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FREE SuECTRON LASERS: STATUS AND PERSPECTIVES 

A. fenieri 

ENEA, Cip. TIB, U.S. Fisica Applicata, CRE Frascati, 
C.P. &5 - 00044 - Frascati, Rome, Italy 

Abstract 

The status and the perspectives of a new and promising laser 
sour-e, the free electron laser (FEL), is presented. The main problems 
conn cted with the operation of this kind of device are discussed, 
-oge-her with the potential fields of application. 

Introduction 

One of the most interesting and unconventional laser sources 
dove ..op3d in these last ten years is the so-called Free Electron Laser 
(?ELA. The reason of this interest is related to the peculiar features 
of rhij device, like tunability and very high peak and average power 
output. The operating principle of the FEL is higly non-conventional. 
Mau^iy ir, a. FEL the active medium is not made of atoms or molecules, but 
it ;s u.;.piy f. beam of highly energetic free electrons traveling along a 
soe: iai nagnet that forces the electrons to follow an oscillating 
tajectory (Tor this reason this device is called "undulator magnet" 
iJM}). D.e to these osciUàtions, electrons radiate electromagnetic 
t.iergy, whose power and spectrum are related with the electron energy 
arci th<. iiagnet'j field ca."&cterijtics. This kind of emission, which is 
a/a.og.ju*. to the spontaneous emission from excited atoms or molecules, is 
nothing more than the synchrotron radiation emission of the electrons 
traveling along the magnetic structure of a storage ring and now widely 
u&ilizea for research and industrial applications [1]. However, when a 
light ueam of nearly the same frequency of that emitted spontaneously is 
rum.ins together the electrons along the UM, we have stimulated emission 
and, if enough feedback is provided and if the gain is larger than the 
losses, we can have .̂ .sing accion. 

A detailed description cf the FEL working principle and of the main 
experimental configurations (realized or suggested) can be found in many 
review articles and uooks (see, e.j., refs. [2], [3D. In the following 
lotions, after a srjrt review of the main properties of F2L radiation, 
the stitus and t e perspectives PEL devices will be outlined, together 
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with a deeper insight in the problems connected with the operation of 
this radiation source. 

The Free Electron Laser: main parameters 

The typical layout of a FEL oscillator is depicted in fig. 1. The 
electron beam generated by the accelerator is injected into the 
undulator magnet and, after the interaction with the undulator and the 
laser beam trapped in the optical cavity, is sent to a beam dump. This 
is not the only FEL scheme utili2ed. In other schemes the electron beam 
is partially recovered, in order to enhance the efficiency of the 
device, or it is recirculated continously (in this case the UH is placed 
in a straight section of a storage ring). Finally, in very high gain 
devices, NOPA (Master Oscillator Power Amplifier) configuration is 
utilized. 

At a first glance it looks not feasible to have exchange of energy 
between free electrons and a radiation field (we cannot fulfil both 
energy and momentum conservation laws). Namely it is Just the field of 
the undulator magnet which supplies the required momentum. It is 
possible tp consider the same process under another point of view, i.e. 
the undulator magnetic field induces a transverse electron motion with a 
component of the velocity v parallel to the laser electric field E 
(which is transverse). In this way the variation of the electron energy 
W can be written as it follows (e = electron charge absolute value), 

dW/dt= eEv = - e E T v T * 0 (1) 

Fig. 1 - Typical FEL layout 
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From eq. (1) we derive that, under the effect of the UM and laser 
fields, electrons are modulated in energy, depending on their phases 
with respect to the fields. This energy modulation is transformed, 
during the passage along the UM, in density modulation just at the laser 
wavelength. Due to this bunching, the electrons emit coherently. This 
phenomenon is similar to that we have in a klystron or in a travelling 
wave tube [4], The only difference is that in this case the radiation 
has a transverse electric field (TEH mode) and not a longitudinal one 
(TM mode) and it is travelling in the free space and not in closed 
resonant cavities or loaded waveguides (utilized for the microwave 
devices previously mentioned), whose manufactoring and operation in the 
optical wavelength range is troublesome 

The most distinguishing FEL feature is its tunability. Namely the 
energy modulation (1) depends on fast oscillating terms (E and y). Only 
in the case when the electric field is seen by the electrons with the 
same phase after each oscillation in the UM, the energy modulation (1) 
is not averaged to zero. It is easy to show [2] that the radiation 
wavelength for which we have such a kind of resonance, can be written as 
Uu iQ the UM period, 9 is the r.m.s. UM magnetic field, m = rest 
electron mass, c = light velocity) 

A= —-(1+K2) (y = W/mc2) 
2y2 

where we have defined the K parameter, 

2nmc 

From eq.(2) we derive that it is possible to choose the operating 
wavelength by selecting correctly the FEL parameters. Moreover, for 
linearly polarized UM, there is on axis emission of all the odd 
harmonics of the fundamental (2) (for helical UM only the fundamental is 
present on axis). For example with 100 MeV electrons and a linear UM 
with 5 cm period and 3 kG r.m.s. field the fundamental lies in the near 
infrared (about 1 urn) and the third harmonics in the UV. We shall see in 
the following section that now FEL devices cover a very broad spectral 
region (from microwave to visible and UV radiation) and operation in the 
VUV and soft X rays is foreseen for not too late future. 

In order to achieve oscillation or to obtain a large amplification 
in MOPA configuration, the FEL gain must be adequate. This parameter is 
strongly dependent on the electron beam characteristics. Namely high 
quality beams are required for FEL operation. We shall s.ee in the 
following what current level, energy spread, transverse emittance (i.e. 
the product of the transverse beam dimension and angular divergence) and 
pulse duration are needed. Let us stress, for the moment, that the main 
reason of the limited number of FELs up to now succesfully operated is 
Just related to the electron beam quality. 
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It is possible to derive an analytical description of small signal 
FEL gain in various regimes in terms of electron, UH and optical cavity 
parameters. 

Namely in small gain regime (< 20-30 %) within few % of accuracy, 
the gain for a linear UM reads [2] (we shall consider in the following 
only the more utilized linearly polarized UMs and we assume that the 
electron beam cross section is smaller than the laser o n e ) , 

G = 0.85g ( l + — Kl + Oiu/MI+uiu^)2)(1 -i-1.7(np ft-. (4) 

where n (odd) is the harmonic, g is a coefficient which depends on the 
number N of UM periods, on the electron peak current I, on the energy y, 
on the K parameter (3) and on the harmonic n (J m is the m-th Bessel 
function), 

2 

g = 2.2X IO"3 <nN)2 J L ; M ! (J(n_1)/2(ny-(J,n+lw2(n^))
2 (5) 

1 K2 
/ 1 K* \ 

and, finally, the parameters u in eq.(4) describe the electron beam 
qual i t ies , 

u = NA/o (o = r.m.s. bunch length) (6) 

u =4 No (o = r.m.s. energy spread) (7) 

K . - (8) 

(EX)y = r.m.s. (x,y) transverse emittance) 

In eq.(8) hx>y are the UM sextupolar terms. In the usual case of wide 
flat poles we have (with the magnetic field parallel to the y axis), 

h = -8, h = 2 + 8 (8« 1) (9) 
x y 
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From eqs.(5-8) we derive that there is a strong reduction of the 
gain if the u-paraneters become larger than unity. Namely the bunch 
length must be larger than N times the laser wavelength (6), which is 
just the slippage between electrons and photons due to their different 
velocities (this condition guarantees the overlapping between the two 
beams); the energy spread (7) and the normalized emittances yEXJr divided 
the UH period (8) must be smaller (apart some factors of the order of 
the unity) than the inverse of the number of UM periods (if this 
condition holds, all the electrons radiates practically at the sane 
wavelength, i.e. no inhomogeneous broadening is present). 

In high gain regime there is an exponential blow up of the laser 
wave along the UM. In tnis connection the integrated gain is an 
exponential function of the longitudinal coordinate z and, for a very 
long electron bunch (which is the typical operating regime for such a 
kind of FELs), it reads [5], 

CJ(z) = H/9)expl(6np)iiii/Kv)i (10) 

where p is given by do = ec/ro, r0 = e
2/mc2), 

1 /(2/zAyK)2 , .us (11) 

p=:~ f) 4«y V E •„ 

(£ = laser beam cross section) 

and n. is a function of the electron beam qualities. Within an error less 
than 1?, n can be written as a function of electron energy spread and 
emittance as it follows [6] 

n<u£,u,,uy) = 

/ ^ ~ -0.034U \ 

(n(0,uilUy)e 'J 

(l+0.185B2n(0,p p ) ) 
v ' y * (12) 

l+a(p2+p2)+P<p +JT) 
n(0,ux,uy> = 0.866 ' ^ 

(1+^X1 + ^) 

(a = 0.636, p = -0.264) 
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where the ji parameters are proportional to the u previously defined in 
the low gain regime (eqs.(7,8)), 

ìU = w ( 2 N p ) <,3) 

In this regime too energy spread and emittance affect heavily the 
gain. There are two main differences with respect to the previous case, 
namely jitil>y depend on current (through the p factor) and the dependence 
on the various p factors is not with separate functions. As a 
consequence, for example, when pxy <3 1 the condition for neglecting the 
energy spread effects is & < 1/4, while for £*# = 1 it is enough to 
require jij < 4. This means that the analysis on the electron beam 
requirements is not so straigthforward as in the low gain case, but it 
requires a more involved investigation. 

Now a question is in order: do existing standard electron 
accelerators satisfy the previously outlined conditions? I.e. peak 
current, bunch length, emittance and energy spread may allow FEL 
operation (at least few % of gain for oscillators and many dB/meter for 
MOPA configuration)? As we shall see in the next section all kinds of 
accelerators have been utilized for FEL, this means that, depending on 
the specttal region and power level, the answer is yes. But we need to 
underline that a lot of work has been done in order to achieve the 
desired goal, moreover when th? FEL operation failed, the main reason 
was due to the lack of suitable accelerator performances. 

Status of FEL technology 

A very brief history of FEL can be outlined as follows, 

1950- Pre-history: Invention of the undulator magnet (Motz [7]), Inven-

1960 tion of the Ubitron, i.e. the'non-relativistic FEL (Phillips [8]). 

1971 Madey's proposal [9]. 

1976 Amplification experiment at Stanford [10]. 

1977 Oscillation experiment at Stanford [11 J. 

1983 Storage ring FEL oscillator at Orsay [12]. 

1988 Less than ten above threshold operating FELs and one NOPA device. 

We can see that the FEL story starts well before that of standard 
lasers, in particular the Ubitron (which is a sort of non-relativistic FEL) 
was developed just in the same years when the first Ruby laser was 
invented. The noticeable impact of atomic and molecular lasers stopped 
for many years the development of the sources of short wavelength 
coherent radiation based on free electrons. Namely we need to await the 
middle of the seventies for the first infrared FEL. Moreover, in spite 
of the big effort spent by many researchers after that successful FEL 
experiment, the second FEL oscillator was operated after six years. The 
reason of this delay, unusual in the laser field, is mainly related to 
the lack of accelerators with electron beam parameters suitable for FEL 
operation. Namely, as we can derive from the previous section, peak 
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currents of the order of many Amperes with pulse duration of many sec, 
energy spread better than 0.1-0.21 and eaittance at least of the order 
of 10 asnmrad are requested for Infrared and visible operation (UV and 
VUV operation requires higher quality beasts). It is not easy to obtain 
all these performances together in a single accelerator (e.g. in a r.f. 
linac it is possible to obtain the correct emittance but, generally, the 
energy spread is more than one order of magnitude larger, and viceversa 
for the microtrons). 

Coming back to the FEL story, up to now about ten FEL devices have 
been operated successfully, as it is shown in the FEL scenario reported 
in Table I. In that Table, together with the main parameters of the FEL 
sources, the present and future applications are shown. Namely the 
problem of the utilization of such a kind of lasers is very urgent. In 
fact the technological and economical aspects connected with the 
realization and the operation of a FEL are noticeable and must be 
clearly justified by really useful applications. In* particular let us 
recall that, apart the problems related with the realization of high 
quality electron beams, FEL devices utilize relativistic electron beams, 
which generate a lot of radiation (electromagnetic and neutrons), and 
then it is required: 

a) remote control of all the experimental apparatus (accelerator, beam 
transport line, undulator and optics), 

b) heavy radiation shielding, 

c) sanitary controls. 

Conclusions and outlooks 

The scenario reported in Table I is not exhaustive. Namely in these 
years many experiments concerning various aspects of the FEL technology 
have been done. In particular in Europe low gain amplifier experiments 
clarified interesting aspects of the FEL working principle (in UK at 
Glasgow with a R.F. linac (amplification of intracavity injected signal) 
and in Italy at Frascati (INFN) with a storage ring (third harmonic 
amplification)). Many new FEL devices are now under design or 
construction around the world (in USA, USSR, Japan, China, India, 
Europe). In particular in Europe there are many laboratories that are 
now entering this field (in Holland, West Germany, UK, Sweden, Italy) 
and new devices are under construction in that laboratories already 
involved in these last ten years in FEL R&D (Orsay (France), ENEA 
(Frascati, Italy), INFN (Frascati, Italy)). 

With all these new activities, in the near future we shall have a 
great deal of confidence in a large part of FEL physical and 
technological aspects and probably we will be able to say that FEL has 
left its infancy and it is ready to be utilized at the best, as it was 
foreseen about ten years ago [13] by the small group of first FEL 
investigators and potential users. 



Table 1 - FEL Scenario 

Accelerator 

Electrostatic 
• 

Induction 
LINAC 

RF LINAC 
(Superconduc.) 

RF LINAC 
(Normal cond.) 

Microtron 

Storage Ring 

Energy 
(MeV) 

6 

3.3 

43.5 

66 
120 

40 

22 

120 

20 

220 

Peak current 

1-2 A 

1 kA 

1 A 

2.5 A 
2.5 A 

10-20 A 

50-300 A 

150 A 

3 A 

« 1 A 

Laboratory 

UCSB (USA) 
(S. Barbara) 

LLNL (USA) 
(Livermore) 

Stanford (USA) 

Stanford/TRW 
Stanford/TRW 

Stanford 

LANL (USA) 
(Los Alamos) 
Spectra/Boeing 
(Seattle, USA) 

ENEA (Italy) 
(Frascati) 

Orsay (France) 

Wavelength 

0.1-0.4 mm 

3-8 mm 

3.3 urn 

1.6 um 
IR-VIS 

IR 

10-30 um 

Visible 

10 um 

Visible 

Peak power 

10 kW 

1.5 GW 

1 MW 

1.2 MW 
30 kW (vis) 
« MW (IR) 

5 M W 

40 M W 

30 kW 

1 mW 

0.1 mW 

Applications 

Solid state physics, 
biology, medicine 

Very high gradient 
accelerators, plasma 
heating 

First FEL source (1977) 

Source development 
Medicine, material 
Science 

Medicine, material science 

Source development 

Source development 

Source development, 
photochemistry 

Source development 
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RESONANT C02 LASER INDUCED BREAKDOWN IN POLYATOMIC MOLECULES 

R. Fantoni, E. Borsella, L. Caneve* and S. Piccirillo* 

ENEA, Dip. TIB, U.S. Fisica Applicata, CRE Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

Abstract 

The onset of C02 laser induced breakdown has been observed by 
irradiating several polyatomic species (SÌH4, NH3, hydrocarbons, iluoro-
hydrocarbons) at a wavelength resonant with an IR active vibration. 
Primary fragmentation and subsequent ion and radical secondary reactions 
have been monitnred detecting the spontaneous luminescence with a 
gateable Optical Multichannel Analyzer. 

The resonant lassr induced processes can be of importance in 
etching reactors were hydrocarbons and fluoro-hydrocarbons are commonly 
used, as well as in laser chemical vapour deposition reactors for the 
production of sinterable'Si3Mt» and SiC powders. 

Introduction 

It is widely demonstrated that IR photodissociation of polyatomic 
mo ecules occurs after multiple-photon absorption along a vibrational 
laJder [1]. In collisional regime many dissociation thresholds can be 
overcome through collision aided energy transfers between different 
absorbing molecules. By increasing the laser energy the undissociated 
molecule can even reach the first electronically excited states and also 
electronically excited products can be obtained [2]. A further increase 
in the laser energy and the subsequent collisional energy 
redistributions can lead some of the molecules to highly excited Rydberg 
states which decay through autoionization processes. A resonant laser 
induced breakdown is originated in this case, whose onset depends on the 
IR multiple-photon absorption cross section of the initially excited 
molecule and on the efficiency of the energy transfer processes. 

CO2 laser induced breakdown has been previously observed in several 
different gases [3], also in the case of mono and diatomic species with 
no IR active vibrational mode and of polyatomic molecules completely 
off-resonant in the 9-11 um region. The non-resonant process depends 
strongly on the ionization potential of the molecules and, at low 
pressures, in the absence of external preionization, on their 
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multiphoton ionization cross section. High pressures, usually larger 
than one atmosphere, are required to sustain the electron cascading 
process which is responsible for the breakdown. Collisions provoke a 
large fragmentation accompanied by the formation of positively and 
negatively charged particles. All the fragments, as well as the 
undissociated parent molecules can contain a large excitation energy in 
their degrees of freedom (electronic, vibrational, rotational and 
translational). Analogous fragmentation patterns can be expected in the 
resonant laser induced breakdown, whicn differs from the former process 
in the mechanism of production of the electrons necessary to initiate 
and sustain the discharge. In fact vibrationally hot molecules have 
considerably lower ionization potentials and, for high levels of 
vibrational excitation, collisions between them can easily furnish the 
energy needed to overcome the breakdown threshold. 

In the resonant laser induced breakdown highly excited and ionized 
atomic and diatomic species are produced as in plasma discharges, but 
much lower power and lower total pressure are required. Furthermore, the 
laser process is not accompanied by an average increase of the 
temperature in the reactor, it allows to obtain spatial resolution and 
is not polluted by wall effects. Power threshold in the resonant laser 
induced breakdown is also in general lower than the one for the non 
resonant case; in fact, whatever mechanism is assumed for the production 
of the first electrons originating the cascading, vibrational excitation 
lowers the ionization potential of the molecules involved in the 
resonant laser induced breakdown. 

These pecularities make the resonant laser induced breakdown of 
potential interest for etching reactors. Fluorohydrocarbons, commonly 
used in plasma etching, are suitable species also for the laser assisted 
process. In fact these compounds have strong (C-F str.) and medium (C-C 
str.) IR absorption bands in the 9-11 pm region where the high power CO2 
laser is emitting. The v2 bending mode of NH3 is also resonant with 10 
um CO2 photons and in the same region also silane (SiHlj) together with 
most of its derivatives, which are of interest in photodeposition of 
silicon and silicon containing compounds, absorb through the strong 
H-Si-H asymmetric bending mode. 

In this work the occurrence of resonant laser induced breakdown in 
SiHi|, NH3, hydrocarbons (C2HH, C3H6) and fluorohydrocarbons (CH3COCF3, 
CFn) has been investigated at low partial pressures (5-20 Torr) and 
relatively low laser fluences (10-30 J/cm2). 

Experimental 

Molecules were irradiated in a stainless steel vacuum chamber by 
using a multimode line-tunable pulsed TEA CO2 laser (Lumonics, mod. 
102), whose typical pulse shape consisted of a 100 ns (FWHM) peak 
followed by a tail of about 1.5 ps. The laser radiation was tightly 
focussed in the center of the reaction cell by using a ZnSe lens 
( typical ly $ ~ 20 J/cm2 ). 

The visible luminescence emitted from the fragments produced in the 
laser induced breakdown was observed perpendicularly to the laser beam 
through a quartz window. A quartz lens (f = 125 mm) focussed the emitted 
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light on the entrance slit of a 320 mm focal spectrograph supplied i-itn 
a 150 grooves/mm grating. An EG4G Optical Multichannel analyzer (OMA 
III) was employed for simultaneous detection of the luminescence 
spectrum. The intensified photodiode array detector (512 elements) was 
mounted at the exit of the spectrograph and the luminescence spectrum 
was acquired with a resolution of approximately 0.5 nm per channel. The 
detector was either operated with a fixed exposure time of 16 ms or 
gated by a high voltage pulse generator (EG&G mod. 1211) with fast rise 
and fall times; a time resolution better than 40 ns was achieved in tne 
latter configuration. The cell was also equipped with two parallel 
metallic plates (with a separation of 22 mm) placed along the focal 
region of the CO2 laser. By setting a small potential difference (e.g. 
± 50 V) aeroso the plates, it is possible to detect electronic or ionic 
current pulses if the chemiluminescence is induced by electron impact in 
the breakdown discharge. 

Results and Discussion 

a) Hydrocarbons and fluoro-hydrocarbons 

By irradiating several hydrocarbons and fluoro-hydrocarbons, at a 
laser fluence of 20 J/cm2, different pressure thresholds for the 
occurrence of laser induced breakdown were found. Irradiation 
frequencies were chosen as close as possible to an iR active mode for 
each molecule: 947.74 cm-1 for C2H4 and C3H6 (almost resonant with C-H 
out of plane bending V7 and v12 respectively), 944.19 cm-1 for C2H2 
(almost resonant with the v2 C-C sym. stretching through a two-photon 
transition), 1073.28 cm-1 for CF4 (almost resonant with v3 C-F asym. 
stretching) and 970.55 cm-1 for CH3COCF3 (almost resonant with C-C asym. 
stretching). 

With the onset of laser induced breakdown long lasting ( - 100 ps) 
ion and electron peak currents have been detected on the electrodes 
placed in the cell (applying i 50 V potential). A strong 
chemiluminescence was observed by eye, the glow colour turned from 
initially white to a blue-green. The corresponding spectra are reported 
in Fig. 1a for hydrocarbons and in Fig. 1b for fluoro-hydrocarbons; the 
measurements have been performed by fixing an exposure time of 16 ms on 
the OMA detector and averaging over 10 laser shots. Apart from different 
pressure broadening effects, all the spectra are rather similar. Carbon 
and hydrogen atomic and ionic fragments [4] accounts for the sharp peaks 
observed when hydrocarbons and CH3COCF3 are irradiated; C2 emission 
(Deslandres - D'Azambuja's system and Swan system [5]) dominates all the 
spectra reported in Fig. 1; excited fluorine atoms and ions are 
produced in the breakdown of fluoro-hydrocarbons (Fig. 1b). Collisional 
effects are strongly respor able for the large energy redistribution in 
the cscharge, in fact excited species with an appearence potential -
45 eV have been observed; furthermore the C2 emission in CF4 discharge 
cannot derive from direct molecular fragmentation but should be ascribed 
to secondary aggregative reactions. The kinetics of the fragmentation 
process has been investigated in detail in case of CH3COCF3 laser 
induced breakdown. Time resolved spectra have been measured [6] and 
showed that the emission from small ions namely C+2, c*, CH* (mainly 
responsible for the UV component of the spectra in Fig. 1) dominate the 
early spectra recorded 1-3 us after the laser pulse. On the other hand 
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wavelength (nm) 

Fig. la - Emission spectra measured in the resonant laser induced breakdown of 
hydrocarbons with 20 J/cm2 laser fiuence. 
C2Hi p = 7.5 Torr irradiated at 947.74 cm"'; 
C3H« p = 5.0 Torr irradiated at 947.74 cm->; 
C2H2 p = 40 Torr irradiated at 944.19 cm*>. 

long lasting emissions of atomic (C, H, F fragments are still present 
after 10 us delay) and small molecular fragments (C?, H2, CO, F2 are 
observed even for delays longer than 100 us) were detected. These late 
emissions, corresponding to the detection of ion and electron currents 
on the electrodes, should be related to the formation, and decay of 
metastable states. 

After irradiation wi'-h more than 3000 laser shots, the formation of 
solid Carbon black partijles was observed in the cell. Due to the small 
quantity of the products, no attempt of characterization was performed. 
However, work is in progress in order to ascertain if the late C2 
emission could be related to the growth of solid Carbon particles. In 
fact, if this is the case and if it is a general phenomenon for 
hydrocarbons, an important parameter relevant to laser induced chemical 
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wavelength (nm) 
Fig. lb • amission spectra measured in the resonant laser induced breakdown uf 
fluorohydrocarbons with 20 J/cm2 laser fluence. 
OF, p = 30 Tor r irradiated at 1073.28 cm'; 
CH3COCF3 p = IOTorrirradiatedat970.55cm-». 

vapour deposition (i.e. the growth) can be directly monitored througn 
emission spectroscopy. 

In conclusion the fragmentation following resonant laser induced 
breakdown of hydrocarbons is quite different from collisionless and 
collisional multiple-photon dissociation [7]. The breakdown process 
allows to obtain on a short time scale high concentrations of atomic 
species interesting for etching. Furthermore the production of small 
hydrocarbon fragments (e.g. C2 and CO) on a longer time scale could be 
advantageous in surface photopolymerization. 

b) Silane and Ammonia 

As far as SiHi» molecule irradiation (at 944.19 cm-1) is concerned, 
at <J> z 20 J/cm2 breakdown takes place in the focal region at SiHii 
pressures above 3 Torr. In this regime, line optical spectra have been 
detected due to emission from mono and diatomic fragments formed in a 
silane plasma. A typical spectrum (p (SiHn) = 5 Torr) measured with a 
fixed exposure time (16 ms) on the OMA detector is shown in Fig. 2. In 
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-nis eas^ aji "he emitting species ^ Si. 2iH, \\2, H) are primary 
f-agrrenca of jilane formed after aissociation from e/ciced or 
_aperexcired (i.e. above che iowest I? at 13.? eV) states. Mo evidence 
ur 3::2 formed in elactronicaiiy excited states was found. A kinetic 
study performed by measuring the emission spectra at different delay 
times from the CO2 laser pulse has shown that Si excited atoms dominate 
the u:e emission (after 10 us) [8]. Pulycrystalline Silicon powder is 
obtcnc^ (>iith rather low efficience) from the process. 

Laser induced breakdown of ammonia has bees observed irradiating 20 Torr 
of NH3 at 934.90 cm-1 and at 20 J/cm2. Very intense ionic and electronic 
pulsed currents were detected on the electrodes (FWHM - 50 us) applying 
± 20 V potential. The emission spectrum is shown in Fig. 3 as measured 
at p(NH3) = 30 Torr with 16 ms exposure time of the detector. This 
spectrum is showing a large NH3 fragmentation and, as in the SiHij case, 
small fragments deminate (H, H2, NH). The laser induced breakdown 
process in NH3 is of interest for the formation of SÌ3N4 ultrafine 
powders which occur in the presence of Sitili (9]. 
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Pig. 2 - Emission spectrum measured in the SiH« laser induced breakdown (20 J/cm2 

laser fluence). 5 Torr of SiH4 were irradiated at 944.19 cm' 

200 300 400 500 600 7Ò0 S00 
w«v« tanghi (nm; 

Fig. 3 - Emission spectrum measured in the Mf> laser induced breakdown (20 J/cm* 
laser flu en ce). 30 Torr of NH3 were irradiated at 034.90 cm ' 
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In conclusion we have observed ana characterized the process of 
resonant CO2 laser induced breakdown in several molecular systems 
relevant to different applications. 

Furthermore, the resonant laser induced breakdown and the non 
resonant'processes occurring at higher laser power, are suitable to be 
used for chemical analysis when detecting spark emission spectra [10]. 

Laser induced fluorescence (LIF) has been already successfully employed 
to monitor the concentration of the etchant molecule and of the 
fragments in a plasma etching reactor [11]. Ina resonant laser induced 
breakdown the analysis of the emission spectra can supply an analogous 
piece of information by monitoring the formation and decay of different 
excited species. 
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Abstract 

Ultrafine Si, SÌ3N4, SiC and silicon oxynitride powders have been 
produced by irradiating gas-phase reactants by means of a CO2 laser. 

The mechanism of SÌH14 CO2 laser induced absorption and dissociation 
is discussed on the basis of the results of the spectral and time 
resolved measurement of fragment chemiluminescence. The role played by 
the SÌH2 radical in the powder formation is investigated. 
The quality of Si, SÌ3NIJ, SiC and silicon oxynitride powders is checked 
by means of several off-line diagnostics (IR spectroscopy, X-Ray 
diffraction at wide and small angle, BET analysis). The possibility of 
controlling powder stoichiometry and doping from the gas-phase reactanc 
concentration is discussed. 

Introduction 

Sintered ceramic powders have their main application field in 
mechanical, nuclear and electronic industries. Ideal starting powders 
for sintering ceramic materials should have a small particle size ( < 1 
urn) with a narrow size range, and high purity. The synthesis of powders 
in laser driven processes from gaseous reactants offers several 
advantages, the main ones being the freedom of impurities, the absence 
of hot surfaces in the preparation, the control of nucleation and 
particle growth (achieved by varying the interaction time and the laser 
power), the possibility of a homogeneous doping during the preparation 
(additives are mostly required as densification aids in the subsequent 
sintering process). Fine ceramic powders suitable for syntherization 
have already been obtained through chemical vapour deposition processes, 
including plasma synthesis [1] and laser chemical vapour deposition [2]. 
It has been demonstrated that IR multiple-photon dissociation of 
monosilane (SiHii) is induced by CO2 laser radiation [3-1*], and that 
secondary reactions in the presence of additives lead to formation of 
ultrafine ceramic powders [2,5]. 
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In spite of several successful applications, a conclusive reaction 
mechanism of monosilane decomposition has not yet been elucidated. 
Recent studies have shown that the gas-phase sylilene radical (SiH2) is 
the key precursor [4]. It has been suggested that at low laser power the 
SiH2 radical is produced in its ground state and initiaties chain 
reactions which preferentially lead to formation of polisilanes [4]. 
Electronically excited SÌH2 can also be produced at high laser power, 
which "an either dissociate through available SÌ+H2 channels [6,71 01 
react with suitable additives [5]. Spectroscopic detection of SiH2 and 
other reaction products can help in shedding light on the mechanism of 
silane decomposition and sylilene reactions with additives. To this aim, 
vie performed a detailed study of the spectral and time dependence of 
fragment luminescence after dissociation of SiHl) excited by pulsed CO2 
laser radiation also in the presence of several additives. 

Powder composition and morphology have been carefully investigz.r.ed 
in order to relate the final products to the parameters of the laser 
assisted process (pressure of reactant gases, laser wavelength and 
power). 

Experimental 

Silane excitation was carried out by using a Lumonics 102 TEA CO2 
laser operating in the 10 urn range at fluence 0.7 J/cm2 < ,|> < 3 J/cni2. 
High purity silane was supplied by L'Air Liquide with a stated purity of 
99-999/5; purity of all the employed additives was also better than 
99.99%- The stainless steel vacuum chamber was pumped by a 45u fa 
turbomolecular pump and the background pressure was ^ 10-5 Torr before 
filling. 

The visible fragment luminescence was observed perpendicularly to 
the laser beam. A quartz lens (f - 12.5 cm) focussed the emitted light 
on the entrance slit of a 0.32 m focal spectrograph supplied with 150 
/mm grating. An EG4G Optical Multichannel Analyzer (0MA III) was 
employed for simultaneous detection of the luminescence spectrum. An 
intensified silicon photodiode array detector (512 elements) was mounted 
at the exit of the spectrograph and the luminescence spectrum was 
acquired with a resolution of approximately 5 A per channel. 

The powders produced in the process were collected on paper filters 
(Millipor HA 0.15) placed before the entrance of the rotary pump, which 
by passed the turbomolecular pump during operation. 

The structural characterization of powders was performed by X-Ray 
diffraction at small and wide angles (SAXS and WAXS respectively). 
Surface area, average particle size and size distribution were 
determined by SAXS. The occurrence of amorphous and/or crystalline-
phases and their identification and spatial extent were evaluated by 
WAXS. Under mild assumptions about the profile shape, the crystallite 
size distribution was obtained. 

IR spectra of the powders have been measured by an IR 
spectrophotometer (Perkin-Elmer Mod. 283) after pressing the samples in 
KBr pellets. Standard LEC0 apparatus were used for the determination of 
M (Mod. TN-15) and C (Mod. CS-244) content in SÌ3N4 and SiC powders 
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respectively. Accuracy was better than ~ 1J in each determination. Ti..3 
powder specific surfaces were evaluated by BET analysis. 

Results and Discussion 

Preliminary results about the mechanism of the formation of Si, 
SÌ3N4, SiC and silicon oxynitrides powders by means of a pulsed CO2 
laser have been reported in [5]. 1 complete discussion follows for each 
ceramic powder. 

a) Si 

When the CO2 laser radiation (tuned at 9M.19 cm-1) is mildly 
focussed in the center of the reaction cell (<|> = 1-2 J/cm2), an orange 
luminescence is observed at p(SiH4) > 17 Torr (Fig. 1) and silicon 
powder production starts to occur. The emission has been ascribed to 
decay from electronically excited states of SÌH2 [M], The band peaking 
at about 720 nm has been tentatively assigned to 1BI -» U1 transition 
on the basis of spectroscopic data for the 1Bi state reported in [8], 
while a proper spectral analysis of the band peaked around 840 nm cannot 
be done due to the lack of spectroscopic data for the other electronic 
states of SiH2. Anyway, by considering the potential curves calculated 
in [9], emission from 3Bi vibrationally excited sublevels to 1Ai ground 
state is expected to fall in the range 750-1100 nm. 

The silicon powder is produced through the secondary dissociation 
of SÌH2 according to the reaction 

Sii I.,-* Si + H2 

Recent results of a laser induced fluorescence experiment performed 
on the atomic silicon produced in the gas phase have shown that atoms in 
the ground state (Si (3PUfi,2)) or in the first excited state (Si (

1D2)) 
are produced the dissociation of SiH2(3Bi) and SiH2(1Bi) respectively 
[7]. The occurrence of either dissociation channel is strongly depending 
on CO2 laser fluence. 

X-ray analysis of the silicon powder have shown that it is mairiiy 
polycrystalline, ' with a large surface area (~ 110 m2/gr) and 
correspondingly small particle dimensions. 

200 

1100 

400 5Ò0 600 700 800. 900 

A(nm) 
Fig. 1 • Chemilumine»cence spectrum of 9iH4 fragments: p(SiH4) = 20 Torr, $ = 1.0 
d/cm?, 10 laser shots 
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b) SÌ3N4 

It has been observed [5] that for total pressures lower than - 100 
Torr, silicon nitride powders were formed only after irradiation at - 10 
pm of SÌH4/NH3 mixtures at very high laser power (> 200 MW/cm2). In this 
case the process of powder formation followed the occurrence of a 
resonant laser induced breakdown. The optical spectrum emitted in this 
discharge shows sharp peaks, which can be assigned to Si, Siti, H and H2 
electronically excited fragments. It is already known [5,10] that the 
main difficulty in SÌ3N4 IR laser assisted synthesis is the formation of 
a stoichiometric sample. LECO analyses of the nitrogen content we. e 
performed in order to investigate this point as a function of laser 
wavelength, NH3/SÌH4 ratio and laser power. At variance with [10], 
present results indicate u = 934.9 cm-1, where both SiHlj and NH3 absorb, 
as the best laser irradiation frequency and suggest a 1:3 SÌH4/NH3 ratio 
in working with high laser power and low total pressures. Samples with 
23% wt N content have been obtained under these conditions V\0% wt N 
content correspond with the stoichiometric SÌ3N4 sample). The specific 
sarface of these samples was very large (~ 160 m2/gr). The X-ray 
diffraction analysis (WAXS) shows a 3-phase situation, an amorphous 
phase of silicon nitride, line profile of pure silicon (~ 20% wt) and the 
presence (s 5% wt) of crystalline P-SÌ3N4 phase. The formation of a 
prevailing SÌ3N4 amorphous phase was also confirmed by the detection in 
the IR spectra of only broad features, the most intense of which are 
peaked around 900 cm-1 and 500 cm-1 respectively. 

c) SiC 

Graysh-black silicon carbide powders have been produced starting 
from 1:1 mixtures of silane with several hydrocarbons i.e. C2H4, C3H6, 
C2H2. IR absorption spectra ertiioit a band in the range 760-860 cm-1 
ascribable to asymmetric stretching of the SiC bond. Powder production 
efficiency depends on the chemical additives according to the following 
trend: C2H2 f> C3H6 > C2H4. Attempts to produce silicon carbide powders 
by adding CH4 to SiHij have been completely unsuccessfull. 

It is worth mentioning that attempts have been made to obtain SiC 
powders by direct photolysis of Si(CH3)jj. The final yield was too low to 
consider a process based on this compound as starting material; in fact 
the Si(CH3)i| laser induced decomposition resulted to be quite 
unaffective at 10 um, vibrational modes being too off-resonant with 
respect to CO2 laser emission. 

Appreciable formation of SiC powder in the gas phase mixture of 
SÌH4/C2H4 and SÌH4/C3H6 (for total pressures lower than 100 Torr) 
occurred only at very high laser power (- 400 MW/cn)2) tightly focussing 
the laser radiation in the cell. On the other hand, a very efficient 
reaction is induced by the pulsed CO2 laser at moderate power as 
follows: 

2SiH4 + C2H2-»SiC + 5H2 

The reaction occurs with an increase of total pressure in the cell. LECO 
analysis has shcvn the tendency to obtain the stoichiometric sauple 
according to this reaction, as well as the possibility of small 
deviation (± 5%) from stoichiometry by changing the SÌH4/C2H2 ratio. 
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The chemiluminescence spectrum reported in Fig. 2 shows chat a. oroaa-
cand emission (from 400 to 900 run) accompanies cnis reaction ac low 
.aser power (10-20 MW/cm2). This broad emission is more extended to the 
blue than the one detected in the case of pure SiHi} (fig. 1). In the 
reaction of SiH2 with acsthylene an acid-base mechanism can play a role 
provided that the pair electrons are supplied by the C-C u clouds, in 
this case a stable cyclic molecule SiC2* with characteristic blue-grèen 
emission 111! stuuld be the primary gas-phase product. Work is in 
progress in order to definitely identify the presence of this species. 

X-Ray diffraction spectra of SiC powders produced by irradiatir..: 
SÌH4/C2H2 mixtures have shown the formation of an amorpnous SiC pr.isic. 
The particle size and distribution was estimated by SAXS analysis. The 
totality of dimensions resulted to be below 50 run, with a good 
uniformity and a maximum around 20 mm. These data correspond to a 
surface area of 95 m^/gr which is in good agreement with the value ( 104 
rr,2/gr) obtained in a BET measurement. Alluminimi» doped (- 1} wt) SiC 
powders have been obtained by adding Al2(CH3)2 to the reactants 
(SÌH4/C2H2) during the laser induced decomposition process 

3) Silicon-oxynitrides 

A very efficient process for silicon oxynitrides and silicon oxides 
powder production takes place when mixtures of silane and NO (at 
different partial pressures) are irradiated by focused or unfocused CO2 
laser. Silicon oxynitrides powders with different oxygen nitrogen 
content are formed when NO/SÌH4 ratio is varied as shorn by the change 
of IR spectra features and color of the powders. Goirg from low NO/SiHi» 
ratio (1:10) to high NO/SiHi» ratio (5:1), the color of the powder 
changes from brown to white. Light brown, yellowish and graysh powders 
are formed at intermediate ratios. The corresponding IR spectra show 
either the domain of the SiN peak (835-880 cm-1) over the SiO feature 
(1020-1090 cm'1) or the reverse situation. 

An analogous trend in silicon oxynitrides formation is found when 
mixtures of SÌH4 with NO2 or N2O are irradiated, although in the latter 
case the yield is lower. 

This group of oxygen containing molecules (NO, NO2, N2O), give rise 
to an explosive reaction with SiHii dissociation products. A special case 
is constituted by 02 which is known to spontaneously react with SiHi» in 
a wide range of relative ratios [ 12].Addition of a few mTorr of 02 to 
SiHi» (1-20 Torr) lead to formation of solid SÌO2 and to detection of 
peculiar SiO (420-430 ms) and H2SÌO (470-650 run) emission bands, even in 
the absence of laser radiation (Fig. 3), which are overimposed on the 

400 500 600 700 800 900 
A(nm; 

Kig. 2 • Chemiluminescence spectrum of SiH4 fragment* measured in (hllSiHiCaHj 
mixture (p tot = 30 Torr», $ « 2.0 J/cm3,10 later chots 
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Kig. 3 - Chemiluminescence spectrum collected at the onset of the spontaneous SiH t (SO 
Torr ) decomposition after addition of a few mTorr of O2 

400 500 600 700 800 A(nm; 

Fig. 4 - Chemiluminescence spectrum obtained by irradiating 9 Torr SiH4 + 36 Torr N O 
at 2.0 J/cm2 laser flu en ce, 1 laser shot 

SÌH2 spectrum of Fig. 1. The observation of the latter species suggests 
a direct reaction of SÌH2 with the 02 molecule. A simple acid-base 
mechanism can explain the formation of the intermediate species, in 
which the SiH2 (Lewis acid in its ground state and in some of the 
excited states [9]) is attached by an oxygen lone-pair in O2 molecule. 
For all the nitrogen oxides, a threshold [5] pressure is found for the 
onset of the explosive reaction which is accompanied by an intense 
luminescent flash with an increase of the SÌH2 emission at longer 
wavelengths (where transitions assigned as 3Bi -» 1AI dominate). A 
mechanism involving SÌH2 and the oxygen end of the molecule can be 
hypothesized, analogously to what is discussed for O2. Emission from 
reaction intermediates is convoluted under the blue tail of the very 
intense spectra shown in Fig. 4. Sharp peaks in this spectrum are 
probably related to highly excited fragments (SI2, OH) formed during the 
explosion, work is in progress to characterize these secondary 
reactions. 
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Abstract 

Excimer laser induced photochemistry of dimetlylzinc (DMZn) and 
diethylzinc (DEZn) has been investigated by multiphoton ionization time-
of-flight mass spectroscopy. After the results achieved, DEZn was chosen 
as precursor compound for zinc film photodeposition-. 

The organometallic was photolyzed by a focussed KrF excimer laser 
beam perpendicularly impinging onto a quartz substrate. Localized zinc 
deposition with thicknesses in the range 300+3000 A have been obtained 
and the deposition process has been investigated by monitoring the time 
evolution of the fraction of a He-Ne laser beam transmitted by the 
growing zinc film. 

Introduction 

Low temperature laser induced CVD of metallic films from gaseous 
organometallic precursors is very attractive for microelectronic device 
fabrication [1]. 

In particular Zn deposition is useful for several applications 
ranging from GaAs [2] and InP [3] doping to ZnO [4] and Zn-containing 
binary semiconductor compound [5] growth. 

Investigation of zinc dialkyl photochemistry helps in identifying 
the ideal experimental conditions for achieving optimal [6] film growth-
rate and characteristics of the deposited material. 

Excimer Laser Photolysis of Zn Dialkvls Monitored bv Tunable 

Dve-Laser Ionization Mass Spectroscopy 

Dimethyl alkyls containing II B metals (Me = Zn, Cd, Hg) have a 
linear structure with the CH3 groups freely rotating around the' Me-C 
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bonds. After an ab initio calculation [7] of the Cd(CH3)2 electronic 
ground state, these organometallics can be considered [8] linear three-
center molecules and described in the scheme of the much simpler 
bivalent metal dihydrides MeH2, which are taken as having a ground 
linear structure and assuming bent configurations in some excited 
electronic states [91; furthermore, since the bonding orbital 
arrangement is not altered by the replacement of methyl with ethyl 
ligands, the same quasitriatomic picture can be assumed also in the case 
of the diethyl metal alkyIs. 

Figure 1 reports the linear UV absorption spectra of dimethylzinc 
(DMZn) Zn(CH3)2 and diethylzinc (DEZn) Zn(C2H5)2. As can be easily seen, 
both spectra show a broad absorption feature (centered around 49000 cm-1 
in the case of DMZn and around 45000 cm-1 in the case of DEZn), 
exhibiting a structured profile followed by a smooth tail in the low 
energy side. 

A careful analysis [8] has assigned the long wavelength continuum 
to a linear-bent transition from the ground X^Eg to the first excited 
electronic state A1Ai of the molecule and the structured band to a 

200 250 330 

wavelength (nm) 
190 200 210 ?20 230 240 

I I I I I I 

50000 46000 42000 38000 34000 

wavenumber» (cm'*) 

Fig. 1 • UV linear absorption spectrum of dimethylzinc Zn(CH3)3 (taken from [81) and 
diethylzinc Zn(C2H5)2(p = 5 Torn 
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linear-linear transition from the ground to the second electronic 
excited state Ir/Iu. The two transitions are both dissociative and cause 
the elimination of a monomethyl group from DHZn; however, whereas the 
bent channel A U I starting from 39000 cm-1 produces a monomethyl 
fragment in its ground electronic state, the transition to the linear 
B'/7U state induced above 46000 cm-1 gives a monomethyl fragment 
containing the metal excited at the first atomic level. 

On the basis of the strong similarities shown either by the DMZn 
and DEZn molecular structure or by their linear spectra, it is 
reasonable to assign the DEZn absorption features centered at 45000 cm-1 
to two electronic dissociative transitions as in the case of DMZn, 
originating a monoethyl Zn(C2H5> and a C2H5 fragment through a bent 
(starting from 36000 cm-1) or through a linear (above 41000 cm-1) 
channel. 

It has been shown [9] that visible two-photon excitation of the 
above mentioned electronic states of DMZn and DEZn is possible by 
absorption of dye laser radiation in the range 370-450 nm; however 
efficient one-photon dissociation of both organometallics can be 
obtained using excimer laser radiation, since the energy of an ArF (193 
nm) photon is resonant with the absorption band of DMZn, and the energy 
of either an ArF or a KrF (248 nm) photon falls in the absorption band 
of DEZn. 

When exciting the molecules with the excimer laser pulse the 
primary extensive, dissociation of one Zn-C bond can be followed by other 
photo-reactions, induced within the same laser pulse, such as rupture of 
the second Zn-C bond, or ionization of the products. 

As a consequence, neutral fragments are produced together with a 
distribution of ions which can be detected by Time of Flight (T0F) mass 
spectroscopy to monitor the photolysis process. Furthermore neutrals can 
be probed by multyphoton ionization induced by a dye laser pulse fired 
with a variable decay time after the excimer laser pulse. 

In our laboratory the UV-photochemistry of the zinc dialkyls has 
been investigated by MPI-T0F mass spectroscopy; results have been 
utilized for excimer laser CVD of zinc films on a quartz substrate. 

The experimental apparatus for laser MPI-T0F mass spectroscopy has 
been described in detail elsewhere [9]. Briefly, high purity DMZn and 
DEZn (L'Air Liquid with a stated purity of 99,9999) were introduced into a 
stainless steel UHV chamber pumped up to 10-7 mbar, and irradiated with 
the collinear beams of an excimer laser {Lambda Physik Mod EMG 150) 
operating with ArF (193 nm) or KrF (248 nm) and of a XeCl pumped dye 
laser (Lambda Physik Mod. FL 2002), entering the chamber through 
opposite suprasil windows. Both lasers have a pulse duration of ~ 15 ns. 
Gas working pressures were in the range 10-5 + 10-4 mbar. The ions 
generated in the focus of the beams (fdye = 18 cm, fexc - 24 cm) were 
analyzed by a time-of-fl< Mt mass spectrometer located in a side arm of 
the main chamber. 

Ions were detected by a microchannel-plate detector and for each 
laser shot the complete mass spectrum was obtained. 

In Fig. 2 are reported the MPI-T0F mass spectra of DMZn induced with two 
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AArF «193 nm 

t/N//m* 

Fig. 2 • TOF m a u spectra of dimethylzinc (DMZn) when irradiating the molecule with 
the ArF excimer Inuer (A = 193 nm, lowertrace) or the dye laser (A = 439.7, upper trace), 
or with both lasers (delay * 300 ns, middle trace) 

exciting lasers. The upper trace reproduces the mass spectrum obtained 
with dye laser excitation at A s 439.7 nm; the peaks correspond to the 
CH3+ ion at mass 15 and to Zn+ and ZnCH3+ isotopie tnultiplets 
respectively at masses (m/e = 64, 66, 68) and (m/e = 79, 81, 83). Only 
the Zn+ and the ZnCH3+ ions are detected in the ArF laser induced mass 
spectrum reported in the lower trace. 

The middle trace shows the TOF signal detected when the dye laser 
pulse is fired - 400 ns after the ArF laser pulse. In this case the 
visible pulse samples also the neutral fragments of the UV photolysis, 
which results in an enhancement of the [Zn+]/[ZnCH3+] ratio compared to 
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trace (a). DEZn has been alternatively irradiated with the ArF or the 
KrF exciaer laser beams; the nass spectrum obtained at 248 run is 
reported in Fig. 3c and shows only the Zn+ ion peak. 

The dye laser induced mass spectrum at À = 386.4 run (trace (a)) 
shows Zn-*- and C2Hx+(x = 0, ..., 5) deriving from secondary dissociation 
of the monomethyl ion [9]. 

The middle trace of Fig. 3 reproduces the combined action of 
excimer and dye laser (A = 386.4 run) radiation on DEZn. The only 
cooperative effect observed is a clear enhancement in the Zn-*- abundance 
due to dye laser induced ionization of zinc produced during the UV 
photolysis. 

C2Hx 
(x = 0*~~,5) 

dJ*. W . 

Zn* •) 

A«xcs386.4nm 

KrF (248 nm) + dy« l u i r (386.4nm) 

» ' • » » 

c) 

>Uxc>248nm 

Fig. 3 • TOP maw spectra of diethylztae (DEZn) when irradiating the molecules with the 
KrF excimer laser (A • 248 nm, lowertrace) or the dye laser (A » 386.4, upper trace», or 
with both lasers (delay * 700 ns, middle trace) 
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The same mass spectrum as the one reported in Fig. 3c is detected 
whan irradiating DEZn with the ArF laser pulse. The different UV 
fragmentation pattern shown by the two dialkyl molecules can be 
attributed to the weakening of the metal-carbon bond (~ 35 kcal/mol) [10] 
in DEZn with respect to DMZn (- 42 kcal/mol) [10], that leaves a greater 
amount of energy available for the rupture of the second Zn-C bond. 

These experimental findings make DEZn a more suitable condidate 
than DMZn as metal precursor for zinc film laser-CVD, since it allows 
complete elimination of organic ligands thus limiting the inglobation of 
carbon into the deposit. Since the KrF-laser output exhibits greater 
stability and higher pulse energy compared to the ArF laser output we 
have chosen the former as radiation source for laser CVD of zinc films. 

Excimer (KrF) Induced Deposition of Zn from DEZn 

In the following we report a study of the Zn deposition process 
after DEZn irradiation with KrF excimer laser light. 

In our experimental setup, the KrF laser beam (E = 100 mJ, 3 Hz 
rep. rate) was focussed by a cylindrical lens (f = 90 mm) to a 
rectangular spot (5x2 mn>2) on the entrance quartz window of the static 
gas filled cell. The growth of metal films on quartz substrates was 
studied in real time by monitoring the transmitted light of an He-Ne 
laser (collinear to the excimer laser). The visible transmitted light 
was collected on a photomultiplier tube (EMI9658R) and the signal was 
displayed on an x-t chart recorder. 

Localized Zn deposits have been obtained in a narrow DEZn pressure 
interval 0.1-0.25 Torr at KrF laser fluences ranging from 6 to 100 
mJ/cm2. 

A typical HeNe transmission signal (obtained at p(DEZn) = 0.15 Torr 
and 4» = 24 mJ/cm2) is reported in Fig. 4. 

An induction period of a few seconds, before He-Ne attenuation 
starts to occur, has been observed in the whole range of experimental 
parameters. The detection of an induction time before deposition 
suggests the occurrence of a nucleation process in which photodeposition 
from the adlayers takes place on the substrate surface. After 
incubation, at p(DEZn) in the range 0.1-0.25 Torr, a localized deposit 
grows in the region of the substrate where nuclei have been formed by 
laser photolysis of adlayers. Conversely, at DEZn pressures above 0.25 
Torr, diffuse deposits are observed on the substrate, due to 
condensation of metal atoms in an area greater than the laser spot size. 
This result demonstrates that both adlayer and gas phase photolysis 
contribute to the Zn film deposition, the second process becoming 
dominant as the DEZn pressure increases. 

A further process playing a role in the deposition of zinc films 
can be evidenced by observing that whenever the KrF laser beam is turned 
off after an irradiation time longer than the incubation period, the 
growth of the films does not interrupt (see Fig. 5a). Since the metal 
deposition working in the absence of DEZn photolysis acts on a time 
scale of several tens of seconds, it can be related neither to pirolytic 
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Fig. 4 - He-Ne transmitted light intensity during KrF excimer laser induced Zn deposi
tion from DKZn (p = 0.15Torr,$ = 24 mJ/cm») 

decomposition, sustained by the heat accumulated in the film itself, nor 
to diffusion of gas-phase photolyzed metal atoms towards the substrate. 
We have attributed this behaviour to an autocatalytic effect of the 
freshly deposited zinc film, able to activate further metal deposition 
after the laser irradiation is stopped. 

A similar effect has been observed in the case of laser deposited 
films obtained from TÌCI4 and Al2(CH3)g adsorbed layers which have shown 
catalytic activity for hydrocarbon polymerization [11]. 

Laser deposition rates vs excimer laser fluence have been monitored 
by the rate of He-Ne light attenuation. For each deposition, the growth 
rate has been considered proportional to the initial slope of the He-Ne 
transmission decay signal. Absolute values for the initial growth rates 
have been roughly estimated from He-Ne transmission measurements using 
the final thickness values measured with a stylus profilometer. Data 
reported in Fig. 6 show an initial increase of the deposition rate vs 
laser fluence followed by a tendency to saturation. 

All the previously mentioned decomposition mechanisms should 
benefit from an increase in laser fluence; thus the occurrence of a new 
process has to be invoked in order to explain saturation at laser 
fluences greater than 70 mJ/cm2. We can guess that laser pulses become 
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fig. 5 • He-Ne transmitted light intensity during Zn deposition from DEZn. Curve a) 
shows that Zn deposition proceeds also with the excimer laser turned off after an 
irradiation time greater than the incubation period (p • 0.15 Torr, + * 30 mJ/cm*). 
Curve b) shows the He-Ne transmitted light intensity decay (Zn deposition) due to the 
same effect as in curve a, and rise (Zn vaporisation) corresponding to subsequent 
turning on of the excimer laser <+ « 30 mj/cm*, p(DEZn) « 0.10 Torr) 
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Fig. 6 • Zn initial deposition rate vs excimer laser fluence 
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Fig. 7 - Photo-deposited Zn film thickness at two different KrF excimer laser fluences. 
a) • = 70 mJ/cm2; b) 4» = 18 mJ/cm' 

sufficiently energetic to cause vaporization of the film surface in the 
focal region. This hypothesis is confirmed by the experimental results 
reported in Fig. 5b; you see that the laser is turned on for a time long 
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enough to let the film start to grow and then is turned off until the 
growth has reached a plateau. A new turning on of the laser coincides 
with a sudden increase in the He-Ne transmission followed by a decay, as 
for a momentary decrease in the thickness of the film. This behaviour is 
due to a temperature rise in the film above the vaporization point, 
which causes a sudden partial vaporization. The subsequent decay of the 
He-Ne transmission intensity occurs when photholysis of the layer 
adsorbed on the top of the deposit takes place and a new film growth is 
initiated at a rate high enough to contrast thermal desorption. 

Definite evidence for film vaporization at the highest laser 
fluences is given by measurements of Zn film thicknesses performed with 
a stylus profilometer (Fig. 7). A fairly flat Zn film (about 1600 A 
thick) has been deposited at p(DEZn) = 0.15 Torr and KrF laser fluence = 
18 J/cm2 (Fig. 7b), while a central hole is observed in the films 
deposited at p(DEZn) = 0.15 Torr and KrF laser fluence = 70 mJ/cm2 (Fig. 
7a). The composition of the zinc films has been analyzed through Auger 
spectroscopy. A satisfactory Zn film morphology has been evidenced and 
the content of residual C in the film has been found below the detection 
limit, as expected after the results of the MPI-TOF experiments. 
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Abstract 
the time - and space - resolved behaviour of the electron density 

generated in the active medium of a self-sustained discharge XeCl laser 
has been measured by means of a Mach-Zehnder holographic interferometry 
set-up. 

Introduction 

The recently improved understanding of the factors governing the 
stability of the excimer laser discharge [1] has stimulated the effort 
to extend the output pulse duration of the self-sustained, discharge-
pumped XeCl laser up to the microsecond region [2], 

However, one needs to know more about the mechanisms which 
determine the premature termination of the excimer laser pulses. Here we 
summarize some of the holographic interferometric measurement results of 
a X-Ray preionized, self-sustained discharge XeCl laser performed at the 
ENEA Center in Frascati. The reader is referred to [3] for a more 
complete discussion of the set-up philosophy and results. 

Sensitivity of the Method 

The refractivity of a plasma may be expressed by: 

(n-I)«Sk(Ak + B||/A^Nk-CN-A
2 <" 

where N|c and Ne are respectively the heavy particle and electron 
densities, Ak and 6K are characteristic coefficients of the species 
considered, \ is the radiation wavelength in cm and C is a constant 
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equal to 4.47x10-11 cm. In deriving (1) it has been made the assumption 
that the radiation frequency is much higher than the plasma frequency 
and far enough from the resonance frequencies of the heavy particles. An 
interferometric determination of Nfc and Ne is then possible by measuring 
the fringe shift S caused by the change A(n-1) in the refractivity of 
the plasma between the initial state (Ne = 0) and the final state. 

For a plasma of thickness L, it is: 

S = L [ S k ( A k A + Bk/\3)ANk - C N e M (2) 

where Ne and ANk are the electron density and the heavy particle density 
variation averaged on the plasma thickness. 

If, as in our case [3], the contribution of the heavy particles is 
negligible (i.e. EkUkA + Bk/\3)ANk « C Ne X), (2) can be written as: 

S= - C N XL 
e 

(3) 

The sensitivity of the method for Ne measurements can be evaluated 
assuming the conservative value of S = 0.1 for the minimum detectable 
fringe shift. It follows: (NeL)min = 3.2x10^6 cm2, corresponding to 
(Me)min = 1X1014 cm-3. 

Experimental 

' The main characteristics of the XeCl laser discharge investigated 
here are [4]: 

• active volume cell 

• gas mixture (HCl:Xe:Ne) 

• total pressure 

• E/p 

• excitation rate W 

= 1 liter (3.5x4x80 cm3), 

= (1:6.7:2019), 

= 4 atm, 

= 1,9 kV/cm-atm 

= 290 kw/cm3 

Interferometric measurements of the electron density evolution in 
the XeCl laser discharge have been carried-out employing the holographic 
system shown in Fig. 1. 

The laser is a double-pulse ruby lasers which can deliver 5 J per 
pulse with a coherence length of about 1 m. The pulse duration is about 
20 ns. The delay time between the pulses may be settled in the range 
1+800 us. Referring to Fig. 1, M2 is a vibrating mirror synchronized to 
the ruby laser. This allows to change the reference beam direction 
between the two exposures and then to produce a reference fringe pattern 
ir the reconstructed interferograms [5]. The elaboration of the 
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Fig. 1 - Experimental setup: BS is a beam splitter; Mi and M3 are totally reflecting flat 
mirrors; A is an attenuator; the lens system L(-L2 acts as a beam expander; M2 is a 
vibrating mirror; L3 is a lens with focal length f = -8 cm; H is a holographic film plate 

interferograms has been performed employing an image processing system 
Progel 1 which provides for the calculation of the fringe shi f t point-by-
point a l l over the interferogram. 

A plot of the fringe pattern can be also produced. 

Results 

Figure 2 shows some interferograms recorded at different times 
after the discharge breakdown. The development of streamers from the 
cathode region is evident, and finally the discharge collapses about 600 
nr after the discharge breakdown (see Fig. 2d). At that time the 
filaments bridge the electrode gap without and arc occurring. 

Measurements made with pure Neon instead of the normal gas mixture 
have shown a much slower growth of instabilities. This confirms the role 
of the HC1 and Xe in the deterioration of the discharge. 

The presence of hot spots in the cathode region was evident from 
the visual inspection of the holograms recorded using a scatterer plate 
in front of the XeCI laser cell instead of the beam expander shown in 
Fig. 1. The measured rate of the cathode filament growth was Vp = 
(3.7±0.3) cm/us. This value is about a factor of two higher than the 
values obtained for the electron drift velocity in Ne-based XeCI gas 
mixes [2,4]. This seems to confirm the existence of different effects 
governing the filament generation and growth [6], 

Figure 3 shows the time dependence of the electron density, the 
discharge current and the laser output waveforms. The values of the 
electron density are obtained from the examination of the fringes 
localized in the central part of the interferograms. In such a way any 
effect related to the strong density gradients present in the cathode 
region (see Fig. 2) is avoided. It must be pointed out that large 
electron densities are generated in the discharge with a maximum value 
around 3x 1015 cm-3. The electron density time behaviour is clearly 
asymmetric, being the decay slower that the rise. This is consistent 
with the difference between the experimental and the simulated discharge 
current waveforms. In fact the simulated current damped oscillations 
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Pig. 2 • Typical interferograms of the XeCI active medium with an electrode separation 
of 4 cm. Delay time since the discharge breakdown: a) 135 ns; b) 215 ns; c) 350 ns; d) 615 
ns. The discharge filamentation growth in the cathode region is clearly visible 
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Fig. 3 - Electron density time history. The open and the full dots indicate the spatially 
averaged and the peak values of the electron density, respectively. The laser pulse and 
the discharge current are also reported 

obtained using an exponentially decreasing discharge impedance result 
underestimated with respect to the experimental ones in the delay region 
a 500 ns. 

Conclusion 

The experimental results afore mentioned lead to some speculations 
that can be summarized as follows: 

1) hot spots do develop in the cathode sheat at the beginning of the 
discharge; 

2) the growth of a well defined filament from each hot spot is promoted 
by the halogen and possibly by the excited neutral gas Xe*; 

3) the filament growth leads to the glow discharge collapse, and strong 
induced inhomogeneities allow the premature lasing disruption, well 
before the peak of the pumping current and of the electron density 
occurring (see Fig. 3). 

We can therefore conclude that long optical pulse excimer laser 
operation can be obtained using lower halogen gas concentration and 
lower pumping power deposition, at the expense of the output energy and 
the efficiency of the system. Concerning the local depletion of the 
halogen donor model to explain the discharge filamentation mechanism, 
the theory presented in [7] shows that in the early stages of the 
discharge, Ne(t) grows according to 

N (t) - N (0) 
É 6 

Where Ne(0) and 

K 2 N (0) 

1 + — f - t2[HCl)0+ 
(4) 

[HCl]n are the initial electron number density and 
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Fig. 4 - Electron number density growth as results from Eq. (4) (continuous line» and 
from our experimental data (dots). (HCI]Q= 4.9 X 10>* cm-3; K = 10 » cm3 s • 

halogen donor concentrations, and K is the effective electron 
dissociative attachment rate. 

Figure 4 shows the best fit of the expression (4) with our 
experimental electron density time evolution, using a guessed value of K 
= 10-9 cm3/s. 

The agreement is very good in the range below the 300 ns delay 
time. Later, the electron density grows faster due to the effect of the 
higher order terms in (4). To our knowledge and in the limits of the 
model proposed [7], this is one of the better confidence-level 
evaluation of the K coefficient. It should be however noted that the 
strong dependence of the attachment rate coefficient with the mean 
energy of the electrons makes useless a straightforward application of 
the obtained K value even to apparently similar XeCl laser systems. 
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Abstract 

The output laser field of a SFUR (Self Filtering Unstable 
Resonator) is expanded in Laguerre-Gaussian solutions of the Helmoltz 
wave equation paraxial approximation. 

The relative contributions of different modes are evaluated and 
main parameters of the laser beam, such as waist are computed. 

It is proposed a way to propagate the output laser beam in free 
space by means of LG solutions. 

Introduction 

The characterization of laser beams is usually carried out in terms 
of fundamental gaussian mode parameters such as waist and divergence, 
and poor attention is devoted to the actual consistency of this 
approximation. On the other hand, the exact numerical computation of 
laser beam propagation is often a heavy and time expensive task, even in 
the case of propagation through homogeneous media, such as free space. 
This is directly related to the structure of the Huygens's integral, 
which is the most common tool used for propagating an optical wave. 
Actually, the propagation of a scalar field E from a plane at z : 0 to a 
plane at z = z \ can be described by the integral: 

Eu%z,)= J K(r,r')E(r,0)dr' M 

where the kernel K(r,r') reads 

i in(r-r')2 -ik* (2) 
K(r,r-)=--exp —- e * w 
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r and r1 being the transverse coordinates on the two planes. 

The rapidly varying phase appearing in the exponent of the kernel 
(2) generally requires very narrow grids in the discretization of 
transverse coordinates for precise numerical computations. We faced up 
to such a problea when developing numerical procedures to coapute the 
field amplitude inside and outside the SPUR cavity adopted for the laser 
of our lidar facility [1]. 

In order to supply a theoretical basis for assessing the validity 
of approximating laser beams with gaussian profiles, and to speed up 
calculations, we have investigated the feasibility of expanding the 
laser beaa amplitude in series of solutions of the Helaoltz equation in 
the paraxial approximation, for which propagation laws are analytically 
known. 

Derivation of Gaussian Beams with C j r m | ] a r ftvmfttrY 

Let us consider a purely monochromatic scalar wave V(x,y,z,t) = 
U(x,y,z)-exp(iQt). In vacuo, the space-dependent wave function U 
satisfies the Hélmoltz wave equation 

(V2+k2)U = 0 (k=Q/c) (3) 

Writing U as 

U = 4»(x,y;z)exp(-ikz) (4) 

and dropping the second partial derivative with respect to z (paraxial 
approximation) leads to the usual equation 

G^ + a2-2ikd)t|/ = 0 (5) 
i y i T 

which can be rewritten in cylindrical coordinates as 

(l/rtr(rdr) - 1 / A J - 2ikdt)t|» * 0 (6) 

The functional fora of (6) allows for separation of variables: inserting 
in (6) solutions of the fora 

q> = un(r,i)«xp(in$) (7) 
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we obtain the basic equation of our derivation: 

(d* + -3 - n V - 2 i k 3 ) u =0 
(8) 

In the following, we will consider only the zero-th order functions of 
fora (7) so that the 4 dependence is dropped from y. Following the usual 
derivation [2] we write U Q as 

uA = flr/w)exp{-i(P(z) + <Wz) + krz/2q(z))| (9) 

where 

r 

< 
•%{-(?n 

^ 
a0 = nw(/A 

Inserting (9) in (8) yields 

Hi/w) + Kl/r - 2iki/q) • w + 2ikrw'(z)] Hi/w) + 

+ 2kwz[F(z) + i/q + kr/2q(l -q'fc» + 4V<z)]«r/w) = 0 

(10) 

where derivatives are intended with respect to the indicated argument. 
By choosing q and P in such a way that 

q'-l = 0 q(z<>) - <to 

P + i/q = 0 P(zo) = 0 
(11) 

we obtain 
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( i l ) 

and equation (10) becomes 

f V w ) + f'd/w)[w/r-4t/w| - 2kw2«rfw)*p(z) = 0 

The further substitution x = 2-(r/w)2 leads to the following 
hypergeometric confluent equation [4] 

{xd2/dx2 + (1 -x)d/dx - kw4»"(zV4H(x) = 0 (12) 

Solutions of (12) have a physical meaning if they are bounded for x 
approaching infinity, which will happen only if 

-kw(z)4>p(zV4 = in 

where m is a positive integer. For any given m we thus have 

«Hz) = <*zj - 2 m atan(j/a0) ( 13) 

Finally, equation (12) admits solutions in the form of Laguerre 
polynomials of order m. By Eqs (13), (11'), (9), (7), Eq. (4) takes the 
form: 

r*\ /2r*\ 
^>=T e x p ( -^Hy 

ikr2 z~z 

exp|-ikz— —— + (2m+l)atan 
2R a0 

(14) 
ol 

R=R(z) = U-z0,[l+(^)| 

where the factor (2/w) arises from the normalization condition: 
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Figure 1 shows for reference the |Uom|2 profiles for m = 0 to 3- The 
functions Uom form an orthonormal basis for e.m. fields with azimuthal 
symmetry so that any arbitrary complex field E with such a symmetry can 
be expanded as 

E = E e IL 
ITI RI IH U m 

(15) 

with the em's given by the inversion formula: 

.- I E U o mrdr 
(16) 

icm|2 represents the fraction of total energy carried by tye m-th 
mode and it can be shown [3] that the cB'» do not actually depend upon z 
and can therefore be evaluated on an arbitrary plane. Field propagation 
can be easily performed through the expansion (15) where longitudinal 
dependence is fully contained in the Ufa's. 
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Characterization of SFUR t.a.wp «»»»•» 

As an application of the formulas Just derived, we will consider 
the decomposition of an e.m. field profile obtained with a computer code 
simulating a SFUR cold cavity developed in our laboratory [5]. It is 
easily understood from the SFUR geometry that a laser beam profile of 
such a type has a central hole when measured near the output mirror, as 
shown in fig. 2: later on, a recombination takes place leading to a 
gaussian like profile after feu meters. 

According to eqs (11) and (16), the contribution of each paraxial 
mode to the field E of (15) is dependent on the choice of the free 
parameters wo and zo. We have computed some cn coefficients for a set of 
wo's and zo's: the absolute maximum turned out to be Icol2 = 0.84, for wo 
: 0.75 cm, zo = 0, indicating that 84} of the total SFUR laser output 
energy is carried by the fundamental gaussian mode. 

Typical behaviours of lcB|2 for m = 0 to 3 are shown in figures 3a 
vs wo and in fig. 3b vs zo respectively. 

With the Cm coefficients at hand, we are able to propagate the beam 
through any distance in the free space. We remark however that the field 
E is exactly expressed by (15) only for m -*•, while in practice the 
summation must be truncated at some finite order M, and the requirement 
becomes to make M as small as possible without losses in fidelity. 

As an estimate of goodness of the expansion (15) for a given H, we 
can compute the quantity 

9 
m 

. r 
0 1 2 

Dittane* (cm) 
-2 

Fig. 2 • Numerically computed SFUR later profile at the extraction mirror. 
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(17) 

The succession defined by (17) is convergent; in fact by the Parseval 
theorem 

4-1 lim T ^ = | lEl2rdr=l 
M-MO 

(18) 

where the second equality has been choosen for normalization purposes. 

We notice that T^M does not depend on the longitudinal coordinate z, so 
that the accuracy of expansion (15) is the same for all the z's and is 
only determined by M. 

By defining S 2 M as 

lEl'rdr-Tj, , 

it can be easily proved that 

S2M=j|E- I'^on 
' ' n-0 

rdr 

and 

lim S'M = 0 , 
M-»« 
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o cm 

that is, S 2 M is a kind of mean square deviation of the truncated expansion 
with respect to the field E. 

It is evident that the use of the estimator T^M (or its equivalent 
S2ty) supplies a way to determine the free parameters wo and zo: we can 
choose wo and zo in such a way that for an assigned M, T M is a maximum. 
Figure 4 shows typical behaviours of T ^ vs wo. If we choose M = 2, T ^ 
is a maximum for wo = 0.45 cm and zo = 0; in this case we have 

lc0l
2 + ic,l2 = 0.94 

and the field E can be written as 

with 

E<r,z) = V U00 + cf Ufll 

c. = 0.74 exp(0.44 i n) 

Cj = 0.63 exp(0.44 i n) 

Conclusions 

The above results illustrate the usefulness of expanding laser 
beams in gaussian modes. If a laser beam profile is experimentally 
measured it is possible to use the expansion technique for easily 
propagating the beam and studying its behaviour in the far field, 
provided that the field phase is known as in the case of the SPUR is 
from theoretical consideration. 
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Abstract 

We present the results of numerical simulations of various optical 
cavity configurations with XeCl active medium. Discussed are the Self 
Filtering Unstable Resonator (SFUR), the positive branch unstable resonator 
and the combined oscillator-amplifier. Comparison with available experi
mental data is made where possible. 

Introduction 

Three possible cavity configurations for a large aperture (up to 10 
cm) discharge XeCl excimer laser have been simulated: the Self Filtering 
Unstable Resonator (I), the positive branch unstable resonator (II) and 
the combined oscillator-amplifier (III). 

The active medium is characterized by the small signal gain 
coefficient g0, the absorption coefficient a and the saturation 
intensity Ig. For the time dependence of the coefficients g0 and a we 
used the measured results as given in [1], and shown in fig.1 . There is 
experimental evidence that the ratio y : go(t)/a(t) is approximately 
constant. In the simulations different values of this parameter we're 
used. Since the saturation intensity is just a scaling parameter it was 
left free although the value of ~ 1.0 MW/cm given in [1] gives good 
agreement between the simulations and the available experimental data. 
No diffraction effects were considered inside the active medium. For the 
intensity propagation along rays the Rigrod equations [2], modified to 
take into account possible divergence of the counter propagating beams, 
were used: 
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Flg. 1 • Measured time dependence of the Fig. 2 - SFUR cavity; fi and fj are focal 
small signal gain coefficient g» (cont. lengths, a is aperture radius 
line) and fit used for cavity simulations 
(disc) 

where 1+ and I. indicate respectively forward and backward propagating 
intensities and R± are the corresponding divergence radii. 

The proper boundary conditions necessary to solve eqs.(l) are 
provided by the cavity mirrors or by a specified injected signal as is 
the case for an amplifier. For oscillators the system is started up by 
including a noise term. 

In the cases were the active medium was taken extended (II and III) 
the intracavity space was divided in a number of slabs each having its 
own time dependent gain and absorption coefficient (0 for free space) 
possibly dependent on the transverse coordinate. 

The Self Filtering Unstable Resonator (SPUR) 

The SFUR [3] is a confocal negative branch unstable resonator with 
an aperture at the common focal point of radius a = V0.6l;X*f2 (X = 
wavelength, see fig.2) such that the focussing effect is annulated by 
the diffraction effects and the result is a strong transverse mode 
selection. From the point of view of diffraction the active medium was 
considered a thin slab on mirror Mi in which eqs.(l) were solved. 
Fresnel integrals were used for free-space propagation. Simulation was 
done for our experimented cavity having dimensions fi = 500 cm, f2 = 50 
cm. -

In figs.3 we show the typical intensity distributions at the 
entrance (a) and exit (b) of the active medium at maximum gain 
(4.59/cm). It can be seen that due to saturation the center of the 
distribution is flattened. 

In figs 4 we show the pulse shape from the simulation (a) for 
maximum go = 8.5*/cm, y -- 15 and I8 = 1 MW/em2. Both pulse energy (140 
mJ), pulse width (80 ns) and peak time (170 ns) are in good agreement 
with the corresponding quantities of the measured pulse (b) [4]. 
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Fig. 3 - Intensity distribution for maximum gain 8.5%/cm, y = 15 at entrance a) and exit 
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Kg. 4 • Simulation with Is = 1 MW/cin», a) and measured b) pulse shape for SPUR cavity 
with parameters as in Fig. 3 
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Fig. 5 • Pulse energy vs magnification for 
SPUR cavity for fixed mode volume and 
parameters as in Fig. 4 

The pulse energy as a function of the magnification M : f i / f2 for 
fixed mode volume ( i . e . constant Ma) is shown in fig. 5. One notes that 
the pulse energy decreases only slightly when changing H from 10 to 20, 
but in this way the cavity length is roughly halved making the resonator 
more compact. 
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The positive branch unstable resonator (PBUR) 

For this resonator the active medium was considered extended. 

In fig.6 we show the intensity distribution at the back mirror (a) 
and at the exit (b) at maximum gain of If/cm, y = 10 and for 
magnification M = 5. The length of the active medium was 100 cm with 
diameter of 10 cm.The transverse spatial distribution of go was taken to 
be flat on 4 cm from the optical axis and linearly decreasing to 0 
outside. It can be seen that the back mirror distribution is rather flat 
and this allows a check by means of analytical computation. Figure 7 
shows the pulse intensity and go as a function of time. 

In fig.8 we show the normalized pulse energy (w.r.t Is) dependence 
on the magnification, for y = 10 and 20. The extraction efficiency 
reaches a maximum for low magnification (*2) but since the output 
distribution will be in the form of a very narrow ring one expects a 
high divergence of the beam in this case. It may thus be more 
advantageous to use a lower magnification i.e. M ~ 5 which gives about 
35% drop in pulse energy. 

Fig. 6 - Intensity distribution for PBUR at backmirror •) and exit b) for max. go = 
4%/cm,y = 10 and magnification M = 5 

300 400 

TIME(ns) 

Fig. 7 - Pulce shape (cont. line) for 
PBUR and gain coefficient go (dice, 
line) with parameters as in Fig. 6 and Ia 
= 1 MW/cm* 

8 12 16 

MAGNIFICATION 

Fig. 8 - Pulse energy vs magnification 
for PBUR with max go = 4%/cm, y = 10 
and 20, and I, = lMW/cm> 
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Fig. 10 • Injected a) and exit pulse b) for amplifier with I, = 1 MW/cm*, max go = 4%/cm, 
y = 10 (cont. line) and go (disc line) 
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Fig. 11 - Pulse energy for amplifier vs Fig. 12-Pulse energy and extraction 
injection-discharge delay, for 85 mJ efficiency for amplifier vs injected pulse 
input pulse energy and max. go = 4%/cm energy with parameters as in Fig. 10 

The extraction efficiency seems to be unsensitive to the mirror 
distance, as shown in fig.9, for magnification 5. 
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The osci'Hafc'w-aTlifier configuration 

For this simulation the saae senese as for the PBUR was used with 
the difference that reflection at the front mirror was replaced by a 
preassigned tine and space dependent input intensity distribution. 

Figures. 10 show the gaussian shaped input pulse (a) and amplified 
pulse (b) for max go = 4f/cm and y =10. The effect of a delay between 
injected pulse and discharge is shown in fig.11 where the amplified 
pulse energy is plotted versus delay. It shows about a 10% energy 
decrease at a delay of ± 40 ns , for an injected pulse energy of 85 mJ. 

Pulse energy and extraction efficiency q as a function of the 
injected pulse energy are shown in fig.12 for 2 different values of y. 
To have the same q as the PBUR (with magnification 5) one needs an 
rather high injection of about 600 mJ. On the other hand one may expect 
a better beam quality in this case. Thus, even for lower input energy 
the brightness may be higher. 
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Abstract 

Numerical methods for simulation of loaded laser cavities are 
largely devoted to the dynamic evolution of the transverse field 
distribution. Results on transverse field profile evolution have been 
published using various numerical methods like finite-difference schemes 
[1], Gaussian mode expansion [2] and spectral methods based on 
trigonometric polynomial mode expansion [3,4,5]. The latter method is 
particular advantageous because of the existence of very efficient 
algorithms such as Fast Fourier Transform (FFT). 

Our aim is to use a similar approach to solve the field in unstable 
laser cavities with high gain active medium such as XeCl. 

The preliminary test presented here constitute the first attempt to 
optimize our numerical code for nonlinear passive media. We present 
propagated field profiles, both in ring cavities and in Fabry-Perot 
cavities, with media exhibiting well known nonlinear behaviors such as 
self-focussing and bistability. 

The Dseudo-spectral method 

The nonlinear propagation equation in the paraxial approximation 
for a beam with waist w 0 and propagation distance L reads: 

^ = ^(V 2u + fl[u)u) (1) 
ai, F 

where we have used normalized coordinates and field: 
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E<x,y.*.t) = u<x.y At)e
, W-" , 

x y z z _• « o 
wo wo L c ** an2 

and P is connected to the Fresnel number Np = w2n/AL by F = 4HNF. 

To solve this equation we use a split-step operator technique by 
dividing the propagation length in N intervalls and concentrating the 
nonlinear effects at the centre of each interval1. Free space propaga
tion is used over the centre-centre distance. 

Formally the solution of eq.(1) can be written as: 

u(0 = u(0)e<A+B* 

where the operators A and B are (i/F)V2 and (i/F)f(u) respectively. 

Of course, since the operators A and B do not commute in general, 
one cannot separate the exponential into the product of the pair e*< and 
eK, but it can be shown that up to second order in i, one may write: 

which gives the formal justification of the numerical procedure. 

As said before we used the FFT method for free space propagation, 
which imples that one has to choose carefully the number of sampling 
points N and the sampling window [31. If t\ is the spill-over tolerance 
and C2 the fractional amount of energy that is aliased due to the finite 
number of sampling points over the sampling window Ga (a = data 
interval), we have the following criteria for G a.id N: 

G > 1 + — N > — 
2n Npe, n \ 

A further criterium, the edge-scattered wave condition, constitute 
in general a more severe requirement. However in our tests we have seen 
that it is enough to take t\- t2 (~ 1?) appropriately small to obtain 
satisfactory results. 

Often the field in a cavity is composed of two counterpropagating 
waves and so eq.(1) consists of a set of two equations coupled by the 
nonlinear term depending on the total intensity. In this case (see 
example II) in order to avoid memorizing all space points and thus 
saving a considerable amount of memory we adopted the following strategy 
(see fig.1): 

First the forward travelling wave up, with known initial 
distribution at the entrance, is propagated in the absence of the 
backward travelling wave, UB. Then up and UB are simultanuously 
propagated from the exit to entrance, using the now known initial 
distribution of UB after partial reflection of UF at the output coupler, 
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and solving the equation for UF in the reverse way. Then both are 
propagated from entrance to exit solving now UB in the reverse sense, 
and so on. 

Munerical results 

Numerical results on self-focussing and optical bistability in 
saturable absorber loaded cavities are shown in the following examples. 
In all cases propagation was in 3 dimensions using a 2 dimensional FFT 
for the transverse field . 

u « 

»b 
•M-limar medium 

out 

Fig. 1 • Fabry-Perot cavity, Vf and U B «re forward and backward travelling waves 

no 

i a i l* 

00 o!i o5 o* 
I • » ! • 

r 
0.1 

Fig. 2 • On-axis intensity distribution 
for different input powers.resp. 10 kW 
(a). 100 kW (b) and 200 kW (c). Black 
dots in (a) and (b) represent free 

10 propagation. 
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Example I. 

In fig. 2a, 2b and 2c is shown the on-axis intensity distribution 
of a focussed gaussian, beam, propagating in a self-focussing medium, 
for different input powers. The filled dots in fig. 2a and 2b represent 
free propagation. 

Example II. 

Numerical cavity experiments of injected gaussian beams are presented in 
fig. 3a, 3b and 3c. The cavities considered in fig. 3a and 3b are an 
unloaded and saturable absorber loaded Fabry-Perot respectively. In fig. 
3c instead a ring cavity is considered with one of its arms filled with 
a saturable absorber. The Fabry-Perot hysteresis loop and optical 
bistability in the ring cavity can clearly be distinguished. 

Example III. 

Finally, in fig. 4a, 4b and 4c, the input and output beam profiles 
of a ring cavity with an injected gaussian beam, are shown as they 
appear after different number of round crips N. In fig. 4a the cavity is 
loaded whith a self-defocussing medium and with N = 30 while in fig. 4b 
and 4c the cavity is loaded with a self-focussing medium and I M O and 
360 respectively. 
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Fig. 4 • Input and output beam profiles for a ring cavity loaded with a self-defocusaing 
medium after 30 roundtripe (•) and with aelf-defocuMing medium after 40 (b) and 300 
roundtrips (c). 
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Abstract 

In this paper we review the problem of gain calculation in a FEL 
operating in the Compton regime. We analyze the limit of validity of the 
so-called linear theory and discuss the modification induced by high 
gain effects. The complications associated with the short pulse 
operation are also considered as well as the gain reduction due to 
inhomogeneous broadening contributions. 

1. Introduction 

A measure for the possibility of a successful FEL experiment is the 
amount of gain. This quantity is therefore well studied and its 
dependence on the various parameters of an actual experimental 
configuration are well understood [1,2], 

A list of the quantities which may contribute to the FEL gain is rather 
large and also depends on the operation regime. In this paper we will 
discuss the problems arising within the framework of the Compton regime, 
characterized by the fact that the collective properties of the e-beam 
play an unessential role. The parameter which gives an idea of the 
importance of the collective effects is the plasma frequency related to 
the electron density W,/V by 

, 4/re2 N, 
p ym V 

Making the substitution 

V ecTE 
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where I is the beam current, £g the e-beam cross section and F the 
filling factor, Eq.(l.l) can be recast in the more practical form 

4tfc2 I F 
P = - Io TE 

< « 7- ir- (1-3) 

where I0-ec/r0 denotes the Alfven current where the numerical value is 
1.7xlO*A. 

Collective effects may be neglected whenever the laser frequency is 
much larger than the plasma frequency, namely 

/ I 4nf 
:Vio yr, -r-»cA/r- — = - (1.4) 

If the e-beam cross section is smaller than that of the laser beam 2^, 
the filling factor can be written as 

F-T- (1.5) 

For a Gaussian beam with Rayleigh length RL-I^/3 it can be easily shown 
that 

r L~| lak , (1.6) 

with L^ being the undulator length. 
Recalling that A-Au(l+k

2)/272 and that Lu-NAu, Au being the spatial 
period of the undulator and N the number of periods, we end up with the 
following inequality 

whre k is the undulator parameter. 
The above relation states that collective effects are important at high 
electron densities and low beam energies. Since in this paper we will be 
interested in FEL experiments with 7>20, I>10"1A and k-1, we can safely 
neglect any plasma contribution. 

Another crucial parameter is the gain coefficient which can be 
written as 

9o-^T yLu'4N
2F(f) (1.8) 
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F(£) is a function depending on the undulator parameter k and for a 
helical undulator is just* 

1 k 2 

F(?)-f- r (1.9) 
2 1 + k 2 

The magnitude of gg fixes a further regime of operation within the 
framework of the Compton regime. Indeed when go exceeds 0.5, deviations 
from the linear gain theory can be observed. In other words, for values 
of go larger than 0.5 the FEL gain is not proportional to the gain 
coefficient and higher order corrections appear which substantially 
modify the well-known antisymmetric gain formula. 

According to the magnitude of g0 we can roughly distinguish three 
operating regimes 

1) The low gain regime, in which the amplification is due to 
interference effects. 

2) The intermediate gain regime in which the combined exponential and 
interference effects contribute to the gain mechanism. 

3) The high gain regime in which the amplification is purely 
exponential. 

Before going into more specific details, let us clarify the order 
of magnitude of the physical quantities which characterize the above 
quoted regimes. 

Since, as already remarked, for go~0.5 exponential effects are 
already evident, we can state that departures from the linear gain 
theory are observed when 

oup>7^= J _ (1.10) 
VyU 2NV2F(0 

Using as typical parameters A-l/im, L^-lm, N-50 and k-1, we find 
that the e-beam plasma frequency should be larger than 

G U p > 5 . 1 0 V ' 

A more direct inequality may be that involving the e-beam current. 
From (1.10) we easily find 

'*ij 6^ m) '• ( l"' 
For 7-100 we get I>50A, which are peak current values available 

from, e.g., conventional linacs. 

*The case relevant to the linearly polarized undulator can be found in 
Refs.[l,2], 
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As well known, other sources of trouble are those associated to the 
inhomogeneous broadening effects; in this note we will discuss the 
relevant effects in low and high gain regimes. In a previous note in 
these proceedings, the short pulse effects and the gain modification 
induced by the lethargy have also been analyzed within the framework of 
the low gain theory. Here we will also propose a possible generalization 
including second order correction in the gain coefficient. 

The plan of the paper is the following. 
In Sec.2 we review the low and high gain theory for continuous 

e-beams. In Sec. 3 we discuss the effect of inhomogeneous broadening. 
Finally, Sec.4 is devoted to the pulse propagation theory and its 
possible extension to the nonlinear gain regime. 

2. Self-Consistent Theory of FEL Gain 

The linear theory of gain can be found in standard textbooks on the 
FEL [1,2]. The main assumption of this analytical treatment is that the 
laser field can be considered constant in one undulator passage. This is 
clearly an approximation, since more or less significant variations of 
the optical field are induced while the e-beam propagates through the 
undulator, so that the rear part of the e-beam experiences a laser field 
modified by the interaction with its front part. 

The self-consistent laser field evolution in the small signal and 
for a continuous e-beam can be written in the slowly varying amplitude 
approximation as [3,4,5] 

— + - — " " > 7 t a(z,t-t )e dt 
dz c dt cAt3Jo 

where At and wu denote the interaction time and the undulator frequency 
respectively. 

The convolution-type integral in the r.h.s. of Eq.(l 2) accounts for the 
self-consistent effect and, in fact, neglecting the t' dependence of the 
field amplitude a,'one immediately ends up with the linear gain theory 
FEL equations. Equation (1.2) can be cast in a more tractable form 
redefining the field amplitude as 

a(z,t)-a0exp{ico(t-z/c)> E(t+z/c) (2.2) 

and introducing the dimensionless variable 

T"Jt ( t + Z/C) ' (2'3) 

thus getting 
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± E=-i/rg0£
rE(T-T-)e,yt T-dT' (2.4) 

with i/-(c*-wu)At being the resonance parameter. 

The integrodifferential equation (2.4) can be reduced to an 
ordinary differential equation taking repeated derivatives with respect 
to r, thus ending up with 

d 2 _ , d 
, E - 2 i v ^ E - v 2 f - E-M/rg0E = 0 (2 .5 ) 

dT3 dT 2 dT 

The solution of Eq.(2.5) can be written in the form 

E(T) = XEJe
i('^')t (2.6) 

j 

where Sui sa t i s fy the third order algebraic equation 

Óv2(v + óvO = /rg 0 (2 .7 ) 

and the coefficients Ei are defined by the following linear system 

3 3 3 

J E J ^ I £flv,E,--v Z 6 v ? E i* v 2 (2-8) 
j - i j - i i - i 

The relative energy variation after one undulator passage, namely 

|E(1)|2-1 (2.9) ^ - I F . M V 2 

defines the FEL gain. 

The gain (2.9) has been evaluated numerically for different values 
of g0 and the results of the analysis are summarized in Figs (1-3). We 
have considered values of g0 ranging from 10"

3 to 10; for small values 
the gain curve exhibits the well-known antisymmetric shape while for 
increasing g0 combination of exponential and interferential effects, 
contributing to the gain process, substantially modify its profile. 
Another remarkable feature is that the maximum value of the gain curve 
is shifted, with increasing g0, towards smaller values of the resonance 
parameter. The dependence of the peak gain (AI/I),^ on g0 is shown in 
Fig. (4). The numerical scaling can be reproduced by a third order 
polynomial in g0 namely 
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(?) a0.84983g0 + 0.19158go + 0.42306go (2.10) 

MAX 

The calculated deviations from the numerical values are within 10"*. 

In Fig. 5 we also report vs gg the value of the resonance parameter 
where is located (AI/I),^; a simple scaling law of the type (2.10) holds 
for i/iug too and explicitly reads 

-2-2 v M A X-2.6-0.13972 g0 + 0.58141 • 10"*gÓ (2.11) 

The relation (2.10) is remarkable for two reasons. 

6 8 10 

Fig.l - Gain function vs the resonance parameter 
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Fig.3 - Gain function vs the resonance parameter 

6 8 10 

». 

Fig.4 - Maximum gain vs the gain coefficient gg (<10) 

1) It is a useful equation in order to estimate the gain deviations 
from the linear theory when g„ exceeds 0.5. 

2} Since the coefficients of higher powers in gg become increasingly 
smaller, one can conclude that the gain coefficient can be used as 
a perturbation parameter even when it exceeds unity. 

According to the last point, we can use the naive perturbation 
theory and expand E(r) of Eq.(2.4) as 

E(T)-£En(T)g! (2.12) 
n«0 
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Fig.5 - Numerical interpolation (dotted line) of the step-function 
(solid line), describing the g0-dependence of i/,̂ . 

thus getting the following recursive relations 

^ E . - - i * rEn_,(T')e"" T'dr' (2.13) 
j'i 

and 

E„(0) = 6n>0 , E.,-0 (2.14) 

The calculation of the gain up to the third order in g0 requires the 
explicit derivation of E1 2 3 from Eq. (2.13), which are reported in 
Appendix A. According to (2.*)) we get, indeed, 

-r-Qo9i(.v) + 92o92(.v) + 9l93(v') (2.15) 

where 

gi(v)"—T[2(1 -cosv)- vsin v] 
v 
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2 

92( v ' ) * —^[84( 1 -cosv) -60vs inv + 3v2 + 15v2cosv + v3sin v] 
O V 

n3 

g3(*0 " j [ l 1520(1 -cosv)-9000vsinv + 

+ 360v2 + 2880v2cosv + 480v 3s inv-

- 2 0 v 4 ( l + 2 c o s v ) - v s s i n v ] (2.16) 

The function g^v) i s the antisymmetric gain function of the l inear 
theory; g2,3(»/) are the interferential contributions of the high gain 
corrections. 
Perturbation and exact solutions are compared in Fig.6 for gg-5 and 10. 
The corrections due to the cubic term become signif icant for g^S, 
whereas for smaller g„ the second order corrections ensure a remarkably 
good agreement. For the sake of completeness we have reported in Fig.7 
the function g1(v) , g2(»0 and g3(»>) separately together with their 
re lat ive magnitude. I t i s worth stress ing that odd or even function 
corresponds to odd or even index respectively. 

As a f inal remark to this section l e t us underline that the perturbative 
expansion can be used even for larger values of the gain coef f ic ient . 
The behaviour of ( A I / I ) ^ vs g„ (up to 30) i s shown in Fig. 8 and the 
curve can be approximated by 

(?). 0.84983g0 + 0.19927g2 + 0.26364x 10"2go + 
AX 

+ 0.76663 x K T ' g * . (2.17) 

thus indicating that, also for these large gain values, interference 
effects are still important. 

3. The Inhomogeneous Broadening Effects 

The gain degradation due to inhomogeneous broadening is also a 
well-understood topic [1,2,7]. 

Therefore in this section we will not review its basic features, 
but we will present some results of practical interest. 

Inhomogeneous broadening is due to the e-beam energy spread o, and 
emittances iXJ. It is specified by the following parameters 

/*f- 4 N a f 
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360 

Fig.8 - Maximum gain vs gg (<30) 

' x , y 
2 N / 2 

1 + k' 
ye » .y (3.1) 

which measure the spontaneous emission line broadening induced by the 
energy spread and the emittances with respect to the homogeneous one 
(AW/w)0-l/2N. 

The inclusion of the e-beam qualities in the self-consistent FEL 
equations is almost straightforward. Equation (2.4) is indeed modified 

•il**.*' dE fT e 2V"' ' 
— --iirg.f d r ' T ' — ^r- -;E(T-T') (3.2) 
dT Jo (1 -M/r/ixT )(1 -M/T/iyT ) 

Equation (3.2) must be handled numerically. The results of the 
integration are summarized in Fig.9 where we have reported the FEL gain 
vs v for different values of g,, and Pt,x,y We must underline that when 
the n's increase, the gain curve acquires the familiar antisymmetric 
shape even for large values of g0. This point can be better understood 
inspecting the plots of Fig.(10) where the effect of the inhomogeneous 
broadening on the Z\,z,i^v) functions is shown separately. The reduction 
induced by the p's on gx{v) and g3(f) is comparable while that induced 
on g2(>

/) is much larger. This means that (being g3(f) very small), when 
inhomogeneous broadenings are active, the gain regime is dominated by 
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the linear approximation for a broader range of gg. A further support to 
this point is given by Fig. (11) where (Al/I),^ is plotted vs g„ for 
different n's. 

The function g1(f) is modified by the inclusion of the 
inhomogeneous broadenings as 

g,(v./i..O-Re|-2ir£(l + ii;). 

_ i r p - i ( « p , p ) 2 

'Jo o [l+intixp)[l +j;r/ i yp) 
(3.3) 

Simple expressions of the above type, albeit in a convolution form, 
are not available for g2 and g3. In Fig. (12) we have plotted the 
maximum value of g1 with respect to v, gy^x, vs p( for different values 
of Mx>7- The numerical scaling is well reproduced (within 2%) by the 
following relation 

1.2 

s 
^ 0.8 

04 

0 

-04 

-0.8 

-ii,.0.S:M,.ftT.<tt 
-pr.0.5;p..py.I.O 

a) 

•20 

10 

-20 

-*/V// -S^LS 

J u 
-10 10 20 

35 

S 30 
25 

..(i,.ll.S:/>,./t,.i.ii 

Fig.9 - Gain vs v for different g0 comparison between homogeneous and 
inhomogeneous cases. 
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Fig.10 - Effect of the inhomogeneous broadening on the g function 
separately. 
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Fig. 11 - Maximum gain vs gg: comparison between homogeneous and 
inhomogeneous cases. 

< 
2 

ÓT 07 r 

Fig. 12 - Maximum value of gl vs ny for different values of n%J. 

The parameters an and 7 are determined by means of a fitting procedure 
and are given by 
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a 0 - l , a , = - 0 . 1 5 5 . a 2 = 1 . 2 1 0 ~ 2 a 3 = 2 - 1 0 " 3 

a 4 « 1 . 2 1 0 " 2 a 5 - 3 . 4 1 0 ~ 2 y - 0 . 1 3 5 (3 .5) 

The origin of the 1.7 coefficient at the denominator of the first of 
(3.4) can be understood quite easily. Assuming /ix-/iy-0 and expanding up 
to the first order in fif

z one gets 

g1(v;^f(0)ag,(v;0,0) + ̂ -/i2-^g1(v,0,0) . • (3.6) 
2 dv* 

Evaluating the g : a t i/-2.6 i t i s immediately obtained 

g , ( / i f , 0 ) a 0 . 8 5 [ l - 1 . 7 ^ 2 ] (3 .7) 

Using a similar trick one can calculate the coefficients an in the 
second of Eqs.(3.4). The analytical derivation of the recurring terms 
is a rather cumbersome task. We can however consider satisfactory the 
result of the fit (3.4) valid in the range 0<fi( xy<l and we will not 
dwell on further analytical rehandlings of the integral (3.3). 

4. The Pulse Propagation Effect 

So far we have not included the further gain reduction due to a 
possible pulsed structure of the e-beam. 

In a previous note in these proceedings [8] we have pointed out 
that the peak gain of a FEL, operating with a bunched e-beam, depends on 
the parameters pc and 8 given respectively by 

A 

n 46L 
9 A 

g 0 ^ 

where A-NA is the slippage length. The quantity nc is a measure of the 
relative slippage after one undulator passage between the optical bunch 
and the electron pulse, whose r.m.s. length is az. The delay parameter 6 
is related to the cavity shortening SL necessary to compensate the 
velocity reduction of the optical pulse due to the lethargy (see Ref.[8] 
for further comments). The FEL gain, for small g0 and in the homogeneous 
regime, reads 
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G(0;/ie)--0.85g0|-{ln 

(0,-0.46) 

fsHìh) 
(4.2) 

From (4.2) we infer that the optimum 8 to maximize the gain is 

'MAX (4.3) 

and the corresponding gain is 

G ( 0 M A X ; / O ! 
0.85 g 0 

1 + "t 

(4.4) 

The cavity tollerance to get positive gain can also be evaluated 
from (4.2), namely 

6L 
Oo^ 0. 

MAX 
1 + 

(4.5) 

The above relations are fully reliable up to /*c-5. For larger 
values higher order corrections appear (for further comments see 
Ref.[9]). 

Ue have already remarked that Eq.(4.2) is valid when the 
inhomogeneous broadenings produce negligible effects on the FEL 
dynamics. A general formula which contains both pulse propagation and 
inhomogeneous broadening parameters is not available yet. It is indeed 
extremely expensive for the amount of involved computer time. 

A reasonably simple expression including the effect of the energy 
spread only can be however given 

G(fl;/ie,/i.) = 

0.85 e( —( in 

-tu2 

e e ( i + i . 7 ^ ) ( i + / i c / 3 ) 
-p 

(4.6) 
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The various parameters entering Eq.(4.6) have also been obtained by 
a fit of the numerical data and are given by 

TJ~1, e~0.5. y~0.03, 0~ 1 (4.7) 

Ve must point out that the numerical data are reproduced reasonably 
well by (4.6) (within 3%) for ftc t <0.5. Work is in progress to extend 
the range of validity and to include the effect of the emittances. The 
pulse propagation theory utilized in this section is valid in the linear 
gain regine. A semianalytical approach to the bunched FEL dynamics is 
under development. We can however anticipate some results valid in the 
long bunch hypothesis (A«ax) and up to the second order in g„. Within 
this framework the analogous of (4.4) reads (for the derivation see the 
Appendix) 

G*O.85g0{l-O.3Mt} + O.19g2{l-O.5^e} (4.8) 

which suggests that for larger MC (4.8) can be generalized to 

0.85g0 / S + z/.i 
G» —I l + 0 . 1 5 g 0 — — > 

\+t± \ y ° 2 + / i c / 

In this paper we have outlined the problems underlying the 
calculation of the FEL gain within the framework of a one-dimensional 
theory. This approach is limited by the fact that the filling factor has 
been inserted in the gain formula in a rather naive way and radiation 
self-focusing effects, significant for high gain, have not been 
included. 
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APPENDIX A 

Since we are interested in corrections up to the third order in gg 
we write the expansion (2.12) as 

E ( T ) a E 0 + g 0 E , ( T ) + g j E 2 ( T ) > g ^ E 3 ( T ) ( A . l ) 

From (2.13) we immediately get EX(T) as 

E . ( r ) - - « E . ( j ^ T ( e " * + l ) * ^ ( e " » - l ) | ( A . 2 ) 

The remaining terms E2 and E3 can also be evaluated from Eq. (2.13) 
and read 

E2(T)=i/r
2E0|-:^(e""-l)+4T(3e

i" + 2)-I iv v 

--L-T2(l-3e"")--^V"j 
2iv4 *• ; 6v3 \ 

E3(T)-n
3E0|-^(e--l)-[Zir(3 + 5e

i-)-

- - ^ T 2 ( 3 - ioe,") + -^T ,( r5e , r ,*iV 
v7 "• ' 3iv6 Vf 2/ 

1
 :TV

T — t - T 5 e i r T (A .3) 
6v 5 120iv4 

From definition (2.9) the gain can be immediately obtained in the 
form (2.15). 

The pulse propagation effects together with high gain corrections 
can be treated using a procedure similar to that exploited in Ref.[8]. 
We can indeed write the "Hamiltonian" for the long bunch high gain 
regime in the form 
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where 

Etv)-E,(v)-g„E3Cv) 

go 
(A.5) 

The new synchronism condition is obtained equating to zero the 
coefficient of the first derivative with respect to z; no significant 
deviations are found with respect to the first order condition, we get 
indeed 

Ad -3 — s 1.85x10 3g0 
& 

(A.6) 

The gain can be obtained looking at the eigenvalues of (A.4), thus 
getting for the first eigenvalue at the lowest order in g0. 

*o*l+goJE(,0,-y>/iri^ 

9o 
E ( 0 ) . ^ ( E ( 3 ) / E ( 3 ) + E ( 0 , / E ( 0 , ) ( A . 7 ) 

where 

:<») 
E r = ( - i r — E „ 

ÒV 

(A .8 ) 

Since the gain i s given by 

G-\k0\ - 1 ( A . 9 ) 

we immediately get (4.8). 



94 

FOOTNOTES AND REFERENCES 

Department of Physics, University of Rome (La Sapienza), Piazza 
Aldo Moro, 2, Rome, Italy. 

ENEA Guest 

ENEA Student 

[1] G. Dattoli and A. Renieri: Experimental and Theoretical Aspects 
of Free Electron Lasers in Laser Handbook Vol. 4, ed. by M.L. 
Stitch and M.S. Bass, North Holland Amsterdam (1985). 

[2] T.C. Marshall: Free Electron Lasers MacMillan Publishing Company, 
New York (1985). 

[3] I. Bernstein and J.L. Hirshfield: Phys. Rev. 20. t, 1661 (1979). 

[4] P. Sprangle, Cha Mei Tang and tf.M. Manheimer: Phys. Rev. 2LA., 302 
(1980). 

[5] G. Dattoli, A. Marino, A. Renieri and F. Romanelli, IEEE JOE-17. 
211 (1981). 

[6] R. Bonifacio, M. Narducci and C. Pellegrini in: Free Electron 
Generation of Extreme Ultraviolet Coherent Radiation, Brookhaven 
National Laboratory, 1983, ed. by J.M.J. Madey and C. Pellegrini 
(AIP, New York, 1984). 

[7] W.B.Colson, J.C. Gallardo and M. Bosco: Phys. Rev. 3̂ A, 4875 
(1986). 

[8] G. Dattoli, T. Hermsen, D. Jaroszinsky and A. Torre, these 
proceedings. 

[9] G. Dattoli, T. Hermsen, L. Mezi, A. Torre and J.C. Gallardo: 
proceedings of the 9th FEL Conference, Williamsburg VA, September 
1987, to be published in Nucl. Instrum. Methods. 



95 
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Abstract 

Ceramic and metallic-ceramic materials were alloyed and cladded on a ClO 
steel by means of a CO2 laser heat source. 

The main objectives of the research were to obtain a surface 
modification of the C40 steel in order to increase its wear resistance 
and to develop a repeatable coating process of potential industrial 
application.' 

è 

In the following sections, the laser coating process (including 
experimental equipment and working parameters) and the most important 
metallurgical results are described. 

Laser coating process 

Laser coating is a process whereby the surface of a metallic 
specimen is melted to a desired depth using a laser beam with the 
simultaneous addition of coating elements, usually in the form of powder 
[Ref. 1 and 2]. 

In our experiments, the powder coating elements were blown by an 
inert gas stream (to avoid oxidation) into the laser-generated melt 
pool, after passing through the laser beam to control its heating and 
therefore to increase the attitude to alloy formation between substrate 
and coating. 

"RTM, Vico Canaveje (To), Italy 
"ClSE.Segrateflvlihltaly 
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The main working parameters that can be varied to optimise the 
process are: 

laser beam power; 

shape and dimension of the laser spot; 

relative speed between specimen and laser spot; 

speed of the powder grains passing through the laser beam; 

powder feed rate; 

average size of the powder grains. 

It is useful to note that these parameters are not completely 
independent of each other: for instance, a powder feed rate which is too 
high may create a screening effect between the laser radiation and the 
surface of the specimen. 

By acting on the working parameters it is possible to obtain very 
different metallurgical structures in the treated zones: complete 
melting of the added powder with formation of an alloy between substrate 
and coating or, on the other hand, incomplete melting of the coating 
elements and consequently a very small zone alloyed with the substrate. 

Compared with other laser treatments, the coating process is 
characterised by high energy efficiency, with almost 50 - 70% of the 
incident radiation absorbed by the treated materials, even without using 
absorbent coatings. 

This is mainly due to the mechanism of powder deposition; in fact, 
during the process, the powder constantly covers the surface of the 
specimen and greatly reduces its coefficient of reflection to the laser 
radiation. 

Experimental eauipment 

The following experimental equipment was used: 

Rofin-Sinar c.w. C02 laser with a maximum power of 1.2 kW; 

fluid-bed powder feeder; 

powder distribution nozzle with annular output section, coaxial to 
the laser beam; 

working chamber, to protect the laboratory from the scattered 
powder, connected to an aspirator for its recovery; 

numerically controlled multiaxis system for handling the specimens 
during the coating process. 
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Coating materials 

The following powder materials were employed for the laser process 
in question: 

- Blena of 80% tungsten carbide-12% cobalt aggregate with a nickel-
chrome self-fluxing alloy; 

- Blend of 75% crystalline chromium carbide and 25% nickel chromium: 

- 100% pure SiC with two different average grain sizes: 3 um and 200 A. 

The ultrafine SiC powder (200 A grain size - see Fig. 1) was 

produced in the frame of an ENEA-CISE Contract by irradiating gas 
mixtures based on Si (silanes) and C (hydrocarbons) with a c.w. CO2 
laser (ref. 4). 

This technology of powder production can assure high purity, very 
peaked grain size distribution, good sphericity of each grain and a high 
specific surface of about 100 m2/gr. 

Therefore, this kind of powder can be quickly and uniformly heated 
by che laser beam during the coating process. 

Fig. 1 - T.E.M. Analysis of laser produced SiC powders (165.000 x ) . 



98 

Metaliureicai results 

Tungsten carbide base powder 

Due to the strong mixing between coating elements and substrate, 
this coating can be seen as a superalloy metallic matrix (steel + 
cobalt) with a very high concentration of carbides. As can be seen in 
Fig. 2, the metallic matrix of the coating contains some WC grains, not 
completely melted by the laser beam. 

The hardness of the metal matrix is about 850 HV(O.I) while the 
nardness of the WC grains is greater than 1500 HV(O.l). 

The coating obtained has a thickness in the order of some tenths of 
a mm, with very reduced porosities and without any cracks. 

The surface roughness is not greater than 6 urn Ra. 

Chromium carbide base powder 

The metallic matrix of the coating is a steei+Ni+Cr alloy. 

The results obtained with this kind of powder are not very 
aifferent from those obtained by using tungsten carbide base 

Fig. 2 - Coating based on WC (200 x ) . Laser parameters: spot 
diameter 3 DB, power 1200 W, scanning speed 10 BB/S. 
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powder.ProbaDiy due to the melting temperature of the cnromium carbide 
wnich is not very different from that of steei, this coating is more 
homogeneous than WC, and contains a very fine diffusion of carbides 
(Fig. 3). 

The higher hardness value, obtained near the external surface 
(wnere the concentration of carbides is higher), is of 900 HV(O.I). 
There are no cracks or porosity, and the surface roughness is not 
greater than 5 urn Ra. 

SiC powder (3 urn grain size) 

The coating obtained with this kind of powder can be divided into 
two zones (Fig.4): 

an external one, with a thickness of 0.02 - 0.03 mm, not melted or 
only partially melted and with a hardness greater than 1500 
HV(0.1). • 

an underlying alloying zone, in which the SiC has been completely 
melted, with a thickness of 0.3 mm and a hardness of 800 HV(0.1). 

The surface roughness is of 4 urn Ra. 
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Fig. 4 - Coating based on SiC particle with 3M average diameter 
(200 * ) . Laser parameters as in fig. 2 but power 800 W. 

Ultrafine SiC powder 

By observing a section under the optical microscope, an extremely 
smaii area (0.02-0.03 mm) of completely melted coating can be seen (Fig. 
5). 

The surface appears covered with a uniform, yellow/brown layer. 

The coatings obtained are characterised by their exceptional 
surface quality (0.8 \m Ra), equal to that of the base material. 

It proved to be very difficult to produce a microhardness profile 
aue to the thickness of the coating. A SEM composition analysis was 
attempted but was not very succesful because of a disturbance caused by 
the eage effect. However, the presence of Si was inferred which could be 
caused by the products of the decomposition of SiC (species particularly 
unstable at high temperatures) (ref. 3). 
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Fig. 5 - Coating based on ultrafine SiC powder. Laser parameters: 
Spot diameter 2 am, power 1000 W, scanning speed 100 nm/s.(a) (32 x ) ; 
(b)(200 x) 
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Conclusions 

With laser technology, it is possible to obtain, in a controlled and 
reproducible manner, a surface modification of a metallic substrate by 

adding or alloying a ceramic or a metallic-ceramic material. 

The principal characteristics of the coatings obtained with the 
laser technology in question are: 

good surface roughness and uniform treated thickness, so that only 
a small amount of material has to be removed by surface finishing; 

strong metallurgical link with the substrate; 

total absence of cracks; 

very few pores, even without working in a vacuum chamber; 

very small heat affected zones and therefore small deformations of 
the treated components; 

possibility of reaching and treating very small and complex 
components. 

In a blown powder process, the flow rate of the powder influences 
the CO2 laser radiation absorption of the substrate. Therefore, in order 
to obtain a uniform cladding and alloying depth and a good surface 
finish, the powder has to be fed with a constant flow rate and blown 
into the melt pool in a uniform stream. 

Moreover it is desirable to use chemically pure powders with a 
uniform density, a well defined grain shape (spherical, if possible) 
and not very large grain size distribution, so that the powder can be 
heated uniformly when passing through the laser beam. 

The devolpment of systems for the production of such high quality 
powders is thus very important for the industrial applications of laser 
coating technologies. 
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