam therapy machines,
X-ray machines, etc.

With Zn cathode illuminated by XeCl laser at 48 rhé@ bbtained results were:
maximum extracting current 2.3 A, maximum emissidficiency 4.5x10. With the
same target and KrF laser source at 16 mJ thewdat 11.8 A of maximum current,
1.3x10" of maximum efficiency. The best values found wittFKaser is mainly due
to its higher photon energy (5 eV) with respecti® XeCl one (4.02 eV), that allows
to overcome the theoretical Zn work function (4.38.eln both cases the plasma
production on the sample surface, due to its maaps imperfections, is emphasized
at higher incident energies.

The Y cathodes used were two: the first one withamasurface, the second one
with rough surface. Before being placed in the wacichamber and being irradiated,
the smooth target was treated by lapping-grindechin&, the rough cathode with
sand-blasting machine.

The best results were obtained by using yttriumadeh, due to their lower work

function with respect to the zinc ones. The maximextracted charge and emission
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efficiency was achieved by irradiating the Y rouinget with KrCl and KrF laser,
respectively, after the enhancing of the surfaeeghoess. Whisker structures of the
order of 1um were created melting the sample serdacl inducing electric discharges
in the anode-cathode gap. This result was obtaipedatively by illuminating the
target with high energy laser beams and applyigh kbltage between the electrodes.
The entire procedure was performed without extngcthe sample from the vacuum
chamber. The real size of the imperfections wasnastd by analyzing the SEM
images and the profilometer pattern of the catlsudéce after its re-modelling. After
the stimulated discharges, the Y rough sample wadiated by the same laser at 12
mJ (KrF or KrCl); the upper limit on incident engrgs due to the persistence of
electric breakdowns phenomena in the anode-cattaole

The maximum extracted current found in the entineeexment was near to 19 A,
for Y rough cathode illuminated by KrCl laser at 1, after the re-modelling of its
surface profile. The maximum emission efficiencyst@ad, was about 6.5x10
reached under the same conditions of incident gnamng target state, nevertheless by
utilizing KrF laser source. The explanation of thehaviour has to be attributed to the
plasma formation, which increases the photo-ex¢rhatharge. Plasma carried out
from the melting of the micro-whiskers, pre-createdthe cathode surface. Although
the incident laser fluence was lower than the ablatthreshold, the melting
temperature was almost certainly reached locallthertop of the little spikes. In these
points the higher electric field enhanced, for Stdyoeffect, the extracted current.

This one, crossing the surface whiskers, provokesplasma generation for Joule
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effect. Therefore the output current entity play$uadamental role in the plasma
formation process.

Emittance calculations, executed for all the targets the incident laser sources,
have shown that the minimum angular spread for eékieacted electron beam is
obtained with Zn cathode irradiated by KrF laser.sTiehaviour, in this case, is due
both to the little discrepancy photon energy-warkdtion and to the small spot area.

The results experimentally obtained were comparek the ones carried out from
a theoretical model, running with program MATHEMATICANnd a electron-beam
simulation, performed by OPERA 3-D software. This ragen was made with the
aims to comprehend if, by modifying in another vilag surface characteristics of the
target, it is possible to improve the extractedtetn-beam quality.

A theoretical model for the roughness profile & #ample surface was developed
and the local electric field calculated. The whiskéimension was chosen close to the
real values, observed by SEM and profilometer nainedyses.

A geometrical model of surface roughness was siropated by utilizing square-
base pyramids with appropriate sizes (height 0.5 width 0.3 pum, distance between
these ones 1 um). Several simulations were perfbioyeOPERA 3-D, in order to
obtain electron-beam trajectories and a photo-otumstimation in the neighborhood
of the tips.

The electric field values found by MATHEMATICA were dfMV/m order in the
valleys and about 12 MV/m on the top of surfaceskérs, at the maximum applied
voltage of 25 kV. For comparison, the average ateéeld for a mirror-like surface,

calculated by experimental data, was 5 MV/m.
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The maximum photo-current density value obtained @YERA 3-D was
approximately 18 Al/ch achieved for Y target irradiated by KrF lasertting the
anode voltage to 20 kV and putting the cathodéeoground. For a geometrical model
with a mirror-like cathode, under the same expenit@leconditions, the simulation
supplied J = 2.5 Alcnf onto the sample surface. It is evident that tles@nce of the
surface tips (roughness) enhances the photo-enutie@nt of about an order with

respect to the smooth surface case.

5.2 Conclusions and future developments

In this thesis work it has been demonstrated ttejuantum efficiency of a metal
photocathode can be higher than the value presditeiature if the plasma influence
is not negligible. This result depends weakly on diféeerence laser photon energy-
target work function and the used laser intendityt, mainly on the extracted current.
The surface morphology, natural or experimentdigped, plays a fundamental role in
the electron extraction process, because allovemdrol the plasma production and,
consequently, the emission efficiency. It was fquimdfact, that natural or induced
micro-imperfections and superficial wishers enhatice plasma and the current
density.

The surface irregularity of the target modifies émeittance values of the extracted

electron beam, because of the decrease of the metilfunction due to the Schottky
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effect and the plasma formation on the whiskers. ddmbination of these two effects
involve an increasing of the angular spread forptueluced electron beams.

Therefore the research must be led in the direationew systems of electron
photoemission with higher intensity beams, but k&g tolerable angular spread for
the extracted electron beams.

Future work will be, therefore, the realizationmétal cathodes with surface pre-
treated, in order to get higher roughness with ldnstructures smaller than the 100
nm order. Of course, at the same time it is necgswacontrol that the angular
divergence of the electron beam does not beconessix®. One example of treatment
is the pulsed laser deposition (PLD) of metal naggregates on a bulk of the same
material, by using femto-second laser. This practiught improve the extracted

current intensity and, since, the quality of thaeyated electron-beam.
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