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Abstract

The main topics of the present thesis are the processes governing electronic
sputtering of insulators and laser ablation of metals and insulators. The
sputtering yield for electron bombardment of solid deuterium was investigated
using quartz crystal microbalances as the measuring technique. The sputtering
yield was measured with varying electron energy and deuterium film thickness.
Laser ablation measurements of silver and nickel were carried out using a
Nd.YAG laser. The effect of various experimental parameters such as
background gas pressure (Ar, N2), position of quartz crystals with respect to
target position and the optimal number of laser shots for carrying out the
experiments were investigated. The deposition rate was measured with varying
laser wavelength and laser fluence. The angular distribution of the ablated
material was measured for silver as well. A theoretical model based on the
thermal properties of laser interaction with metals was applied in the initial
phase of ablation. For the non-thermal processes governing laser interaction
with the ablated plasma plume, a model developed by Phipps and Dreyfus was
used to interpret the results. Laser ablation measurements of water-ice were
carried using a Nitrogen laser. Attempts were made to measure the deposition
rate for various the laser wavelengths and energies.

Front page figure: Illustration of the processes governing irradiation of a solid.
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Dansk Resume'

Dansk titel: Ladet partikel- og laser-bestråling af udvalgte materialer.

Denne rapport omhandler processer, der styrer elektronisk sputtering af
isolatorer samt laser ablation af metaller og isolatorer. Sputtenng-udbyttet for
elektronisk bombardement af fast deuterium blev målt ved hjælp af kvarts
krystal mikrovægte. Sputtering-udbyttet blev undersøgt for vanerende
elektronenergier og deutrium filmtykkelser. Målinger af laser ablation af sølv
og nikkel blev udført ved brug af en Nd:YAG laser. Effekten af forskellige
eksperimentelle parametre så som baggrundstryk (Ar, N2), position af kvarts
krystallerne i forhold til (target) positionen samt det optimale antal af laserskud
for eksperimenterne blev undersøgt. Depositionsraten blev målt ved vanerende
laser-bølgelængde og intensitet. Vinkelafhængigheden af det ablaterede
materiale blev også målt for sølv. En teoretisk model baseret på de termiske
egenskaber af laser-vekselvirkning med metaller blev anvendt i ablationens
første fase. For de ikke-termiske processer, der styrer laser-vekselvirkning med
det ablaterede plasma, blev en model udviklet af Phipps og Dreyfus benyttet til
at fortolke resultaterne. Målingerne af laser-ablation af vand-is blev udført ved
brug af en nitrogen-laser. Depositions-raten ved varierende laser-bølgelængde
og energi blev forsøgt målt.
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1 Introduction
Interaction of charged particles and photons with solids covers large areas of
physics and have numerous applications. The processes have been studied com-
prehensively for more than thirty years. [l]-[4]

In this project electronic sputtering of solid deuterium and laser ablation of
silver, nickel and water ice have been studied, whereas photodesorption, ion and
electronic sputtering were used to initiate the laser ablation of water ice.

When irradiating a solid by charged particles or photons, an important effect
is ejection of particles, provided that the energy of the incoming radiation is suf-
ficiently high. The processes leading to the ejection of material differ in many
aspects depending on the incident radiation.

Sputtering is driven by the interaction of charged particles, ions or electrons
with matter, and the sputtering yield is calculated as the number of ejected target
particles per incoming primary particle.

Laser ablation or photon desorption are driven by the interaction of photons
with matter. The ablation rate is the amount of material removed per laser pulse
or unit time. In analogy with sputtering, one may define the ablation yield as the
number of target particles (atoms or molecules) ejected per incoming photon.

The different sputtering and ablation processes are outlined in Fig. 1.

Laser desorption
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Figure 1. Illustration of the processes governing irradiation of a solid

When irradiating a solid with ions, the major processes leading to ejection of
material are knock-on sputtering and electronic sputtering. Generally one needs
to include both processes to explain the observed sputtering yield and the energy
distribution of the sputtered particles. The contribution of each type to the total
sputtering yield is determined by the energy of the incoming particles and by the
relevant parameters of the solid target.

Knock-on sputtering (Fig. la), occurs when the incoming ion transfers energy
to a target atom via a direct collision. The struck atom may then initiate colli-
sion cascades through secondary and higher order collisions. A standard theory
for knock-on sputtering from solids was developed by Sigmund [5]. This type of
sputtering is dominant for keV ions and ions of large mass.
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Electronic sputtering (Fig. lb), is mainly driven by inelastic collisions of the in-
coming particles with the bound electrons in the solid. However, elastic collisions
with the target nuclei can also occur leading to scattering processes. Electronic
sputtering requires the existence of repulsive potentials during the electronic de-
excitation of the target electrons. This repulsion converts electronically deposited
energy to translational energy of the target particles. In metals such potentials
do not exist due to the presence of the conducting electrons. A model describ-
ing the sputtering yield from electronic sputtering of insulators was developed by
Ellegaard et al. [6]. For keV electron irradiation of insulators the major erosion
process is electronic sputtering although the excitation of rotational and vibra-
tional modes in the target molecules, may also contribute to the sputtering yield.
Electronic sputtering is also the dominant sputtering process for insulators dur-
ing light ion bombardment at sufficiently high energies. For medium energy ion
bombardment the two processes are comparable. The sputtering mechanisms for
the different energy regimes are listed in table 1.

When irradiating a solid with eV photons (Fig. lc), the mechanisms by which
energy is deposited are quite different from those of charged particle bombardment.
The ejection of material depends strongly on material properties and the electronic
structure of the target but also on properties of the incoming photons such as the
wavelength and the intensity of the beam. [7],[8]-[10].

For conducting materials incident photons are absorbed and reflected at the
surface, depending on the absorption and reflection coefficients of the materials.
Then the absorbed light is transformed into thermal energy, and transported into
the material, depending on the thermal conductivity and specific heat of the target.
If the intensity of the light is high enough, the surface will melt and material will
evaporate from the surface. For high intensities the evaporated particles become
ionized and a plasma forms in front of the surface causing the ablation mechanism
to become somewhat more complicated.

When working with materials with no free electrons, i.e. insulators, the initial
process of the ablation mechanism is more complicated. The energy of the photons
needs then to be at least in the VUV-range (above 6 eV) for single photon ab-
sorption to occur in many materials. When the energy of the photon is such that
the light can not be directly absorbed by the solid, other processes are needed to
initiate the ablation process and create free carriers in the solid. Some possibilities
are the absorption of the light in defect sites of the insulating material, or for high
intensity laser light, multiphoton absorption processes creating free electrons.

To get an overview of the processes investigated in this project, the charac-
teristic features of the different methods of interaction of charged particles and
photons with solids are outlined in table 1. The table is modified from Haglund
and Kelly [9]. Different material parameters for deuterium, water ice, silver and
nickel, important for the interaction mechanism described above, are listed in table
2.

12 Ris0-R-924(EN)



Characteristic
mehanism
Dominant energy
absorption mechanism
Particle ejection
mechanism
Material removal
efficiency
Role of electronic
excitation

Ion sputtering
(E < 10 keV)

Atomic collisions

Collisional and
electronic
Usually high

Small perturbation
on collisional process

Ion sputtering
(E > 1 MeV)

Electronic
excitation
Collisional and
electronic
Usually low

Dominant

Electronic
sputtering
Electronic
excitation
Electronic

Moderately
high
Dominant

Laser
Ablation
Electronic
excitation
Electronic
and thermal
High for intense
laser beams
Dominant

Table 1. Processes governing particle sputtering compared with laser ablation.

Material Parameters

Density 1022

[atoms (mol)/cm3]
Sublimation energy
[eV/partlcle]
Work function [eV]

Mean ionization
potential [eV]
First ionization
potential [eV)
Boiling point [K]

Specific heat [J/mol K]

Thermal conductivity
[W/cm K]

Deuterium

3.05a

1.2 10-2 a

0.7 - 0.9»

19.2'

15.5°

23.6^

0.59
(atAK)
0.005*
{atAK)

Water ice

3.34h

0.486

0.9h

75'
(liquid)
12.6'

373.15'

34.88/
( at 77 K)
0.0035*
{at 173/0

Silver

5.86e

2.94C

4.26^

314d

7.5/

2485e

1.9 • 10-3

(at 300/0 m

4.29e

(at 300/C)

Nickel

9.14e

4.44C

5.15/

470*

7.63/

3005e

4.7-2

(at 300/0'
0.91*
(at 300/0

Table 2. Material properties of deuterium, water ice, silver and nickel.

a: |U|b:[12lc: |131d: |4]e: |M)f: [15]
g: [16] h: [17] i: [18] j : [19] k: [20] 1: [21] m: |22|
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1.1 Overview of chapters

This thesis is divided into three major sections.

• Electronic sputtering of insulators

• Laser ablation of metals

• Laser ablation of insulators

Although some similarities can be drawn between the processes governing these
topics, each topic has been described separately for clarity and put together in an
overall conclusion in chapter 7.

The experimental procedures for the four different experimental setups are de-
scribed in chapter 2. Some measuring procedures are similar for the different ex-
periments, and are only described for the experiment in which they were used
first, and referred to thereafter.

Electronic sputtering of solid deuterium is investigated in chapter 3. The sput-
tering yield from solid deuterium as a function of film thickness for 1.5, 2.0 and
3.0 keV electrons was measured. A strong enhancement in the sputtering yield for
thick films was noted which has never been observed before. The mechanism and
underlying processes leading to this thick film enhancement were investigated.

In chapter 4, the processes governing laser interactions with metallic surfaces
are discussed. A thermal model describing the initial ablation process has been
developed and is discussed. For large laser intensities the processes become non-
thermal. In this intensity region we use a model developed by Phipps and Dreyfus
to describe the processes.

The experimental results from laser ablation of silver and nickel are presented in
chapter 5. The deposition rate as a function of energy, wavelength and background
pressure was measured for the two materials. For silver the angular distribution of
the ejected particles was measured as a function of intensity. The theory discussed
in chapter 4 is compared to the experimental findings.

In chapter 6, the laser ablation measurement performed on water ice is discussed.
The ablation rate was investigated as a function of wavelength and fluence. We
did not obtain any major results doing these experiments, but some useful con-
clusion could be drawn from the absence of results. A short introduction to photo
desorption of water ice is given.

A conclusion of the work done in this project is given in chapter 7.

14 Ris0-R-924(EN)



2 Experimental Methods

In the following section the experimental setups used during the course of this work
are described. The components which are common to the different experiments
will be described in the experimental setup where they were first used and referred
to thereafter.

2.1 Experimental setup 1
Electronic sputtering of solid deuterium
In this experiment sputtering of solid deuterium with electrons was investigated.

The experimental setup is shown in Fig. 2. The target region is located below the
liquid helium cryostat. Two radiation shields surround the target area, protecting
it against thermal radiation. Only the liquid helium shield is shown in the figure.
An electron gun is mounted on one side of the chamber providing an electron beam
of keV energies. The beam was focussed and directed towards the target by means
of deflector plates, hitting the target at normal incidence. During the experiment,
the beam was swept horizontally and vertically over a 2 mm aperture, ensuring
that the electrons hit the central part of the condensed gas homogeneously. The
target was deuterium films, 99.99 % pure, condensed from the gas phase onto the
silver electrode of a quartz crystal microbalance. A target temperature around
2 K was achieved by using an Oxford cryogenic system, consisting of an outer
container filled with liquid nitrogen (77 K), and an inner container filled with
liquid helium (4 K). By pumping on the liquid helium we could reach a target
temperature of approximately 2 K. The weight loss during erosion was measured
using a quartz crystal microbalance. This experimental setup has been described
in details in [23, 24], and only selected features of the measuring techniques will
be discussed in the following sections.

2.1.1 Target chamber

The target chamber used in this experiment is shown in Fig. 2A. The target is
thermally coupled to the cryostat to ensure a temperature cold enough to prevent
evaporation of the deuterium film during erosion. A cupper bias ring with a bias of
± 90 V is placed in front of the target. The bias ring which is electrically isolated
from the target enables secondary electrons to be either retained (+) or extracted
(—) from the deuterium films and measured. A graphite Faraday cup is mounted
directly below the target. By deflecting the electron beam into the Faraday cup,
the incoming electron current I& could be measured. A Faraday cage surrounds
the target region, the Faraday cage is grounded in order to eliminate disturbance
from any external field. During the beam optimization, the ring cage and cup were
heated to eliminate charge up effects. The target could be heated to remove the
films after each experiment. The chamber was evacuated using a diffusion pump
with a nitrogen trap. The background pressure with a cold cryostat was below
10~7 Torr. The temperature of the different components was measured by means
of carbon resistor thermometers. (Heaters, grid, cage and cup). A close-up of the
target area is shown in Fig. 2B.

Ris0-R-924(EN) 15



Gas Inlet tube

Radiation
shield

Apeture

Biased ring

jquid helium

Electron gun

Quartz crystal
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Faraday cup

B

Figure 2. (A) Experimental setup for electron sputtering of condensed gases. (B)
A close-up of the target region. The monochromator was not used in the present
work.

2.1.2 Gas inlet system

The deuterium gas is first let into a reservoir until a pressure of 20 Torr is reached.
A needle valve controls the gas flow into the chamber. An electromagnetic valve
is connected to a switch and controls the time period of the gas inlet. The flow
rate depends on the pressure in the reservoir and the setting of the needle valve.
The gas is let into the chamber from the reservoir through a copper tube. A
thermometer and a heater are mounted on the copper tube. During gas inlet the

16 Ris0-R-924(EN)



gas tube is heated to prevent the gas from solidifying and blocking the tube.

2.1.3 Quartz Crystal MicrobaJance

The method we used to determine the film thickness during deposition and mass
loss during irradiation was by measuring the weight loss with a quartz crystal mi-
crobalance (QCM). The quartz crystal is a commercial AT-cut crystal, cut out of
a single crystal. It has a diameter of 14 mm and is 0.3 mm thick. Two silver elec-
trodes, 4000 A thick and with a diameter of 6 mm, are placed in the center of the
quartz crystal on both sides of the crystal. The crystal is mounted in two springs
which are attached to a holder by means of conducting silver glue (Ethylglycol
Xylene) or tin solder, which both are good heat conductors at these temperatures.
Tin solder was used in the majority of the experiments, as the thermal contact
between the springs and the crystal was much better using this method. An os-
cillating circuit is placed just outside the chamber and is connected to the crystal
by a double shielded cable. The resonance frequency is about 5 MHz and indepen-
dent of temperature between 4-12 K, and around room temperature[23]. When
material is deposited or removed from the QCM, a change in frequency occurs
due to the piezoelectric effect. Using this method, we can measure the thickness
of the film deposited on the crystal and the amount of film removed during ero-
sion. An aperture with a diameter of 6 mm is placed right in front of the crystal,
limiting the area of deposition. If M is the mass of the crystal and / the reso-
nance frequency, the following expression gives the mass change as a function of
the frequency change for small mass changes {&ff- < 2%).

AM = K • A/

where A/ is the change in frequency and K a constant (K = 1.2991016 amu/cm2).

2.1.4 Measuring procedure

The film was deposited as described above and the electron beam optimized. Before
film deposition, the reflection coefficient of the silver electrode was measured to
ensure that the beam was hitting the target. This was done by measuring the target
current I, and the beam current I(,. The ratio *»~'' gives the relative number of
reflected electrons from the silver surface. The reflection coefficient for silver was
~0.31 for 1.5 keV electrons. Before and after the experiment the beam current Ij,
was measured to see if the current was stable during erosion. The experimental
run time varied depending on the thickness of the film. For thin films, the target
was irradiated for a 15-20 min. period, whereas for thick films it was irradiated
for 40-60 min. 900 measuring point were taken in all cases. The film was removed
by means of small heaters on the target holder. When the frequency of the QCM
had stabilized, a new film could be deposited.
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2.2 Experimental Setup 2
Laser ablation from metals
With this setup we investigated laser ablation of silver and nickel. The laser used
was a Continuum NY81C NM:YAG laser with the possibility of doubling, tripling
and quadrupling the fundamental frequency of the wavelength 1064 nm. This
enabled us to work with wavelengths of 532 nm, 355 nm and 266 nm. The laser is
described in detail in appendix A. To change the energy of the laser beam, it was
attenuated either by an hydrogen cell or with glass plates placed in the beamline in
front of the lens. The hydrogen cell with a pressure up to 12 Torr, could attenuate
the beam, depending on the wavelength, by 10-50 mJ. The glass plates proved to
be a more effective method to decrease the laser energy for wavelengths in the
UV-range.

The beam was focussed onto the target using a lens of 100 cm focal length placed
90 cm from the target. The laser beam hit the target at an angle of incidence of
45°. The targets used were silver and nickel, either commercial with a purity of
approximately 99.95 %, or ultra pure samples specially purchased with a purity
of 99.9985 %. The target was cut in a circular piece with a diameter of ~ 2.5 cm,
enabling us to make 12 measurements in one measurements series.

The experimental setup is outlined in Fig. 3. The amount of deposited mass
(deposition rate) was measured using a quartz crystal microbalance (section 2.1.3).
The data acquisition and the laser firing were controlled using a personal computer
(PC). The laser was fired with a 6 seconds delay between each shot, the QCM
frequency change was recorded after each laser shot.

Figure 3. Experimental setup for laser ablation of metals.
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2.2.1 Target Chamber

The target chamber used here was build as a prototype to investigate the optimum
conditions for thin film deposition and to check the reliability of the QCM in a
plasma environment. The target was placed at an angle of 45° with respect to
the incoming laser beam. It was rotated manually from outside the chamber when
a new spot should be irradiated. The QCM was placed normal to the target at
possible distances of 36, 46, 56, 66, or 76 mm from the target. The chamber was
evacuated using a diffusion pump and a rotary pump with a nitrogen trap. A
background pressure in the 10"7 Torr range was achieved.

2.2.2 Measuring procedure

The laser was aligned and the beam optimized for the specific wavelength. The
energy of the beam was measured at 10 Hz before and after each run, using a
power meter. Later we calibrated this energy measurement using a pyroelectric
energy meter for single laser shots and found a deviation of less that 1 % . The
ablated material was detected by measuring the material deposited on the quartz
crystal microbalance. The deposition rate was investigated as function of

1) Crystal position: silver A = 532 nm.
2) Energy or fluence: silver A =266, 355, 532 nm and nickel A = 355, 532 nm
3) Residual gas pressure of N2 or Ar: silver A = 355 and 532 nm
The standard experimental run was over a 20 minutes period of 200 laser shots

with 6 seconds between each shot.

2.3 Experimental setup 3
Laser ablation of water ice
2.3.1 Experimental setup. University of Virginia, USA

Laser ablation of water ice was first investigated using an experimental setup at
University of Virginia (UVA), Charlottesville, USA. We added a nitrogen laser Fig.
4 to an already existing sputtering chamber equipped with an ion beam source,
an electron gun, and a Lyman-a lamp. The chamber is described in several places
[25, 12]. Only a brief description will be given here. We continued the experiment
in our laboratory at Ris0, using a new setup which will be described in more detail
later.

2.3.2 Target chamber

The experiments were carried out in a stainless steel UHV vacuum chamber,
pumped by a CTI Cryo-Torr 7 Cryopump, giving a background pressure of ap-
proximately 10"10 Torr. Attached to the chamber were an ion beam source, an
electron gun, a UV-Visible spectrometer, a hydrogen lamp (for Lyman-a radia-
tion), the gas inlet system, and a quadrupole mass spectrometer, as shown in Fig.
4. The only addition we made to the chamber was setting up the nitrogen laser.
Each of the components used will be described separately.

2.3.3 Gas manifold

The manifold was pumped by an Alcatel turbo pump, obtaining a base pressure
less than 1-10"3 Torr. It provided the water vapor for the gas inlet system, and the
mixture of gases used to fuel the hydrogen resonance lamp for Lyman-a radiation.
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Figure 4- Experimental setup for laser ablation of water ice.

2.3.4 Nitrogen laser

The nitrogen laser was a VSL-337ND self-contained laser. The wavelength was
337 nm with a repetition rate from 1 to 20 Hz and a peak power of 85 kW, giving
an average power > 3 mW at 20 Hz. The pulse width (FWHM) was 3 ns. The
beam spot was a semirectangle with dimensions as shown in Fig. 5. By placing a
dye cell of type DLMS_220 with a spectral range of 360-720 nm in front of the
laser, we could select a specific wavelength to work with. We used Rhodamine 610
as a dye which produces a wavelength of 625 nm.

7 mm

3mm

7 mm

5mm

Figure 5. Beam spot of nitrogen laser.

20 Ris0-R-924(EN)



The laser output was calibrated by means of a power meter and also by means
of the frequency shift of the quartz crystal microbalance due to thermal heating.
The data are listed in table 3

Normal Incidence

Position
1
2
3
4
5

Preq. shift [Hz]
08
11
27
28
32

Power meter

Position
1
2
3
4
-

Power [mW]
0.65
1.9
2.9
3.6
-

Power meter [Lens 40 cm]

Position
1
2
3
4
-

Power [mW]
0.8
1.95
2.55
3.25

-

Table 3. Calibration of the power output from the nitrogen laser. The repetition
rate increases with increasing position, position 1 corresponding to approximately
1 Hz and 5 to approximately 20 Hz.

2.3.5 Ion beam

The ion beam was produced by a conventional ion accelerator, and was analysed in
mass using a magnet with a resolution of -gfa ~100. The ion beam passed through
a differential pumping stage kept at ~10~6 Torr and then into the UHV vacuum
chamber. The target was rotated so that the ion beam hit the target at normal
incidence. The angle of incidence was measured to within an error of ± 3%. The
dose per unit area was determined to an accuracy of 3% from the measured beam
spot size and the time integral of the ion current on the target.

2.3.6 Hydrogen Lamp (Lyman-a radiation)

The hydrogen lamp was constructed in the laboratory in UVA, and is described
in detail in Mike Westley's Ph.D. thesis [1]. The hydrogen lamp itself consisted of
an air cooled quartz tube attached to the gas inlet system, a microwave resonance
cavity, and a microwave power supply (Opthos Instruments, model MPG 4M). For
maximum Lyman-a radiation, 10% H2 and 90% Ar were mixed to a total pressure
of 1.0 Torr. A MgF2-window which transmits at least 40% at 121.6 run Lyman
-a radiation was used to allow the radiation to enter the vacuum chamber. The
microwave power supply was turned on and a Tesla coil started the discharge. The
reflected power was minimized by turning knobs on the lamp and an intensity in
the range 10-80 W could be reached. Only about 5-10% of the lamp power goes
into Lyman-a photons. The lamp intensity on the target was increased by at least
a factor of 4 by a mirror-polished Al cylinder surrounding the lamp. The cylinder
can be adjusted to align the light from the lamp directly onto the target. The
Lyman-a flux was calibrated using a wire photoelectron detector [1]. A photon
flux between 51013 and 5-1014 photons/cm2s was achieved. The lamp is shown in
Fig.6.

2.3.7 Double quartz crystal microbalance

Film thickness and ablation rate were determined using a quartz crystal resonator,
as described in section 2.1.3 (K = 1.227 • 10~8 g/cm2). The gold electrode of the
quartz crystal microbalance also acted as the target substrate. Another crystal of
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Figure 6. A schematic view of the Lyman-a lamp constructed at UVA. ref. [25].

the same type was placed back to back to the substrate crystal in a heterodyne
setup. This crystal was not exposed to the water vapor deposited and could there-
fore be used to obtain absolute measurements by using the difference in frequency
of the two crystals as the output signal. This setup reduces the temperature depen-
dence to 2 Hz/K, where in comparison the temperature variation for a one-crystal
setup is 50 Hz/K. The ablated material could be derived from the rate of change
of the frequency difference between the two crystals, given a mass sensitivity of
1-1014 water molecules/cm2 or approximately 0.1 monolayer of ice corresponding
to a frequency shift of 0.2 Hz..

2.3.8 Measuring Procedure

The ice film was deposited onto the gold substrate by fiowing water vapor from
the manifold through a capillary array of thickness 0.5 mm, hole diameter of 50
/*m, with a separation of 120 fim. A leak valve between the manifold and capillary
array was used to control the gas flow, and hence the growth rate of the film.

First the nitrogen laser was aligned. This was a difficult task as there was no
way to observe the beam spot on the target. The laser beam was supposed to be
aligned when a frequency shift due to thermal heating of the target induced by
the laser light reached a maximum. This indicated that the laser beam hit the
center of the electrode, i.e. the most sensitive part of the crystal.

The experiment was carried out as follows: A spectrum of the reflected laser
light hitting the gold substrate was recorded. The film was then deposited on the
substrate at a rate ensuring an amorphous ice film. Next, defect sites in the water
ice were induced in several ways: 1) by means of a proton or an argon ion beam,
2) by electron irradiation, or 3) by shining light from the Lyman-a lamp onto the
target. Then the target was irradiated by the nitrogen laser for a time period from
30 min. to 4 hours at a wavelength 337 nm or 625 nm. The frequency shift was
observed, and at the end of each experiment another spectrum was recorded to
see if damage had been made in the ice film.
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2.4 Experimental setup 4
Angular distribution measurements
After the preliminary experiments on laser ablation at Rise and at UVA, a new
chamber was build to investigate the processes during laser ablation more thor-
oughly. The experimental setup is shown in Fig. 7. The laser beam hits the target
through an aperture of 6 mm in diameter at normal incidence. A network of crys-
tals is surrounding the target, enabling us to obtain an angular distribution of
the ablated material. A monochromator and an electron gun are attached to the
chamber, but were not used in the course of this work. The gas inlet system is
similar to that described earlier, section 2.1.2. The cryogenic system used here is
the same as that described in experiment 1, but we only use liquid nitrogen to
cool the system. The target temperature was around 77 K when the inner con-
tainer of the cryostat was cooled with liquid nitrogen, the crystals are not stable
at this temperature and resonant frequency of the crystals %-aried quite a lot with
temperature. Alternatively, the target was kept at room temperature while the
outer container was working as a cryotrap with liquid nitrogen. The base pressure
in the chamber when it was cooled, was below 10"7 Torr.

Quartz crystals

Mirror
u

Lens

Target

Figure 7. Experimental setup to measure angular distributions.
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2.4.1 Crystal arrangements

The crystal arrangement is shown in Fig. 8. Using this arrangement we can mea-
sure the deposition rate and angular distribution of the ejected material. The
quartz crystals are very sensitive to temperature fluctuations around the temper-
ature of liquid nitrogen. Therefore, it was hard to tell whether the frequency shift
was due to thermal effects or to material deposited on them at this temperature.
The temperature fluctuations were compensated by using a relative measuring
technique: No, or very little mass, was deposited on crystal number 8 (Fig. 8). A
change in frequency on this crystal would therefore be due to thermal effects only.
Subtracting this frequency change from the change in frequency of the other crys-
tals gave us an absolute measure of deposited mass. This proved to be a sufficiently
precise measuring technique.

Figure 8. Crystal arrangement for angular distribution measurements. The angles,
at which the crystals are placed with respect to the target normal are shown as well.
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2.4.2 Measuring procedure: Laser ablation of water ice

During the experiment water vapor was deposited on a quartz plate at the target
position, because the quartz crystal microbalances could not endure the impact
of the Nd:YAG laser pulse. In order to know the thickness of the deposited water
ice film, we had to calibrate the gas inlet system. Calibration of the film thickness
was carried out by depositing water vapor onto a QCM at a known pressure in
the gas reservoir (5, 10 and 20 Torr), with a standard valve setting at 14, and at
a fixed time interval of 10 or 20 min. The average deposition rate was found to be
0.45-1015 H2O/cm2sec (~ 1.5A/sec).

First, the ablation experiment was carried out with single shots, and later with
a laser pulse frequency of 10 Hz for different time periods. For each experiment
the laser energy was changed as described in section 2.2.

2.4.3 Measuring procedure: Laser ablation of silver

Two types of silver target were used, prepared so that the surface had a different
roughness, a polished (smooth) and a turned target (rough).

Before each experiment the laser was aligned. The laser energy was measured at
a pulse frequency of 10 Hz before and after the experiment. A typical measurement
series was carried out with 600 shots with a delay of 10 seconds between each shot
(0.1 Hz). After the experiment the crystals were observed for at least 2 hours to
let them stabilize after the thermal heating from the laser irradiation.
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3 Sputtering of solid deuterium by
keV electrons

3.1 Introduction
The first experiment carried out in the course of this work was electronic sput-
tering of solid deuterium using keV electron beams. The work was carried out in
cooperation with Birgitte Thestrup, and a more detailed account of the work is
given in her MSc thesis (in Danish) [16]. The main results are published in [26, 27],
which are included at the end of this thesis. Here a short account of the major
published results and a more detailed account of the unpublished results will be
given.

Due to the use of solid deuterium as fuel in fusion experiments, the sputtering
of solid deuterium by charged particles has been investigated thoroughly in the
last 2 decades. Pellets of solid deuterium are injected into the core of the plasma.
When the pellets enter into the plasma core, they are bombarded by the ions and
electrons in the highly ionized fusion plasma. In order to optimize the conditions
for the injection of the fuel, it was necessary to understand how the ions and
electrons interact with the solid £>2 pellets. We have investigated the sputtering
of solid deuterium, when irradiated by keV electrons.

3.2 Erosion processes in solid deuterium
The theory governing electron bombardment of solid deuterium is discussed in
detail in several papers, for example Ole Ellegaard's thesis [6], chapter 2 of [16] and
in Johnson and Schou [28]. A short summery will be given here. The major erosion
processes at electron bombardment of frozen gasses are beam-induced evaporation
and electronic sputtering. In our experiment we have maintained conditions where
beam-induced evaporation can be neglected (section 3.3.1). Electronic sputtering
occurs as a result of inelastic collisions of the electrons with the target molecules,
leading to electronic transitions in the target material. This again can lead to
energy release for atomic or molecular displacements, e.g. molecular dissociation.
The process can be summarized in 4 points.

1. Energy deposition: The incoming electron deposits energy in the solid.

2. Conversion of the energy: The deposited energy is converted into kinetic en-
ergy of the target particles in the solid.

3. Energy transport: The kinetic energy of the target particles is transported to
the target particles at the surface via diffusion of excitations and momentum
transfer.

4. Sputtering of particles: The target particles at the surface may have sufficient
kinetic energy to overcome the surface barrier, and will be ejected.

3.2.1 Electronic stopping power in insulators

The energy loss in the target material can be described by elastic collisions with
the target nuclei and inelastic collisions with the bound electrons in the target
material. The total stopping power is given by
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£
where AT is the atomic density and S(E) the stopping cross section for an electron
with energy E.

The energy loss due to elastic collisions with the atoms is small because of the
small mass of the electrons. It becomes important for low energy electrons where
the energy of the electrons is less than the energy gap Es from the ground state
to the first excited state (E9 = 10 eV for D2). The nuclear stopping power is small
compared to the electronic stopping power for energetic electrons and is therefore
usually neglected for high energy electrons. In our case the primary energy loss
is due to inelastic collisions with the bound electrons. When the energy of the
electrons is higher than the binding energy Eg of the most tightly bound electrons
in the target material, the stopping cross-section can be described by the Bethe
formula [29]. In the non-relativistic form this electronic stopping power is given
by

dE
ln(T) (2)

where Z is the atomic number, e the elementary charge, I the ionization potential
a (= 1.166) is a constant independent of the material and E is the energy of
the primary electrons. The stopping power as a function of energy calculated for
deuterium from Eq. 2 is shown in Fig. 9.
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Figure 9. Electronic stopping power as a function of primary electron energy cal-
culated for solid deuterium.
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3.2.2 Electronic sputtering yield

For insulators, without any mobile excitations, the electronic sputtering yield (Y)
can be determined according to the linear collision cascade model of Ellegaard [6].

(3)

where W and De describe the energy deposition discussed above. W is the average
energy needed to form an electron-hole pair, Es is the nonradiative energy release
from electronic deexcitation per electron-hole pair. ^ gives the fraction of the
deposited energy available for electronic sputtering. A is a material parameter
and De(E, 6,0) is the surface value (X = 0) of the distribution De(E, 6, X) of the
electronically deposited energy for a primary particle of energy E and angle of
incidence 9. De(E,0,X) is related to the stopping power by:

De(E,9,X) = (3 f
where /? is a dimensionless function of the angle of incidence and the primary
energy. It varies slowly with the primary energy [28, 29]. For solid deuterium /?
is calculated to be around 1.4 for a primary energy of 1 keV. At the surface,
the contribution from the reflected electrons makes (3 higher than 1. The total
stopping power ^ is given by Eq. 2.

The model does not apply for very thin films, due to the influence of electrons
reflected from the metal substrate on the sputtering yield. However, it works well
for film thicknesses around the mean projected range of the electrons. For thick
films this model can not be used. Electron sputtering of thick films is discussed in
section 3.4.3.
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3.3 Experimental results
3.3.1 Beam-induced evaporation

Since the solid hydrogens are the most volatile targets that can be studied with
charged particles, it is necessary to ensure that beam-induced evaporation is min-
imized. For solid deuterium the binding energy of the deuterium molecules to the
lattice site is extremely low corresponding to a sublimation energy of about 12
meV/molecule. Essentially, beam-induced evaporation is a consequence of exter-
nal heating, either by an increase of the surrounding temperature or by heating
from the incoming electron current. The threshold condition for beam-induced
evaporation depends therefore on the temperature and on the electron current.
The temperature of the solid deuterium target was held at about 2 K which is a
stable temperature for solid deuterium. To avoid beam-induced evaporation due
to the electron current, an experiment was carried out where we measured the
initial yield Y as a function of the beam current IB for an electron energy of 1.5
keV and a deuterium film thickness of 6 • 1018 D^/crn* (corresponding to ~ 6000
monolayers, or ~ 3.3-103 A). The results are shown in Fig. 10.
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Figure 10. Sputtering yield as a function of electron beam current for 1.5 keV
electrons incident on a deuterium film of thickness 6.01018 D2/cm?. The dashed
line indicates the average sputtering yield for a beam current of 100 nA.v

The increase in yield due to beam-induced evaporation is very sharp, a change
in temperature of a few kelvin may change the yield by more than a factor of
10 [30]. From Fig. 10 we can deduce that for beam currents below 200 nA, that
beam induced evaporation is of minor significance. In our experiments we used a
beam current around 100 nA ±7%. This corresponds to a current density of 1000
nA/cm2.
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Another parameter in our experiment which could influence the sputtering yield
is the bias voltage on the repeller ring in front of the target. If no bias was on
the repeller ring, secondary electrons could escape from the film and possibly
enhance the sputtering yield. We measured the initial yield Y as a function of the
bias voltage on the repeller ring 4>B- The results are shown in Fig. 11. The yield
increases slowly from zero volts up to a bias voltage of +50 V, then it increases
rapidly. During our measurement the bias was held at -96 V. This was sufficient
to eliminate secondary electron emission from the film and charge up of the thin
films.
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Figure 11. Sputtering yield as a function of the bias voltage on the repeller ring.
For 1.5 keV electrons incident on a deuterium film of thickness 6.0-1018 Z>2/cm2.
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3.3.2 Electronic sputtering measurements

We have carried out measurement of the initial sputtering yield as a function of
film thickness for 1.5, 2.0 and 3.0 keV electrons. The results for 1.5 and 2.0 keV
electrons have been published elsewhere [26, 27] and are included at the end of
this thesis.

Sputtering of D2 by 1.5 and 2.0 keV electrons

The results for sputtering by 1.5 and 2.0 keV electrons are shown in Figs. 12
and 14. A thin film enhancement of the yield is noted for film thicknesses less
than the mean projected range Rp. (Rp = 1.07-1018 Da/cm2 for 1.5 keV electrons
and Rp = 1.75 • 1018 D2/cm2 for 2.0 keV electrons[31]). This enhancement is more
pronounced for 1.5 keV electrons than for 2.0 keV electrons. The yield decreases
up to a film thickness around Rp, where it reaches a minimum. This minimum is
4 D2/electron for a film thickness of 1.7 • 1018 D2/cm2 for 1.5 keV and around 3
D2/electron for a film thickness around 1.6 • 1018 D2/cm2 for 2.0 keV electrons
(Fig. 14).
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Figure 12. Sputtering yield as a function of film thickness for 1.5 and 2.0 keV
electrons.

For film thicknesses greater than Rp, the yield increases sharply with increasing
film thickness. The yield seems to reach a plateau at a film thickness around 7-1018

D2/cm2 for 1.5 keV electrons and possibly around 12 • 1018 D2/cm2 for 2.0 keV
electrons. However, the existence of this second plateau is somewhat uncertain.
This thick-film enhancement which is several orders of magnitude larger than the
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thin film enhancement, has never been observed before in any electronic sputtering
experiment of condensed gases.

Sputtering of solid deuterium by 3.0 keV electrons

Problems with the cryostat was encountered during the sputtering measure-
ments with 3 keV electrons on solid deuterium. Unfortunately we could not get
the cryostat to work properly again and the experiment was not continued. The
initial results for 3 keV electrons on solid deuterium are shown in Fig. 13. One
notes that the thin film enhancement is seen. The behavior of the yield indicate
that a minimum around the mean projected range (Rp = 3.5 • 1018 £>2/cm2, for
3.0 keV electrons [31]), is possible.

0.0 0.5 1.0

Film thicknes x l

1.5

Figure 13. Sputtering yield as a function of film thickness for 3.0 keV electrons.

3.4 Discussion
3.4.1 Thin films

The thin film enhancement, which can be seen more clearly in Fig. 14, has been
observed previously in sputtering of condensed gasses for both electrons and ions
[32]-[36]. The effect is most prominent for the most volatile gases such as the solid
hydrogens. The choice of conducting substrate plays no major role. Experiments
have been carried out on gold, silver, carbon [33], and copper [37] substrates. How-
ever, the purity of the substrate is important; the yield seems to be less enhanced
when the substrate is contaminated. The process governing this enhancement of
the yield for thin films is not yet fully understood.
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Figure 14- Sputtering yield as a function of film thickness around the mean pro-
jected range for 1.5 and 2.0 keV electrons. From ref. [26].

3.4.2 Intermediately thick films

For film thicknesses around the mean projected range Rp, a minimum yield is
observed (Fig. 14), i.e. for film thicknesses in the range around 1.5 — 2.5 • 1018

D2/cm2 for 1.5 keV electrons and around 1.7-3-1018 D2/cm for 2.0 keV electrons.
The yield stays fairly constant in this region, and is expected to originate from
electronically induced low energy cascades. The particle ejection here is probably
driven by the linear collision cascade model described in section 3.2.2. The fast
processes from primary electrons that can give a linear sputtering yield are the
production of D j ions and predissociation (known from the gas phase).

D% + D2 — Dt + D (+2.3 eV),

D2 + D2 — 4D(+2 .4e lO,

Z?2* + Z?2 — 2£> + D2 (+5.9 eK),

(5)

(6)

(7)

The energies indicated are minimum energies corresponding to the lowest bound
excited state of the D2 molecule. As there is hardly any luminescence observed in
the visible region from electron bombardment of solid deuterium [38], the probabil-
ity of nonradiative decay is much larger in solid deuterium than in deuterium gas.
The average energy, Es, liberated in nonradiative transitions per ion-electron pair
consists of contributions from predissociation of D'2 from Eqs.6 and 7 (Epre = 8.2
eV), and from ionization via Eq. 5 (E+ = 2.3 eV). Also the D$ ions created
in the solid may capture an electron in dissociative recombination, releasing an
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additional (average) energy of E rec = 5.8 eV. The number of excitations
ionization can be estimated from

per

(8)
(W-I-E^)

Eex

where W = 36.5 eV is the mean energy needed to create an electron-hole pair [27].
/ is the ionization potential (/ = 15.5 eV for deuterium). Eaec is the average
energy spent in producing secondary electrons, ( E^ = 7 eV), and Eex is the
energy needed to produce an excitation in a D2 molecule (Eex = 12.5 eV). From
these values we can estimate the non-thermal energy release E, per electron-ion
pair from the following equation:

E. = + (£+ + Erec) (9)

Here the first term represents the contributions from predissociation and the
second term the contribution from ionization. Having established a value for Et,
we can calculate the sputtering yield as a function of energy from Eq. 3 in section
3.2.2. In Fig. 15 we have plotted this function and inserted experimental data
points for electronic sputtering of solid deuterium for a film thickness of 1.5 • 1018

D-i/cm1, for 1.5, 2.0 and 3 keV electrons. This film thickness is close to the mean
projected range Rp. For intermediately thick films, around Rp, the model predicts
the sputtering yield very well, however for a slight increase in the film thickness
greater than Rp, the model fails (inserted graph in Fig 15). The yield for a film
thickness of 5 • 1018 Dz/cm? is 10 times higher than predicted and it decreases
with energy more rapidly than the model predicts.

For very thick films, also showed in the inserted graph in Fig. 15, the yield is
100 times higher than predicted, and it is increases with energy. So we can not
apply this model to thick films.

H
Q

I 1.5 2
— Theory
' Experiment ft=l .5

Figure 15. Electronic sputtering yield versus energy for a film thickness o/1.5-1018

Dtlcm? (o).
The inserted graph shows the sputtering yield divided by a factor 10 (x) for a
film thickness of 5 • 1018 Dijcrr?, and divided by a factor of 100 (O) for a film
thickness o / l l • 1018 D2/cm2
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3.4.3 Thick films

The processes governing the large increase in the sputtering yield for thicker films
have been investigated by Thestrup et al. [26] for solid deuterium. The mobility
of slow electrons in solid deuterium is not known, but Le Comber et al. [39] have
measured the mobility of slow electrons in solid hydrogen to be 6-10~6 cm2/Vsec,
which is extremely low. The mobility is probably not too different in solid deu-
terium. Therefore, electrons can be trapped in defect sites in the lattice and cause
formation of electron bubbles, and subsequent charging up of the deuterium film
is possible. To investigate if electrons were trapped in defects sites, we looked at
the target current /^ , i.e. the electron current passing through the D2 film to the
substrate. Iy was investigated in relation to the incoming primary beam current
/ e . The currents are illustrated in Fig. 16

Figure 16. Schematic drawing illustrating the current conditions during erosion.
IB is the primary beam current. 1^. the target current, n is the reflection coefficient
and [3 the secondary electron emission coefficent.

The initial current coefficient 77 at the time t = 0 tells us the percentage of the
primary beam current that is not initially reaching the substrate material. These
electrons are either reflected or trapped in the deuterium film. r\ is given by.

Then from plotting 77 as a function of film thickness, we can get an estimate of
the effect of the trapping of electrons in the film Fig. 17.

For very thin films 77 is around 0.3 which is close to the reflection coefficient for
the silver substrate (0.38 — 0.42). So the missing electrons here can be accounted
for by electrons reflected from the silver surface, [note that r\ is lower for 1.5 keV
than 2.0 keV as expected.)

For thicknesses around Rp for both 1.5 and 2.0 keV, n has a minimum. This
means that nearly all the incoming electrons reach the silver substrate. Some are
reflected from the silver substrate but not with sufficient energy to escape from
the deuterium film. The electrons will either be deflected back to the substrate or
become directly trapped in the deuterium film.
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Figure 17. Initial current coefficient as a function of film thickness for primary
electron energies of 1.5 and 2.0 keV.

For films thicker than Rp the current coefficient increases with film thickness
until it reaches a value of 0.1. That means that 10 % of the incoming electrons
never reach the substrate. The reflection coefficient for a deuterium film is 0.01,
so the missing electrons can not be accounted for by the number of electrons
reflected from the deuterium film. Two other possibilities are that the number
of electrons accumulates inside the film, or that they escape out of the film as
secondary electrons. In order for the reflected electrons to escape, they need to
have sufficient energy to reach the surface of the deuterium film. If the film is
too thick, the reflected electrons will loose energy as they propagate towards the
surface of the D2 film. Then if the reflected electrons energy is too small when the
reach the D2 film surface, they will be deflected back into the film by the outer
bias ring potential and either reach the substrate or become directly trapped in
the D2 film.

For very thick films (> 61018£>2/cm2), the current coefficient rf increases lin-
early with film thickness, (less for 2.0 keV than for 1.5 keV). This behavior is not
straightforward to explain, as the coefficient is too high to be accounted for by
secondary electron emission alone. The most plausible explanation is the build up
of charge in "bubbles" at the defect lattice sites [28].

The current coefficient 77' falls to a constant value after a time period of approx-
imately 200 seconds [26], after which the charge accumulation is finished and we
have a sort of "steady state" penetration phenomenon.
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3.5 Conclusion
We have measured the sputtering yield for solid deuterium as a function of film
thickness for 1.5, 2.0 and 3.0 keV electrons.

An enhancement in the yield was observed for very thin films. This enhance-
ment has been observed in other experiments on condensed gases. The underlying
process responsible for this enhancement is not fully understood, but it is thought
that the substrate material plays an important role.

A minimum in the yield is observed around the mean projected range for the
electrons, and the sputtering mechanism here can be explained by linear cascade
sputtering. The model by Ellegaard et al. follows the experimental data points
nicely.

A strong enhancement in the sputtering yield was seen for film thicknesses larger
than the mean projected range. The large yields observed here are thought to be
a consequence of the low-energy electron transport towards the surface of the
film by inner secondary electrons produced and trapped in the film. The electron
transport is probably due to a field build-up inside the film by localized electrons.
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4 Laser-surface interaction on
metallic targets

4.1 Introduction
Laser ablation of metals differs in many aspects from that of other materials. The
incident radiation is generally efficiently absorbed by the conduction electrons in
the metal. The energy absorbed by the electrons is transferred to the lattice on a
time scale in the order of picoseconds. The laser pulse heats the solid and lead to
evaporation of the material if the energy is sufficiently high. In the initial stage
of the laser ablation process for nanosecond laser pulses a thermal model is suffi-
cient to describe the process. In the later stage, the particles become ionized, and
the processes governing the interaction become non-thermal. The degree of ion-
ization depends on the incoming laser intensity. The ionized particles move away
collectively in a "plume" from the target surface, spreading out in the process.
The angular distribution of the particles has been measured experimentally by a
number of people [40, 41, 42]. A good approximation for the angular distribution
was found to be a cosn0 distribution, where n depends on the material properties
and the intensity.

The interaction of laser radiation with metallic surfaces will be described in
some detail. The major process governing the interaction and the most important
parameters determining the process will be discussed. The processes will be divided
into a thermal and a non-thermal regime. In general the initial absorption process
is purely thermal as discussed above. This thermal regime can be divided further
into two phases where different thermal and optical properties affect the processes.
The thermal regime is illustrated in region I and II in Fig. 18. As the evaporated
particles become ionized, non-thermal processes become dominant, region III and
IV in Fig. 18. Each of these regions will be described in more detail.

The approximate intensity regime (fluence is given for 6 ns laser pulses) govern-
ing these regions and used throughout this work, will be characterized as follows:

• Low Intensity: Region I. Solid phase. Intensities below 250 MW/cm2

( corresponding to a fluence below 1.5 J/cm2 with the present laser)

• Medium Intensity: Region II and III. Molten material-vapor, and partly
ionized plume phase. Intensities between 250 — 900 MW/cm2 (1.5 — 6 J/crri2)

• High Intensity: Region IV. Fully ionized plasma. Intensities above 900
MW/cm2 (6 J/cm2 )

When we are talking about the processes occurring in region I, fluence and
intensity can be used as equivalent quantities, since the time duration of the laser
pulse does not influence the process in this region. However when the plasma
is formed, only intensity can be used, since the plasmas response time is 10~12

seconds [43]. Therefore, the time duration of the interaction of the laser light with
the plasma is of major importance in the ablation mechanism.
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Figure 18. Schematics of the processes governing laser radiation with metalic tar-
get. I. When the laser intensity is less than the threshold for ablation. II. The
laser intensity is above the threshold value, but below the threshold of plasma for-
mation. III. The laser intensity is high enough to partially ionize the plume. IV.
Laser irradiation with sufficiently high intensity to ionize the plume completely.

Region I
In this region we consider the initial interaction of laser radiation with metallic

targets. The incident laser irradiation is absorbed by the free electrons in the
metal. The energy of the excited electrons is converted to thermal energy via
electron-phonon interaction in the lattice, and the metal is heated.

Region II
The second phase of the interaction starts when the surface temperature reaches

the melting point of the metal. At this stage two major changes occur: 1) A
melt front penetrates the solid phase and the vapor pressure of the molten metal
exhibits exponential growth with temperature near the boiling point. The thermal
and optical properties of the metal change in the molten phase, the conductivity
is lowered and the reflectivity is altered. 2) The boiling point is reached, and
material is evaporated and forms a layer in front of the surface, the so-called
Knudsen layer [7]. Some atoms in the vaporization front can be ionized due to
multiphoton ionization, or by direct photon ionization if the laser photon energy
is high and the ionization potential of the atoms low. This region is illustrated in
Fig. 18 II.

Region III
The evaporated particles become ionized via multiphoton or thermal processes.

The density of the expanding plume increases, and hydrodynamic expansion ef-
fects become relevant. Once some free electrons have been generated, the process
continues like an avalanche and the density of free electrons increases rapidly.
Most of the incoming light is absorbed in the partially ionized plume and less
radiation is therefore reaching the surface. Eventually, this results in a decrease
in the surface temperature and hence the evaporation rate. Fig. 18 III.
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Region IV
The last region to consider, Fig. 18 IV, is when the vapor phase becomes com-

pletely ionized and nearly all the incoming laser light is absorbed in the plume
by inverse bremsstrahlung (IB). A convenient expression for the IB absorption
coefficient is given by [7]:

aIB = 3 ! m \ (11)
Ti

where Z is the effective charge state, n< the ion density, A the laser wavelength,
and Te the electron temperature.

From Eq. 11 we note that low electron temperature and large laser wavelength
yield high absorption of the laser light by the plasma. When the plume becomes
totally ionized, it becomes opaque to the laser irradiation. The fraction of the laser
beam that might reach the target may become very small or the laser beam may
not reach the target at all. (Fig.l9D). The plume will then cool down, and hence
the density of free electrons will decrease until at some point it will be at a level
where the laser again will reach the target through the plume, and the process
continues, i.e. it is a self-contained process.

We have calculated various parameters influencing the ablation rate for silver
and nickel at laser irradiation of 355 and 532 nm respectively. A thermal model was
set up to describe the interaction in the low fluence regime. A numerical method
was used in the calculations in which we included experimentally obtained data.
The calculations were done at Odense University by Ole Ellegaard. The model
will be summarized in section 4.2 below, and discussed in more detail in appendix
B. In the high fluence regime we have utilized a model, based on an expanding
plasma, developed by Phipps and Dreyfus [44, 45, 7] to describe the ablation
processes, this model is outlined in section 4.3.

4.2 Thermal model
Initially, the laser energy goes to direct heating of the metal surface via electronic
excitations by the absorption of photons. The heating rate and the surface tem-
perature are determined by the several material parameters such as the absorption
coefficient and the reflectance, the thermal conductivity, and the specific heat of
the solid. The incoming laser light is absorbed in the material according to Beer's
law, I = Io- e~ax, where a is the absorption coefficient, /o the initial intensity of
the laser light, and x the distance travelled through the material. The characteris-
tic penetration depth of the laser light into the solid is given by £, and is typically
less than a fim. In the initial stage, the sole form of heat transport is conduction
within the solid. The heat diffusion depth Lth [46] for laser pulses of the order of
nanoseconds is given by:

Lth = V2-K-T. (12)

Here, the thermal difussivity K = - ^ , where K is the thermal conductivity,
p the density, and C the specific heat, r is the laser pulse length. Generally for
nsec laser pulses L(j, >> -*-, and we deal with surface absorption of the laser
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light. In the layer determined by Lih the metal is heated according to the one-
dimensional heat conduction equation. This equation describes the time evolution
of the temperature distribution along an axis perpendicular to the target surface.

A thermal model has been set up to calculate the interaction of laser beams with
metallic surfaces for low laser fluence. A number of thermal models describing this
interaction regime have been developed recently [47]-[5l]. The experimental veri-
fication of the temperature evolution at the surface due to thermal bulk diffusion
was made by Hicks et al [48]. Visible laser light penetrates to a depth of the
order of 1000 A into the metal, and the energy is dissipated further into the sam-
ple by heat conduction during a nanosecond laser pulse. A diagram of the time
scale involved during the interaction of laser light with surfaces for high intensity
laser pulses is shown in Fig. 19. The amount of material removed depends in the
initial phase both on the obtained temperature and the thermal and structural
properties. Fig.l9A-C illustrate the thermal interaction regime.

Time

0

picosec

Nanosec

— •

- •

A: Absorption of photons,

B: Surface Melting.

C: Vaporization.

Thermal Penetration Depth

D: Plasma Emission.

Figure 19. Schematics of the approximate time scale govering laser interactions
with metal for high intensity laser pulses (GW/cm2).

In the thermal model we consider:

• Laser intensities lower than the threshold for plasma formation.

• Time dependence of the laser profile.

• Reflectivity of the laser light at the target surface which can strongly de-
pend on wavelength, intensity and temperature of the target. The specular
reflection was measured experimentally at oblique incidence.

• Exponential absorption of the laser light in the solid (wavelength dependent).
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• Temperature dependence of the thermal conductivity and the heat capacity
of the target.

• Latent heat of vaporization.

• Alteration of the surface after initial irradiation, due to melting and vapor-
ization, and the effect of this on the incoming laser light.

• Beam absorption in the plume of evaporated material.

In the model we first consider laser fluences close to the threshold for ablation,
i.e. the fluence for which the detection of the ejected material is at the limit.
By doing this, we can fully neglect any influence of plasma formation. In the
calculations we neglect the penetration of the melt front into the solid, which is
justified by the fact that the latent heat of melting is much smaller that the latent
heat of vaporization.

The laser beam excites the conducting electrons in the metallic target which
causes the temperature of the conduction electron gas to rise. The absorbed energy
is then converted to atomic motion via electron-phonon relaxation in a time scale
of a few picoseconds. Therefore, for a laser pulse length of nanoseconds, thermal
equilibrium is established. Hence, from a model point of view, the light energy is
instantaneously converted into thermal energy. A one-dimensional model is used.
This is reasonable, because the extension of the beam spot is typically larger than
the thermal diffusion length (Lth) by more than two orders of magnitude. In a
thermal model heat flows according to the heat diffusion equation:

pC{T) ' f = Vx{K{T)%
Here C{T) and K(T) are the temperature dependent heat capacity and thermal

conductivity, respectively. A(x,T) is the source term from the laser heat deposi-
tion, which is described by the exponential Beers law. We assume an exponential
decay of laser intensity, with the characteristic length scale determined by the ab-
sorption coefficient a. The laser light is reflected at the surface with the reflection
coefficient R. The reflection coefficient depends on the following laser parameters;
the wavelength, the angle of incidence, and the laser intensity as well as surface
conditions. R is determined experimentally for an angle of incidence of 45 degrees.
Q we obtain from tabulated values[52]. Reflection and absorption of light by metals
are further discussed in appendix C.

The initial radiation may alter the surface, and the evaporated material will form
a dense layer of particles in front of the surface, the Knudsen layer. This layer will
absorb some of the incident radiation and hence cool the surface of the target. In
order to include the surface ablation, we add an extra term into the fundamental
heat conduction equation (13) to model the screening of the incoming laser light.
The ablated layer in front of the target is assumed to absorb the radiation in
the same manner as the bulk layer. This means that the incoming radiation is
absorbed with an unchanged absorption coefficient per mass density, and reduced
by a factor of e~al at the actual surface of the metal, were I is the thickness of the
ablated surface layer. This apparently simple approach works well in the initial
stage of ablation [51]. Before too high temperatures are reached in the ablated
cloud, the number of free electrons will increase due to increasing ionization in the
plume and we get a transition to plasma absorption, where non-thermal processes

are dominant. The result of the screening by a neutral or partly ionized gas in
front of the surface is a decreasing surface temperature and hence a decreasing
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ablation rate, even before the end of the laser pulse. The heat conduction equation,
with a receding surface is given by:

(14)

In this expression we have introduced the new depth coordinate f = x — l(t),
where l(t) is the depth of the ablated layer, and v = ^ is the receding speed of the
surface. The source term A is given by Eq. B.40 in appendix B. This approach to
include the known thermal parameters of the solid for the ablated particle cloud
is somewhat arbitrary, since the thermal parameters for solids above the boiling
point are not known.

The assumption of local thermal equilibrium (LTE), can be justified for nanosec-
ond laser pulses because the time for conversion of the laser pulse energy into
thermal energy is of the order of picoseconds [43]. The heat diffusion equations
13 or 14 are solved by a finite difference method, by which the equation is dis-
cretized in small steps in time and space. We have performed the calculations,
using an implicit method for evaluation of the temperature profile up to the point
of ablation. When we include ablation, and hence a receding surface, we use an
explicit method. The difference in the two methods are discussed in appendix B.
In Fig. 20 the calculated surface temperature is shown for silver and nickel. The
plateau seen in the figure at higher fluences, indicates the surface cooling due to
shielding of the laser light by the particles in the plume. This behavior of the
surface temperature has been seen elsewhere [53, 50]

The ablation flux J{Ta) at the surface is determined by the evaporation at the
calculated surface temperature Ta with an expression given by [53]:

J(TS) = ^ r • e «T' *>. (15)

where A///v is the molar enthalpy at liquid-vapor transition, Tiv is the boiling
point at pressure PQ, and A is the atomic mass.
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Figure 20. Surface temperature as a function of laser fluence for silver and nickel
irradiated by 532 nm laser light. The open symbols are calculations done without
including beam absorption in the ablated layer. The filled symbols are calculations
done including beam absorption in the ablated plume.

The recession velocity of the surface, governed by Eq. 14 at time step j , is then
given by:

(16)m = J{T>]

U) N
where J(Tj) is given by Eq. 14, N is the number density, i.e. atoms per unit

volume.
Then we can calculate the ablation depth, by summing v(j) over j and multi-

plying by our time interval At.

(17)
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4.3 Plasma region
To simulate the interaction of laser light with the ionized plume (region IV in Fig.
18), we have utilized the model developed by Phipps and Dreyfus [44, 45]. The
conditions for which the model is valid, are for:

• High intensity laser irradiation, (IT% > 4 • 104 W/s$ • cm2).

• Nanosecond laser pulses.

• Surface absorbers, (which are characterized by a material where the thermal
penetration depth is larger than the laser penetration depth, (Lth » ^))-

• Vacuum environment.

The laser-plasma interaction region is described in four time and spatial stages
as illustrated in Fig. 21

•AAAA/

n ra IV

Figure 21. Schematic representation of the four distinct physical stages in a vac-
uum laser-surface interaction case at high irradiance. Drawn after Phipps and
Dreyfus ref. [7]

Stage I: Most of the absorption occurs in a thin plasma layer close to the
target. Usually this layer is smaller than the laser spot diameter. In this zone,
the electron density is increasing until it reaches the critical density nec. This
parameter is called the critical electron density because, as it is approached, the
complex magnitude of the plasma index of refraction decreases from nearly 1
to 0 [7]. This first causes strong absorption, then total reflection (ne-nec). A
steady expansion away from the target in vacuum reduces the plasma density far
below nec as the distance from the target increases, thereby leaving a narrow high
pressure zone close to the target where most of the absorption occurs. The effective
thickness of the absorption zone is ——, where ajs is the inverse bremsstrahlung
absorption coefficient. A typical thickness of the absorption zone is of the order
of 100 [tm [7J.

Stage II: In the Knudsen layer, i.e. the first few ablated layers close to the
surface, a sharply peaked beam-like expansion occurs, reducing the temperature
and number density outside the thin plasma layer generated in stage I. Three-body
recombination is an important mechanism for electron energy loss, both in stage
I and II.
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Stage III: The expansion continues. Collisions become infrequent for thermal
electrons, and nearly non-existent for hot electrons. Three-body recombination
ceases to play a large role. Heating by inverse bremsstrahlung still exists and may
counterbalance adiabatic cooling of the plasma.

Stage IV: A minority of the hot electrons may escape the plasma, thereby
causing a high positive potential (e<£ » kT). This potential accelerates the few
ions, still in the plasma region, to high energies. If the expansion region is large,
then the ions rapidly reach the same average velocity as the electrons. The ions and
electrons may oscillate through each others positions at a continually decreasing
plasma frequency, corresponding to a decrease in the electron cloud density as the
expansion proceeds.

Using this picture as a starting point, Phipps and Dreyfus applied a general
theory to derive useful relationships governing laser ablation experiments. They
have derived equations which describe several important parameters governing the
process in the highly ionized plume. The parameters important for the ablation
processes are the pressure, the electron temperature, the electron density, the
ablation rate, and the velocity of the ablated particles. The assumptions used in
their model are:

• One dimensional flow.

• Energy absorption by inverse bremsstrahlung alone.

• All incident light is employed to support the ablation flow.

• Mach-1 flow (M=l, i.e. the plasma is expanding with the velocity of sound).

• Ideal gas (7 = -^-), for monatomic gasses 7 = | .

• Macroscopic charge neutrality (i.e. fully ionized atoms in the plume, ne =

• Self regulating plasma opacity, giving unity optical thickness (S = 1) at the
laser wavelength after a brief transition time T\.

A thorough discussion of the theory is given in the review article by Phipps
et al. [7], and in [44]. Here the most important parameters for our experiment
will be given. Following the procedure of Phipps and Dreyfus [7], the following
three equations can be used to describe the physical problem. The parameters are
calculated for the plasma front.

Electron temperature Te in Kelvin:

Te{I) = 2.98 • 104 • A* ' Z \ (I • A)* • T« (18)

The electron density ne in cm"3 :

ne = 3.5 10u- . A" — .lL.T-\ (19)
zi(Z + l)-h \i v '

(20)

Then the ablation rate rn in g-cm 2-s l:

3. J.

m=2.66 1 0 - \ J \
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where the parameter ty is given by:

where r is the laser pulse duration, / the laser intensity in W/cm2, A the atomic
weight in amu, Z the effective charge state, and A the laser wavelength in cm.

In order to use the expression for the ablation rate given in Eq. 20, we have to
convert it into units of atoms/area pulse, so that it compares with our experiment
(where we measured the deposition rate in these units). We do this by calculating
the ablation depth D from Eq. 20.

m -T
D=— (21)

where m is from Eq. 20, and p is the mass density of the target material. The
total ablation rate per pulse is then given by multiplying Eq. 21 by the number
density of the material,

p-uise = D • n atoms/unit area • pulse (22)

This yields an expression for the ablation rate, which is virtually independent of
material properties, but dependent on the wavelength and the pulse duration. The
expression predicts a maximum rate for short wavelengths and short laser pulse
durations. We have compared our experimental results with the thermal model for
low intensities and Phipps and Dreyfus (PD) model for high intensity laser pulses.
We use PD's model with some considerations even though the general agreement
for metals is not very good [7]. It is also well known that the plasma eventually
expands in three dimensions, In PD's model a one-dimensional expansion is as-
sumed, and also the ionization level Z of the plasma , is generally not known
precisely. Phipps and Dreyfus state that the model predicts the ablation depth
within a factor 2 when the condition h*/A > 50 Ws*cm~3 holds [7], which cor-
responds to a laser pulse intensity of 0.95 GW/cm? for A = 533 nm and a laser
pulse duration of 6 ns. Jordan et al. [54] have compared their experimental re-
sults to PD's model. They measured the ablation depth, using a similar set-up as
ours, irradiating copper with 532 nm laser light and they found that the model
predicted an ablation depth of a factor 7 larger than the measured values.
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5 Laser ablation of silver and nickel

5.1 Introduction
Laser ablation of metals has received growing interest in the last decade, mostly
due to the fact that it has proven to be a powerful tool in creating thin films of
multicomponent materials. The reason why this method has become widely used
is that it the chemical composition of the target can be reproduced very well, it
is a stoichiometric process. In addition to thin film production, the interaction
of laser light with matter has found a growing number of applications in both
basic research and technology, ranging from materials processing, micromachining
to medical research and lithography. It is therefore important to understand the
underlying processes governing laser ablation [8]-[9j.

Laser ablation of metals with visible or UV light has been studied comprehen-
sively within the last decade [56]. Some groups have investigated characteristic
properties of the ejecta, i.e. the energy and velocity distribution of the emitted
ions or neutrals [45, 49, 57, 58, 59, 60, 54, 61]. Other groups have directly mea-
sured the mass loss or observed other visible changes of the irradiated targets
[54, 62, 63].

In this chapter, results on laser ablation from silver and nickel are reported. We
have chosen silver as the target material, because results from laser ablation of
silver exist [58, 64, 65], and because silver is a noble metal with limited contami-
nation in a vacuum system. Nickel was used because results for nickel are available
as well [47] and because the thermal properties of nickel differ from those of silver.

5.2 Experimental results
We have measured the deposition rate for silver and nickel with an oscillating
quartz microbalance (QCM) under conditions that are commonly used for pro-
duction of metal films. The deposition rate was measured as a function of fluence
irradiated by 355 or 532 nm laser light. Laser irradiation of silver at 266 nm was
also carried out, but strong fluctuations were observed in the pulse energy or the
local intensity of the beam spot, and these results are not included. The effect
on the deposition rate by introducing an ambient gas into the vacuum chamber
was investigated for argon and nitrogen as background gasses. Geometric factors
in our setup, which may influence the deposition rate, were also investigated, e.g.
the distance between the substrate and the target, and the number of laser pulses
focused on the same spot on the target, before damage of the target influenced
the deposition rate.

A standard geometry was used in all the experiments, and we changed only one
parameter at a time (e.g. I, A, or P).

The angular distribution of the ablated particles influences strongly the de-
position rate. The distribution has been found to vary considerably for different
materials and even for different metals. For thermal processes the distribution is
a cos0 function. For non-thermal processes the distribution is strongly forward
peaked and follows a cosn6 distribution, where n may vary strongly from material
to material and from intensity to intensity. The angular distribution was investi-
gated using two different methods. 1) By changing the position of the crystal with
respect to the target, and 2) Using the "umbrella setup" described in chapter 3,
experimental set-up 4. where 8 crystals were placed around the target collecting
particles in the forward hemisphere.
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5.2.1 Experimental measurements

The deposition rate was recorded on a quartz crystal microbalance (QCM). The
results of a typical measurement series for three different ranges of intensity are
shown in Fig. 22. The procedure for calculating the deposited mass from the fre-
quency change of the QCM is given in Appendix E. For low fluence, the frequency
change is linear. At medium fluences a shoulder in the beginning of the mea-
surement is noted. This is likely to be caused by initial heating of the crystal
by reflected light. The instantaneous frequency of the crystal is essentially deter-
mined by the deposited mass and the temperature. The crystal generally reached
an equilibrium after approximately 40 shots. The deposition rate was calculated
from the slope of the frequency curve after the equilibrium behavior was reached.
For high intensities a bend in the curve after typically 60 shots is noted after which
the deposition rate is reduced. This is due to thermal stress induced in the crystal
surface or increasing crater formation and surface roughening of the metal target.
This is in agreement with measurements done by Van de Riet et al. [66], who
pointed out, that the ablation rate decreased with formation of surface structures,
e.g. cones. The deposition rate in this case is determined by the initial part of the
curve.
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Figure 22. Ablation mesurements for silver irradiated by 532 nm laser light for
three different laser fluences. A. Low fluence, B: Medium fluence, and C: High
fluence.
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5.2.2 Experimental parameters

To obtain an optimum standard set-up for the ablation experiments, different
experimental parameters were investigated.
The deposition rate was measured for different target-substrate positions with
a constant fluence of 8 J/cm2. Changing the substrate position, in our case the
quartz crystal microbalance, with respect to the target resulted in collection of
more material as the crystal was moved closer to the target, Fig. 23. However,
when the crystal was closest to the target, instabilities in the detection modes
of the crystal were observed. A possible reason for this is occasional erosion of
the already deposited layers by fast particles from the plasma plume. This would
result in a inhomogeneous surface of the deposited material. We carried out the
experiment with the crystal placed normal to the target, and found that the most
stable position of the crystal, closest to the target, was when the crystal was placed
66 mm away from the substrate at an angle of 0 degree (i.e. normal to the target).
With this setup we saw few or no fluctuations in the deposition rate.

Using this setup, we also observe the trend of the angular distribution of the
ablated particles as the solid angle in which the silver is collected was reduced with
increasing target-substrate distance. The deposition rate may be approximated by
a power function of the distance r with an exponent, n = —1.4 as shown in Fig. 23.
This result is considerably lower than that expected for an isotropic distribution
of emitted particles, n = — 2. This is an indication of the forward-peaked angular
distribution of the ablated particles. Since most of the particles are ejected with a
direction almost perpendicular to the target surface, there is only a slight reduction
in the deposition rate with decreasing solid angle.
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Figure 23. The deposition rate as a Junction of substrate position with respect to
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Another experimental parameter investigated was the number of shots to which
the target was exposed. (Fig. 24). The deposition rate per shot was constant above
50 shots and at least up to about 300 shots except at very high fluences (see Fig.
22C).
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Figure 24- The dependence on the deposition rate per pulse on the number of laser
shots in a measurement series. The target was silver irradiated with 532 nm with
a fluence of 8 J/cn?.
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During the experiment, we noted that the beam spot dimensions increased
slightly with increasing laser pulse energy. This effect can be caused by inho-
mogeneities in the beam profile, but could also be due to the scattering of the
laser light in the dense ionized plume. To study this closer we measured the beam
spot size after each experiment using a calliper or a microscope. The area of the
spot as a function of laser pulse energy was also measured on photographic paper
in air and in vacuum. The results are shown in Fig. 25, together with measure-
ments on a silver target, irradiated with 532 nm laser light in vacuum. These data
may not be directly comparable, since the sensitivity per fluence is much higher
for photographic paper than for the metal targets. A linear relationship was found
for silver, but the results for photographic paper looked non-linear. The beam
spot size for the metal targets was approximated by a linear fit, which was used
in the calculations of the laser fluence. The average beam spot size in the ablation
experiments was 0.016 cm2 ± 0.03 cm2.
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Figure 25. The variation of the beam spot size with the laser pulse energy.

The ablation measurements were carried out using 200 laser shots with 6 seconds
delay between each shot on one position on the target in a standard geometry, i.e.
a target-substrate distance of 66 mm. The beam was focussed using a lens with
a focal length of 100 cm placed 90 cm from the target, so that any deviations in
the beam spot size would be due to fluctuations in the laser beam. Before each
series the target area was cleaned using an unfocused laser beam for 20 seconds
at 10 Hz. [section 2.1.4]. In Fig.26 a picture of a silver and nickel target is shown,
taken from a standard measurement series as described above. The variation of
the beam spot size with the laser pulse energy is clearly seen. A close up of a
single beam spot is also shown.
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Silver target Nickel target

Close up of a beam spot

Figure 26. A picture of a silver and nickel target taken after a standard measurement
series. The energy of the laser pulse was varied for each measurement.
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5.2.3 Deposition rate versus fluence for silver and nickel.
A = 532 nm.

The deposition rate of silver and nickel versus fluence irradiated by 532 nm laser
light, is shown in Fig. 27. The laser pulse energy was varied from ~0.5 mJ to
400 mJ. The corresponding fluence of approximately 0-20 J/cm2 was calculated
using the linear expression described above to estimate the beam spot size. The
threshold value for detection of particles can be estimated to be less than 1 J/cm2

for both materials, the value being slightly larger for silver than nickel (Appendix
D). Above this value, the deposition rate increases slowly with fluence up to around
2 J/cm2. For higher fluences a sharper increase is noted. The average deposition
rates at these fluences are indicated by a linear fit, and are listed in table 4. Note
that the deposition rate for silver is less than that for nickel at all fluences. At a
fluence of 10 J/cm2, we have deposited 41013 Ag atoms/(cm2 pulse) (0.06 A) for
silver and 7-1013 Ni atoms/ (cm2 pulse) (0.08 A) for nickel, respectively.
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5.2.4 Deposition rate versus fluence for silver and nickel.
A = 355 nm,

The results for silver and nickel irradiated with A = 355 nm are shown in Fig.
28. The laser pulse energy was varied from ~0.5 mJ to 200 mJ, giving a fluence
of approximately 0 - 1 6 J/cm2. The data points for 355 nm are less scattered
around the mean value than those for 532 nm (shown in Fig. 35). Note that the
deposition rate for silver is slightly higher than that for nickel at fluences less than
5 J/cm, and seems to reach approximately the same value for higher fluences. At
a fluence of 10 J/cm2, we have deposited 21013 Ag atoms/(cm2 pulse), for silver
and 1.51013 Ni atoms/ (cm2 pulse) for nickel.
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The average deposition rate was calculated from linear fits as illustrated in Figs.
27 and 28. This was done for silver and nickel irradiated with both 355 and 532
nm laser light. Two different slopes were found, one for low intensity (< 5 J/cm2)
and one for high intensity ( > 5 J/cm2). The values are listed in table 4. Note
that the average deposition rate is higher for 532 nm irradiation for both nickel
and silver in the high intensity regime. Large scattering in the data points was
noted in the deposition rate measurements, especially for 532 nm.

Material /
Wavelength
Silver
A = 532 nm
A = 355 nm
Nickel
A = 532 nm
A = 355 nm

Dep. rate [atoms/cm2shot]
Fluence < 5 J/cm2

2.414 • 1012 • F
3.601 • 1012 • F

3.601 • 1012 • F
2.641 • 1012 • F

Dep. rate [atoms/cm2 shot]
Fluence > 6 J/cm2

4.093 • 1012 • F

1.807 • 1012 • F

7.994 • 101 2 • F

2.445 • 1012 • F

Table 4- Average deposition rate for silver and nickel irradiated with 355 nm and
532 nm laser light. F in units of J/cm2. (The off-set of the linear approximation
is relatively small and is not included in the table.)
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5.2.5 Angular distribution of the ablated particles

The angular distribution of the ejected particles was investigated using the crystal
network, described in chapter 2, section 2.4.1.

In the setup, the crystals were placed at precise angles with respect to the
target normal. A measurement series for silver irradiated with 355 nm laser light
incident perpendicular to the surface at a fluence of 10 J/cma is shown in Fig. 29.
The measurements were carried out with 600 shots with 10 seconds delay between
each shot, since the crystal signal turned out to be unstable for smaller periods
between each laser pulse. The laser beam spot size was in these experiments about
0.003 cm2.
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Figure 29. A measurement series of the angular distribution of the ablated particles
from a silver target irradiated with 355 nm laser light with an energy of 40 mJ.
The crystals were placed 80 mm from the target.

The deposition rate was calculated for each crystal, from the difference be-
tween the initial and final frequency. Essentially this gives the same result as the
procedure described in appendix E. The shoulder noted in the beginning of the
measurements is due to thermal heating from the laser pulse effecting the crystals.
The shoulder in Fig. 29 is more pronounced than in the general case treated here
with a beam spot of 0.016 cm2. This figure was chosen to illustrate the effect of
the thermal heating on the crystals.
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The deposition rate measured on each crystal for three different fluences is shown
in Fig. 30 as a function of the cosine of the angle of the crystals with respect to the
target normal (9 = 0). Crystal number eight (see set-up), was used as a reference
crystal. The deposition rate increases as cos# = 1 is approached.
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Since the distribution varies strongly with angle, we have divided the yield up
into two regions of the crystal configuration. This is indicated by the linear fit in
Fig. 30, region I and II. The two regions are illustrated in Fig. 31.

Figure 31. Schematics of the crystal arrangement.
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Then the partial yield as a function of angle, is given by a cosn9 distribution,
where the exponent n can be determined from Fig. 30 as follows:

y(9) = ,4 cos" 9 + Bcosm B (23)

where A and B are coefficients of the partial yield for region I and II, and
evaluated from the cos 0=1.

With the radius of the crystal arrangement, r = 8 cm, the total yield, Y, can
be calculated from the partial yield as follows:

a

f y(9) sin 6d9 (24)

The total ablation yield, Eq.. 24, is plotted as a function of fluence in Fig.
32. The total yield is about 1015 Ag atoms per pulse. The total ablation yield
calculated is about two orders of magnitude larger the deposition on the electrode
of a single crystal.
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Figure 32. The total ablation yield for silver irradiated with 355 nm laser light as
a function of fluence. Uncertainties estimated originate from extrapolation of the
data points to zero angle of emission alone.
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5.2.6 Deposition rate for silver in an ambient gas

Most of the standard film deposition experiments are performed with an ambient
gas in the target chamber. This gas, usually oxygen, nitrogen or argon, reduces the
energy of the ablated particles arriving at the substrate and may also be important
for the equilibrium of the film growth of oxides and nitrides.

Argon and nitrogen gases were introduced into the vacuum chamber, and the
deposition rate was investigated as a function of the ambient gas pressure with
the usual standard geometry. The laser fluence was kept constant. For 532 nm
the laser fluence was 8 J/cm2 and for 355 nm laser light the fluence was 5 J/cm2.
In Fig. 33, the deposition rate as a function of ambient gas pressure for a silver
target irradiated with 355 and 532 nm laser light is shown. For dilute gasses the
effect was insignificant, and the deposition rates for both argon and nitrogen are
similar for the different wavelengths. The dashed line in the figures illustrates
the average deposition rate for the corresponding wavelength in vacuum. Here
the higher deposition rate for 532 nm laser light is also noted. At a background
pressure of 10~2 Torr the ambient gas begins to influence the deposition. The
deposition rate starts to decrease with increasing pressure. The deposition rate
falls more rapidly in an argon atmosphere than in nitrogen for both wavelengths.
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5.3 Discussion
In the high intensity regime, where the interaction between the laser light and
the plasma plume is the major mechanism for energy transfer a complete theo-
retical treatment does not exist. Phipps and Dreyfus's (PD) theory is the only
comprehensive treatment available but the theory is one-dimensional.

The deposition rate must also depend on the angular distribution. If the angular
distribution changes very little for the experimental parameters we have applied,
we may use PD's theory for comparisons in the absence of any more accurate the-
ory for multidimensional expansion. The calculated ablation rate from the model
of Phipps and Dreyfus is plotted together with the measured deposition rate in
Fig. 34, The calculations are performed assuming an average charge state of Z = 1.
The theoretical results are multiplied by a scaling factor of 10"4 so that the com-
parison can be done more easily. Phipps and Dreyfus [7] have pointed out that
the theoretically calculated ablation rates could deviate from the experimental
observed, especially in the case of metals.
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In Fig. 34, we measure the deposition rate at normal angles only, which can
account for some discrepancy in the magnitude of the ablated materials, when we
compare theory and experiment, but probably not the factor of 10"4 observed. In
order to compare our rates with the results from Phipps and Dreyfus, the rates
have to be multiplied by an area factor of approximately 60 to convert them into
rates per irradiated unit area. This factor accounts for the scaling of our standard
beam spot (0.016 cm2) up to unit area ( 1 cm2). Another parameter which can
affect the deposition rate is the ionization state of the plume. If we assume we
have a plasma of fully ionized atoms, we have an average charge state of Z = 28
for nickel and Z = 47 for silver. Then the theoretical ablation rate is reduced by a
factor of 10"2, but this is still a factor of 100 more than the observed values and
with the intensities used in the experiment it is unlikely that all atoms are fully
ionized.

5.3.1 Material dependence of the deposition rate

For irradiation with 532 nm laser light we observe a material dependency for nickel
and silver Figs. 27 and 34 which does not agree with the theory of Phipps et al.
According to the theory of Phipps et al, the ablation rate at high fluences should be
virtually material independent. The only material parameter which influences the
rate, is the atomic mass which enters into the expression as A~ «. This indicates
a slightly higher rate for nickel (A=58.71) than for silver (A=107.82) irradiated
with the same wavelength and the same laser pulse length provided that the
effective charge state Z is similar for the two materials. A plausible explanation,
for the observed enhancement in the deposition rate for nickel at 532 nm, could
be fast microroughning of the nickel surface. It was seen during the reflection
measurements discussed in appendix D that the specular reflection of the light
from the surface decreased after a few laser shots. An initial increase in the ablation
rate, due to surface roughening, has been observed in [64].

As mentioned earlier, we could not determine the threshold for ablation, but only
the threshold for detection of particles. This, however, can still give an indication of
the threshold of ablation for the two materials. The estimated average threshold
values for the two materials are listed in table 49. The theoretical values are
calculated using the thermal model. These values are taken from the figures in
Appendix D. The value of 1.1 J/cm2 for nickel at 355 nm agrees well with the
results of Reboulliat et al [57] for gold, copper, and aluminium at this wavelength.
They obtained a value of 1 J/cm2, using the same detection mechanism as ours.

Wavelength

Expt. 532 nm
Theory
Expt. 355 nm
Theory

Threshold for deposition
Silver :

0.3 J/cm2

0.7 J/cm2

0.5 J/cm2

Threshold for deposition
Nickel:

0.4 J/cm*
2.3 J/cm2

1.1 J/cm2

Table 5. Average deposition threshold values
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The low threshold for silver compared to nickel can be explained by a number
of material properties listed in Table 6. The values are taken from [20] and [14].
These properties lead to a rapid temperature increase and particle ejection for
silver. The boiling temperature is considerably lower for silver than for nickel as
well as the specific heat, and also the heat of evaporation. On the other hand, the
thermal conductivity of silver is larger than that of nickel. However, this would
have the opposite effect, leading the heat into the material rather than dissipating
it at the surface. The simultaneous effect of these parameters leads to a rapid
melting and evaporation of particles at low laser intensity for silver, which could
explain the larger deposition rate observed for silver for 532 nm and for 355 nm
irradiation in the low fluence regime.

Material parameters
Heat capacity K (J/s -cm- K)

Specific heat c (J/g • K)

Mass density p (g/cm3)
Heat of evaporation (J/g)
Boiling temperature (K)

Silver
4.495-7.5 1 0 - 4 T

0.198 +3.97 1 0 - 5 r

10.5
2.48 • 103

2485

Nickel
10.8-T-°-4375,T<630tf
0.0805 •T+ 0 3 1 2 2 ,T>630A'
8.09 • lO-2 • T°- 3 0 0 8 , r < 630AT
6.03 • 10-2 • T°3133-T > 63OK
8.9
6.77 • 103

3187

Table 6. Material parameters for silver and nickel.

5.3.2 Wavelength dependence of the deposition rate

There exists no straight forward explanation for the higher deposition rate ob-
served for 532 nm compared with 355 nm for both silver and nickel in the high
intensity regime, Fig. 35. This observation disagrees with the expectations of the
theory of Phipps and Dreyfus, provided that the angular distribution is the same
for the two wavelengths. In the theory the wavelength dependency scales as I/A*,
which should yield a higher ablation rate for shorter wavelengths. The magnitude
of the Inverse Bremsstrahlung absorption, which is the mechanism by which the
laser light is absorbed in this intensity regime, gives no explanation. The absorp-
tion coefficient for this process aiB is given in section 4.2 and is proportional to
A2. This implies that for long wavelengths the plasma is heated up rapidly as soon
as free electrons are present. The energy is then used for plasma absorption and
expansion rather than ablation, and most of the laser light does not reach the
target. Both of these arguments will result in a larger deposition rate for shorter
wavelengths, which is opposite to what we observe. Reboulliat et al. have also
observed this tendency for aluminium, but not for copper and gold. They argue
that the enhancement in the rate for 532 nm irradiation of aluminium was due
to thermal properties of aluminium. However, the intensity regime in which this
behavior is noted is the regime where thermal properties of the material should
not be important. It is clear that the intensity regime for which the theory applies,
could be material dependent, and that thermal processes may play a more impor-
tant role for higher intensities than first expected. Our observation of a higher
deposition rate for 532 nm could indicate that we have not reached the intensity
regime for which Phipps and Dreyfus theory is feasible or that the angular distri-
bution is substantially more peaked in the forward direction for 532 nm than for
355 nm.
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Figure 35. Deposition rate as a function of fluence for silver and nickel irradiated
with 355 and 532 nm laser light. The straight dotted lines are linear fits to the
data points.

5.3.3 Angular distribution

The angular distribution measured by looking at the angles of the emission of the
ablated material indicated a strongly forward directed distribution of the parti-
cles at the highest intensities studied. When measuring the angular distribution
using the network of oscillators, we saw that this distribution could be divided
into two components at the highest intensities, a strongly forward peaked distri-
bution around the normal of the target and a less strongly peaked distribution
further away from the normal Fig. 30. The total yield calculated from the angular
distribution was two orders of magnitude larger than the deposition on a crystal
measured along the normal in deposition measurements discussed in section 5.2.3
and 5.2.4. This factor makes the total ablated yield close to the ablation rate cal-
culated from the model of Phipps et al. We measure an average of 1015 Ag/pulse
which is comparable to the value of 1016 Ag/pulse calculated from the model for
a plasma of fully ionized atoms.
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5.3.4 Deposition rate as a function of ambient gas pressure

In a vacuum environment the ejected particles expand freely out of the absorption
zone close to the surface. When an ambient gas is introduced into the chamber, the
situation becomes quite different. The atoms in the expanding plume collide with
the gas particles. The collision between the ablated atoms and the gas atoms will
reduce the energy of the expanding particles to thermal energy, thereby changing
the velocity and angular distributions of the ablated particles. Computations by
Kools [41] demonstrate that at 0.01 Torr hyperthermal metal atoms with an initial
energy between 0.1 eV and 0.6 eV are fully thermalized on arrival at a substrate.
At 1 Torr, the mean-free path is about 0.05 mm [67], which means that the average
number of collisions is so large that the ablated particles arrive at the substrate
after a complete diffusion sequence. The faster reduction in the deposition rate
in argon gas than in nitrogen signifies that the heavier atoms of argon are more
efficient for the slowing down of the ablated silver atoms because the atomic
masses are closer to each other than for the lighter gases. The silver atoms will
loose energy more rapidly in silver-argon atom collisions than in collisions with
the nitrogen molecules or atoms.
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5.4 Conclusion
The deposition rate for laser ablated silver and nickel at 532 nm and 355 nm is
a small percentage of a monolayer per pulse. We have observed that the rate for
both metals is larger at 532 nm than at 355 nm. The rate for nickel is significantly
higher than that for silver at 532 nm, whereas the rate is similar for the two metals
at 355 nm. At low intensities (below 400 MW/cm2) the rate for silver at 355 nm
exceeds that for nickel. Our calculations for 532 nm based on the thermal diffusion
equation demonstrates that the ablation rate is higher for silver than for nickel
because of the thermal properties, which apart from the thermal conductivity favor
a rapid heating and evaporation of silver relative to that of nickel. At medium to
high intensities (above 400 MW/cm2) one observes a material and wavelength
dependence on the deposition rate, which does not agree with that predicted by
the one-dimensional ablation model of Phipps et al.[44] and Phipps and Dreyfus[7],
which is the only existing model. Also the magnitude of the ablated depth is much
less than predicted. This could be an indication that the angular distribution of
the ablated material may differ from the lowest intensities to the highest ones
and from one wavelength to another. It is also possible that we do not reach the
plasma conditions for which the model is valid in our experiment. The total yield
was evaluated from the measurements of the angular distribution of the ablated
particles for silver irradiated with 355 nm laser light at different fluences. The
total yield for a fluence of 10 J/cm2 was around 1015 atoms/pulse.

The deposition rate falls strongly with increasing pressure of the ambient gases,
nitrogen and argon, introduced into the vacuum chamber. The deposition rate
decreased faster with argon gas than with nitrogen.

The scattering of the data points is considerable. This reflects the difficulties
of keeping a reproducible intensity profile in the laser beam, but also the strong
local variation of the plasma ignition.
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6 Laser ablation of water ice

6.1 Introduction
The initial experiments on laser ablation of water ice were carried out in Char-
lottesville, University of Virginia, USA, in professor R. Baragiola's laboratory of
space research. Baragiola has been studying ion and electron bombardment of
condensed gases for many years.

Irradiation of atoms and molecules on the surface of cosmic material is an im-
portant process for mass transfer and evolution in a number of astronomical envi-
ronments. Surfaces of planets, moons, and comets are often covered by a layer of
water ice. Also in the outer solar system and interstellar medium dust grains exist,
which commonly have a coating of water ice. Generally this coating affects their
optical properties and surface chemistry. The thickness of the ice coating may be
determined in part by the extent of photodesorption by ultraviolet radiation from
the background. Since this process is poorly understood Westley et al. [25, 68]
studied the photodesorption yield of low-temperature water ice using a Lyman-a
lamp (A = 121.6 nm). They observed a linear yield as a function of photon flux.
In our experiment we wanted to extend this study to investigate the process at a
higher wavelength using a nitrogen laser (A = 337 and 625 nm).

To induce laser ablation of water ice at these wavelengths below the threshold
value for multiphoton processes, it is necessary to create defect sites or radicals in
the ice. In Baragiola's laboratory an ion beam chamber equipped with an electron
gun and a Lyman-a lamp was available. Defect sites in the ice were expected to be
created using either or all of those. The laser used was a nitrogen laser from our
own laboratory, which we added to the already existing setup. The experimental
setup is described in chapter 2, experimental setup 3.

However even with the ion beam, the electron gun, or the Lyman a lamp to
create the defects sites, we detected no noticeable ablation. To further investi-
gate laser desorption of water ice, we continued the experiment in Rises, using the
stronger Nd:YAG laser. The study was performed in the chamber in which the
angular distribution of the ablated material could be measured. This experiment
is described in chapter 2, experimental setup 3. The temperature in the chamber
was kept at liquid nitrogen temperature, 77 K. However, problems were encoun-
tered after calibration of the film deposition. When the ablation experiment was
initiated, we noticed strong fluctuations in the crystal frequencies and no reliable
measurement could be undertaken. Here an outline of the work so far will be given
and the problems encountered will be discussed.

6.2 Laser ablation of insulators
Since water ice is an insulator, the initial processes at which laser light is ab-
sorbed differ from those of metals. In insulators there are no conduction electrons
to directly absorb the radiation and heat the substrate. The major process consid-
ered to initiate electrical break down in the solid is multiphoton ionization. This
is followed by the generation of an electron avalance, from which electrons are
accelerated in the radiation field by Inverse Bremsstrahlung. When the electrons
are generated, the material looses the insulating properties, and further ablation
follows the same rules as in the case of metals. That is, the production of ionized
species takes place in a plume in front of the target, which then absorbs the laser
light [8]. The initial breakdown can be accelerated by defects at the surface sites.
Generally, the initial absorption yield is not linear with laser intensities due to the
multiphoton processes. However at high intensities above 1 GW/cm2, a plasma
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is created via dielectric breakdown. Three intensity regimes can be outlined as
follows:

• Low laser intensities: Single photon absorption. Electron-photon processes
dominant, the process is related to surface states.

• Medium laser intensities: Particle ejection is induced by multiphoton processes.

• High laser intensities: Dielectric breakdown, with the creation of a plasma
analogous to that of a metal.

6.3 Vapor deposited water ice
The water ice film was created by condensing water vapor onto a cold substrate,
in our case the QCM. The growth rate and growth temperature were controlled
so that only amorphous ice was formed. To form amorphous ice, the water vapor
has to be deposited onto the substrate at a temperature less than 135 K with a
growth rate less than 100 (im/hr. (30 /sec) [25]

There exist two forms of amorphous ice: a high density form ( p = 1.1 g/cm3),
which has to be grown at temperature less than 20 K, and a low density form
(p = 0.94 g/cm3), which has to be grown between 20 and 135 K [69, 70]

6.4 Laser ablation of water ice
To understand the interaction mechanism when UV radiation is incident on amor-
phous water ice, it is important to study the electronic properties of amorphous
water ice. The water molecule has a formation energy of 9.51 eV at 0 K. To break
apart the first O-H bond takes 5.1 eV and to break apart the other ones take 4.4
eV, since the removal of the first hydrogen atom changes the state of the system.
The ionization energy of the water molecule is 12.6 eV [52]. To calculate the band
structure of amorphous water ice, a model for liquid water can be used. This is
justified because the vibrational, rotational, and translational periods of liquid
water are many orders of magnitude greater than the orbital electron period, so
the water molecule appears frozen relative to the motion of the electrons [71]. A
schematic survey of the calculated band structure is shown in Fig. 36.
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Figure 36. Band structure of amourphous ice, drawn after ref. [71]

The result of this model gives a band gap of approximately 8 eV. Although the
band gap is 8 eV, the defect formation.

H2O — H3O
+ + OH-

only requires about 1 eV [25]. This means that defect creation in water ice
should be relatively easy to make, and that some conduction can occur via the
defect sites.

The initial action of photon irradiation on water ice is to produce ionized and
excited water molecules [72]:

The preferred mechanism for energy relaxation for the excited water molecule
is not permanent dissociation of the molecule, but caging of the radicals and then
association:

H2O' — [H + OH] — H2O (26)

The square bracket in Eq. 26 signifies that the excited state dissociates to give
two radicals that are prevented from moving apart by the neighboring molecules,
that is they are caged. The majority of the radicals eventually react to reform
water.
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Previous measurements on photolysis of water ice with UV irradiation (A =
121.6 - 280 nm) have demonstrated the production of OH, HO2, H, H2, H2O,
H3O

+, H2O2, O, and O2 [73, 74]. The reaction mechanisms forming these product
have been suggested, but there is no evidence for these sequences. From photolysis
by Lyman-a radiation on crystalline ice HO2, H, H2,O,and O2 were shown to be
produced and some reaction mechanisms were suggested [75], but no evidence for
these reactions was obtained and the enthalpy change for many of them is not
known. For example, Matich et al. [76] observed O2 by irradiating water ice with
266 nm laser light.

Radiolysis of water ice, that is high energy radiation of water ice, generally by
charged particles, ions or electrons, or high energy electromagnetic radiation, such
as X-ray, Bremsstrahlung radiation, or radiation from radioactive nuclei, a, /?,7
radiation, have been investigated comprehensively. Some of the reactions leading
to creation of radicals in photolysis may be similar to those of radiolysis. The
following reaction mechanisms have been found to be dominant in radiolysis of
water ice, [72]:

H2O
+ + H2O

e~

e;r+OH

H3O
+ + e" (or efr)

H3O
+ + OH~

H + OH

2H

2OH

— H3O
+ + OH

- » et"r

— OH'

-* H + H2O

<-• 2H2O

-» H2O

- H2

-> H2O2

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Here etr is a trapped electron. At low temperature the trapped electrons and the
other transient species are effectively immobile [72].

Defects creation in water ice by ion or electron bombardment has been demon-
strated by Hudson et al. [77]. However, at liquid nitrogen temperature (77 K) a
significant amount of the radicals created will recombine. Therefore some studies
have been carried out below 27 K. It is believed that the same process occurs at
77 K, but that the recombination rate is much higher. It is generally accepted [77]
that the initial event in irradiated ice is:

H2O — H2O
+ + e~ (35)

The most likely process to follow [35], is dissociative recombination :

H2O
+ +e~ -* H2O' ->H + 0H (36)

Alternatively H atom or H+ atom transfer may occur after [35], and the second
and third step will be:

(37a)

H3O
++e~ -> H2O + H (37b)
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Regardless of whether (36) or (37) occur, the free radicals created from proton
or electron irradiation are H and OH.

Since water ice is transparent to radiation for energies less than 8 eV, no direct
absorption process occurs when irradiating with 337 nm (3.6 eV) and 625 nm (1.98
eV) light is carried out. So, the most likely process for laser ablation of water ice is
the creation of radicals in the ice, and subsequent absorption of incident irradiation
by these radicals.

The absorption spectra of the radicals believed to be generated in water ice is
not known precisely, but it is known for liquid water [72]. In Fig. 37 the spectra of
the absorption spectra by radicals in liquid water as a function of wavelength per
concentration unit (mol per liter) per unit length (cm) is shown. For water ice the
absorption peaks are indicated to be shifted into the IR region relative to liquid
water. From the figure we can see that for 337 nm light a small possibility of the
light being absorbed by the HO2 and OH radicals exists, taking into account a
shift in the IR direction of the absorption spectra, but it is very low. A hydrated
electron in water ice does not exist, but the trapped electron in water ice is believed
to have similar absorption properties as the hydrated electron in liquid water. For
625 nm laser light the probability peaks for the absorption of the laser light by
hydrated electrons in liquid water. We expect the absorption of the laser light to
increase in water ice after the formation of radicals.
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Figure 37. Absorption spectra for radicals created in liquid water. £ is in units of
concentration per unit length (mol per liter per cm)
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6.5 Experimental results, UVA
The experiment performed was to observe the effect of laser irradiation on water
ice for 337 and 625 nm. The intensity of the laser was kept so low that absorption
by multiphoton processes could be disregarded.

A series of experiments was carried out, where we examined the ablation yield
and the luminescence yield for water ice. When irradiating water ice with 337 or
625 nm we saw a shift in frequency due to thermal heating of the crystal, but the
frequency raised to the initial frequency as soon as the laser was turned off, Fig.
38. This indicates that no material was removed during the irradiation.
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Figure 38. Water ice irradiated by 337.1 nm laser light.
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Results from irradiating water ice by electrons, protons and ions in order to
create defects sites and radicals in the ice film, are shown in Fig. 39 and Fig.
40. During simultaneous electron and laser bombardment we detected a frequency
shift of approximately 0.02 Hz/s on the oscillating crystals (Fig. 39). Irradiation
with the laser after electron bombardment, led to a decrease in frequency due
to the heating of the crystal, but no material was removed. Irradiating with the
laser and the electron beam simultaneously gave a frequency shift of 0.0224 Hz/s,
similar to that of electron bombardment alone.
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Figure 39. Water ice irrradiated by electrons and laser light.

For proton bombardment of water ice, we saw a frequency shift of 0.0363 Hz/s,
and with argon ion bombardment a frequency shift of 0.0308 Hz/s. Laser irradia-
tion before and afterwards gave a frequency shift due to thermal heating, but still
no material was removed (Fig. 40).
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Figure 40. Proton bombardment of water ice.

When irradiating water ice by Lyman-a light, at least four hours of radiation
is required before a mass change can be noted, Fig 41. We irradiated with laser
light before and after, and again no mass change was observed.
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Figure 41- Lyman-a (\ = 121.6 nm) irradiation of water ice.
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A spectrum of the luminescence was taken before and after each experiment,
and when possible during the experiment. The spectra could indicate if we have
created radicals in the ice after the bombardment. The spectra of water ice on the
gold substrate, irradiated with 337 nm laser light is shown in Fig. 42, before (A)
and after (B) an experimental run. However no significant features were observed
apart from the N2 peak from the laser (at 337 nm).

1000

C 100

o
10

; 1 • 1 • 1

- A.

r

Y i • i • :

1

A/1
 ]

f] r7l / 'F 11 " ' T i l 1 i

o
o

1000

100

10

1

1000
1

- B.

1 • 1

2000
i

t#fff

3000
1

4000 5000 60
' 1 ' 1 • ;

1000 2000 3000 4000

Wavelength [A]

5000 6000

Figure Jt2. Spectra of water ice on a gold substrate irradiated by 337 nm laser light.
A. Before Lyman-a irradiation, B. After 4 hours of Lyman-oc irradiation.
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6.6 Experimental results, RIS0
We wanted to continue the investigation of laser ablation of water ice. We studied
the ablation of films deposited at liquid nitrogen temperature as a function of
fluence, irradiated with 266, 355, 532 or 1064 nm laser light. We also wanted to
investigate the angular distribution of the ablated material. The problems encoun-
tered during the ablation experiment were briefly mentioned in the introduction
and will be discussed in the end of this section as well.

During the experiment the ice film was deposited onto a quartz plate, as the
electrodes of the quartz crystal microbalances (QCM) would be eroded by the laser
pulse impact. So first we had to calibrate the growth rate and thickness of the ice
film during deposition. We did this by growing ice film onto a QCM, knowing the
gas inlet time and rate. In Fig. 43 a typical calibration curve is shown. The gas
inlet rate is determined by the pressure in the gas container (Preu) and the setting
of the needle valve.
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Figure 43. Calibration of water ice film deposition

Three sets of calibration measurements are shown in the figure, A, B, and C. The
slope of the curves yields the mass deposited onto the crystal in Hz. A frequency
change of 1 Hz corresponds to 7.1565 1014 HvQjcrr? for a water molecule of 18
amu. An average growth rate was found to be 0.4459-1015 fyO/cm2 • s, which is
a rate of approximately 1.5 A per second.

76 Ris0-R-924(EN)



A measurement series of irradiation of water ice by 355 nm laser light with an
energy per pulse of 30 mJ and twenty seconds between each laser pulse is shown
in Fig. 44. Since we could not measure the beamspot size on the water-ice film,
the laser energy is used instead of fluence. The initial increase in frequency shown
in the plots, is due to the thermal heating of the crystals when the laser is on.
When the laser is turned off, the frequency decreases and stabilizes around the
initial resonant frequency of the crystals. It is possible that some mass has been
deposited on the crystals closest to the normal of the target ( crystal number 3,
4 and 5). However, due to the large fluctuations of the crystals oscillations, the
frequency change was too small to indicate a significant deposition rate within the
experimental error. At crystal 3 water ice corresponding to about 2 Hz may have
been deposited during the laser ablation.

It is important to keep the crystal and the target at a constant temperature
in the vacuum chamber at 77 K, so two radiation shields surrounded the target.
Therefore, it was difficult to see if the laser beam hit the target precisely. If it
was slightly defocussed, it might have hit the quartz plate holder of aluminium,
and aluminium would be ablated instead of water ice onto the crystal. To inves-
tigate the origin of the fluctuations in the frequency of the crystals we irradiated
a silver target at room temperature. An increase in the frequency of the oscillat-
ing crystals was observed during the experiment, which probably was caused by
thermal heating of the crystals by the laser pulse. It took several hours after the
end of each experiment, before the frequency of the crystals was stabilized. The
ablation rate could then be calculated from the initial and final frequency. This
procedure is not possible for water ice at liquid nitrogen temperature, since the
resonant frequency of the crystals is very sensitive to temperature fluctuations in
this temperature region. The instabilities could possibly mean that the ablated
ice on the crystals evaporated partly or completely after each laser pulse. Thus
in order to make reliable ablation measurements of water ice, we would have to
change the experimental setup. Either by ensuring that the laser pulse would not
affect the crystals, or by working at temperatures where the crystal is more stable,
e.g. at liquid helium temperature. In the time limit of my Ph.D. project, it was
not possible to continue this experiment, but we will investigate it further later
on.
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Figure 44- Water ice irradiated by 355 nm laser light, with an energy of 30 mJ.
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6.7 Discussion
According to the considerations in section 6.5, we attempted to create radicals
in the water ice film, when it was bombarded by electrons and ions. However, no
absorption by these radicals leading to any significant photon-induced erosion was
noted during the subsequent irradiation with 337 nm or 625 nm laser light. No
straightforward explanation is found. It is possible that the radicals either didn't
live long enough or that the of absorption was too weakly correlated with particle
ejection. For 337 nm the absorption peak observed in liquid water for the OH and
HO2 radical might not have been red-shifted enough to absorb 337 nm laser light.

For 625 nm laser light close to the maximum of the absorption of e^., no ablation
was observed either. Firstly, the intensity of the laser at this wavelength was very
low and the beam scattering large, and it may not have been sufficient to induce
erosion of the ice film. Also it is possible that the concentration of e^. in the ice was
too small or the absorption spectra may look different for the trapped electrons
in the ice film at these wavelengths.

In the experiment at Ris0, we irradiated water ice with 355 nm laser light with
different laser energies. For a laser energy of 39 mJ a frequency shift of 2 Hz was
noted on the crystal closest to the normal. If this frequency shift was due to water
ice deposited on the QCM, it would correspond to a deposition rate of 2.86 • 1014

H2O /cm2 pulse.

6.8 Conclusion
No detectable ablation was observed from irradiation water ice with 337 nm and
625 nm laser light.

Irradiating water ice with 355 nm laser light on a silver target with an energy
of 39 mJ we observed a possible deposition rate of 0.286 monolayer per pulse.
Further experimental studies are necessary to draw any useful conclusions about
the processes occurring from UV laser irradiation of water ice.
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7 Conclusion

In this project we have studied electronic sputtering of insulators (solid deu-
terium), laser ablation of metals ( silver and nickel) and insulators (water ice).
For the experiments on laser ablation of insulators we used electron, ion and,
Lyman-a irradiation to create defect sites in the insulating material to initiate
the laser ablation process.

For electronic sputtering of solid deuterium, the dependence of the sputtering
yield on film thickness and energy was investigated for keV electron bombardment.
A strong enhancement in the sputtering yield for film thicknesses larger than the
projected range of the electrons was observed. This effect has not been observed
before. We believe the large yield to be caused by electrons trapped in defect sites
in the lattice, building up a localized field in the deuterium film, which may direct
the incoming electrons back towards the surface, causing sputtering during the
slowing-down and trapping.

For laser ablation of metals, we studied the deposition rate as a function of
laser intensity, wavelength, and material properties. The angular distribution of
the ablated particles was also investigated for silver irradiated with 355 nm laser
light.

The deposition rate increases approximately linearly with increasing laser flu-
ence. The rate is generally higher for silver than for nickel for the same wavelength
in the thermal evaporation regime. We assign this to the difference in reflectance,
absorption coefficient, and the thermal properties of the materials. In the high
intensity regime the deposition rate was larger for nickel irradiated with 532 nm
and approximately the same with 355 nm laser light. The enhancement in the
deposition rate observed for nickel may be due to a fast change of the surface
morphology of nickel. The measured specular reflectance for nickel irradiated with
532 nm laser light decreased by a factor 2 after a few laser pulses, which could
imply a higher absorption of the laser light at this wavelength.

The wavelength dependence observed for silver and nickel at high intensities is
somewhat difficult to explain. A large increase in the deposition rate was observed
for both materials when irradiated with 532 nm laser light compared with 355
nm. This wavelength dependence could be an indication of that thermal processes
play a more important role at these intensities than first expected.

The angular distribution of the ablated material was measured to be a cosn9,
where n varied form 1 to 6. The total ablation yield was calculated from the angular
distribution in the forward hemisphere. The total ablation yield was calculated to
be around 1015 atoms per pulse.

Laser ablation of water ice caused some problems, but a possible deposition rate
for 355 nm laser light incident on water ice at an energy of 40 mJ was measured.
We propose to investigate this further.
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Nd:YAG Laser

Continuum NY81C 10 Serial number sg2/1885. A schematic of the layout of the
laser is shown in Fig. 45
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Figure 45. Schematics of the Nd:YAG laser.

Ml: Rear mirror.
PC: Pockel Cell.
M2g: Gaussian output coupler.
BE: Beam expander (TELESCOPE.)
M3: Turning mirror.
WP: Wave plates A/4
AP: Apeture.
M4: Dichromic separators.

A.I Alignment:
To align the beam you can adjust the mirror (Ml) in front of the Pockel cell and
oscillator, do not touch the mirror placed just after the oscillator. The telescope
(beam expander) can be adjusted for beam divergence, the wave plates in front of
the amplifier need adjustment when you change from 355/532 to 266 nm or visa
versa. For a centered beam, the two sets of movable mirrors (M2,M3) just after the
second harmonic generator (only adjust the ones that receive the reflected beam.)
can be adjusted. The first mirror adjust the green light, the second the infrared
(that is for the 355/532 nm only).

A.2 Optimizing 532/355 nm:
• Use exit mirrors with coating to reflect the 355 nm light.

• Use second harmonic generator of typeSGH-T25 "doubler."

• Use third harmonic generator of typeTH3-T15 (mixer) "tripler."

The exit reflecting mirror coating needs to face each other. The coating is in-
dicated by arrows (>) drawn on the edges. If this fails note the reflecting coating
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is purple/blue. (The anti reflecting coating on the 355 nm lenses are yellow.) The
tripler mixes the green and the infrared light to obtain the 355 nm wavelength.
First optimize the doubler for the green light, the mirrors are in the place in front
of the doubler, align the crystal with the external remote control until optimum
energy output is achieved which is around 3.8 Watts. Second optimize the tripler
crystal, first move the mirrors away from the doubler, then use the external re-
mote for optimal output which is around 3.2 Watts. Now optimize the doubler
with respect to the optimized tripler and then again optimize the tripler and so
on.

A.3 Optimizing 266 nm :
• Use exit mirror to reflect 266 nm.

• Use second harmonic generator of type SGH-T30. "doubler."

• Use sourth harmonic generator of type FHG-AT6. "quadrupler."

First optimize for 532 nm, put the mirrors back in front of the doubler, then
as before using the remote external control to an optimum output of 6.5 watts.
Second switch to quadruple, remove the mirrors in front of the doubler, adjust
the quadruple crystal (This could be tricky, a hint is that the reflected green light
from the quadrupler crystal should be centered on the side of the mirror for the
IR light reflection, which is placed aside in front of the doubler), to an optimum
of 1.2 (1.4) watt's.

Note that the beam could have moved with the changing of the crystals so adjust
the exit mirror so that maximum 266 nm light is reflected and the green light is
transmitted in to the beam dump to the right of the exit aperture, the beam can
also be centered using the mirrors at the doubler, however only for the green light.
Has the optimum output still not been reached then adjust the waveplates at the
back of the amp. in order to get the right polarization of the light.

A.4 Programming the external remote control.
Program 1: Is used when the laser is switched on first it triggers the

[flash lamp, to warm up the laser (30 min), the shutters are up.

Program 2: Is used for single pulse triggering, the shutters are
down and [the Q switch on].

Program 3: Is used for continuous 10 Hz pulsing beam, shutter
down, Q switch on.

Program 4: Is used for individual programming, Let the flashlamp
pulse be 10 Hz always (standard repetition rate), or below. The de-
lay for the Q switching gives optimum output at 276 7m 1 Sec delay.
To reduce the energy output this can be changed (made smaller)
for example for alignment purposes. The frequency between pulses
is maximum 10 Hz (standard Q switch rep rate.) the Flash lamp
frequency (F) can be made smaller by a F/n ratio, the lowest fre-
quency at the moment obtainable is F/10 (n=10), that is 1 laser
pulse per second.
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A. 5 Energy output obtained at installation.

Wavelength
1064
532
355
532
266

nm
nm
nm
nm
nm

Energy
1200 mJ
400 mJ
320 mJ
659 mJ
140mJ

Harmonic

Type I

Type II

Generators
-
doubler.

doubler.

Specification for NY81C series. Repetition Rate 10 Hz.

Wavelength

1064 nm
532 nm
355 nm
532 nm
266 nm

Energy

1200 mJ
400 mJ
320 mJ
659 mJ
140 mJ

Pulsewidth
(FWHM)
6-8 nsec
5.7 nsec
5.7 nsec
5.7 nsec
5.7 nsec

Energy Stabil-
ity (±%)
2.5
3.5
4.0
3.5
10.0

Power Drift
(±%)
3.0
5.0
5.0
5.0
-

A.6 Service Requirements:
Monthly

Change Cooling water
Change DI filter for Cooling unit
Change Flashlamp (amplifier)
Change Flashlamp (oscillator)
Change O-rings on laser head
Check alignment X
Clean optical components X

Every 6 month
X
X
X
X

Every 12 month
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B Thermal model calculations

The heat diffusion equation 13 is solved by a finite difference method, where the
temperature T is discretized in time and space. We divide the target up into
regions, as illustrated in Fig 46. We look at a target layer of thickness Ax and
consider a time interval At. We first consider the simple situation, without includ-
ing the receding surface.

Figure 46. Schematics of the target, as used in the thermal calculation, i mark the
number of layers, while j is the time counter.

The energy balance equation then yields the heat deposited in a layer of thick-
ness Ax during the time At, and can be written as:

(B.37)

Where p is the mass density, C the specific heat, T the temperature, K the
heat conductivity, and A the source term.

The first term, on the right hand side, is the average value of the heat flow,
J = —Kj£ in and out of the layer. The second term describes the energy deposited
by the laser light in this layer Ax. The indices i and j are counter parameters for
space Ax{ and time At, respectively. Rearranging Eq. B.37, and setting /? =
we get:

p • C(T>) - 7V) = ± (B.38)

K{T()
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The source term A{ is in units of J/cmzs and is given by:

Ai = (1 RLl0 a~J\\ e~axdx (R39)

_ (1 -R) • 7o ^ _ g_ A l o . e-a(t-l) Ax . e-a-4* / g 4 0 )
Ax v ' v

Here, R is the reflectivity, a the absorption coefficient, and IQ the initial laser
intensity. When we treat absorption of the laser beam in the ablated layers, we
substitute 70 -> 70 • e~al in Eq. B.40.

B.0.1 Boundary conditions:

At the metal-substrate interface, the temperature Tm is constant.
We also need to take into account, that we have no heat conduction above the

surface, but rather energy loss due to the heat of vaporization from the flux of
ablated atoms.

The expression in Eq. 15 limits the flux J, at the surface, due to the kinetics in
the process. The energy balance at the surface then gives the boundary condition:

+A{l)*tMT)

Where Je, the energy flux due to evaporation is given by:

A7/ju — molar heat of evaporation, NA is Avogadro's number and J is the
ablation flux, given by equation 15 in section 4.2.

We want to solve the equation for the unknown temperatures T/+ 1 at a later
time (j+1). We can do this in two ways, using an implicit method, or an ex-
plicit method. The explicit method involves evaluating T/+ 1 knowing T/. For the
implicit method we have to set up a system of equations with the unknown Tj + 1 .

B.0.2 Implicit method.

The implicit method is used for evaluating threshold temperature profiles before
vaporization occurs. The implicit method is computationally stable for all values
of time and space step. Then we can apply larger timesteps. The Newton iteration
scheme is applied at each time step. The computer source code, in this case, is
faster to execute than that for the explicit method.

In the implicit method we substitute Tf+l for T J , on the right hand side of
equation B.43, and solve for the unknowns T/+1 . In practice, it means setting up
an equation of 3 unknowns (T^'.Tf4"1, T££') at each layer. Rearranging B.41 we
get in vector notation:

(hi = -\p{K{Ti^) + K{Tl+l))Tf^+p-C{Ti+l)-Ti+l (B.42)

/ 3 ( A ( 7 ) + K(T£1))Tl£ -A-At

= 0
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We know the temperatures 7V, for i=l..m (ambient temperature when we apply
the laser beam or calculated in the former timestep). Then Eq. B.43 and the similar
Eq. B.41 can be considered as non-linear equations for the m unknowns Tf+ , i.e.
the temperatures in the next time step:

)i = 0, i = l..m

This set of equations can be solved by iteration (Newton method), if we write:

Ff+dFrd = 0,

dFfd = - Ff (B.43)

where:

Tl+l — The temperatures at the start of each iteration step. Tf+ = The
temperatures at the end of each iteration step.

Here dFj is the Jacobian evaluated at the fj+1 and becomes a triangular matrix

with elements given by (dFf)ik = g^ffii'^, for k = i-l,i,i+l, and (dFf)ik = 0

for all the other k's. The iteration process starts by a guess, e.g. Tj+ =T^.

Then F/,dF/ are evaluated, and the matrix equation B.43 is solved for the incre-

ments d- The process continues until the difference d is sufficiently small. Then

T =d+Tf •
If we primarily consider threshold measurements, i.e. temperatures in the vicin-

ity of the boiling temperature, then we only calculate small values of the flux at
the surface. The ablation rate is given by the following relationship:

(B.44)

Here v(j) at each time step is much smaller than Ax, i.e. v(j) « Ax.
When we only consider threshold calculations, we can neglect any transforma-

tion of the coordinate system due to a receding surface. The threshold fluence can
then be determined as the fluence necessary for ablation rates above the detection
limit.

B.0.3 Explicit method.

If we want to treat large ablation rates at higher fluences we use Eq. B.38 with the
extra term added on the right hand side of the equation, which treats the receding
surface. In general the calculation procedure becomes the same as in section B.0.2

The right hand side of Eq. B.38 is evaluated at T1. The convergence criterion
which is given by /3-^ < | , is checked at all nodes. We can write Eq. B.38 as:

+K(Tf_l)+2K(Tf))1? + (K(Ti) (B.45)

Then the temperatures can be evaluated directly form the known temperature
in the former timestep.
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We compute with both the explicit as well as the implicit method. Where the
implicit method is computationally stable for all values of time and space step,
the explicit method is conditionally stable. It needs small timesteps ( ~1 ps for
Ax « 100 ) which cause lengthy calculations.
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C Reflection and absorption in met-
als

For plane waves incident on a metal, the optical properties are determined by
the index of refraction n and the extinction coefficient fc, which can be combined
to give the complex index of refraction N = n — ik (n and k are functions of
wavelength A). The absorption coefficient for normal incidence is given by:

471*
a= —

The laser intensity / at a specific depth x in a metal is given by

/ = Ioe-ax

where /o is the initial laser intensity.

The reflection coefficient at normal incidence is

(n - I)2 + Jfc2

R =
(n + I ) 2 + Jfc2

Similar expressions for different polarizations can be found for an angle of inci-
dence 6. For perpendicular polarization (a different expression is used for parallel
polarized light) we have:

O 2 0 ) = 87r2(sin2 6 - (n2 - k2) + ((n2 - k2 - sin2 Of + 4"2fc2)' ) ( C j 6 )

A

167T2fc2

A2

For reflection the expression becomes:

R ± {6) = a2 + 62

where
2a2 = [(n2 - k2 - sin2 0)2 + 4n2fc2]* + [n2 - Jfc2 - sin2 9]
262 = [(n2 - Jfc2 - sin2 0)2 + 4n2Jfc2]i - [n2 - k2 - sin2 9}

The theoretical data calculated from Eq. C.46 and Eq. C.47 are plotted in Fig
47, the values for n, k for silver and nickel are taken from the Handbook of Physics
and Chemistry [52].
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Figure 47. Theoretical values for the absorption coefficient and reflectance for
silver and nickel as a function of photon energy.
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In Fig. 48, The measured specular reflectance is plotted. The reflected intensity
was measured from a silver or nickel target at 45 degrees angle of incidence, as in
our experimental set up. The reflectance is calculated form the slope of the plot.

I.:•

Nickel 355 nm.

R-0.3

I

•

SO 100 ISO 200

SO 100 ISO

Energy (mj/pulse)

Silver 355 nm.

Ft . 0.76

0.007S9

• •

100 ISO

Silver S32 nm.

R.0.79

so too iso

Energy [mJ/pulse]

Figure J^8. Experimental values for the specular reflectance versus laser energy.
Silver and nickel for 355 nm and 532 nm laser irradiance.
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Experimental values for the reflectivity for silver are used throughout in the
calculations. Theoretical values were used for nickel because the reflected intensity
of the nickel target irradiated by 532 nm decreased rapidly as shown in Fig 48C.
The theoretical and experimental values are listed in table 7

Material/
Wavelength
Silver
532 nm
355 nm
Nickel
532 nm.
355 nm.

Absorption coefficient
a [cm"1]

8.2-105

5.5105

7.6105

7.9105

Reflectance
Rth

0.95
0.82

0.69
0.57

Reflectance

0.79
0.76

0.44
0.29

Table 7. Absorption coefficients and reflectance. Silver and nickel for 355 and 532
nm.
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D Threshold considerations

With our experimental setup, we could not determine the threshold value for
ablation. The threshold values considered here are the limit for which mass can
be detected on the QCM (the deposition threshold). This value depends on the
position of the QCM with respect to the target. The thresholds for deposition at a
crystal position of 66 mm, which is the position used for most of the experiments,
are given in table 8. The values are taken as the fluence where the lowest deposition
rate could be measure from Fig. 8. The theoretical threshold values for 532 nm, are
calculated using the thermal model discussed in chapter 4. No direct comparison
can be made between theory and experiment here,since the experimental values
are estimated deposition threshold values in a standard geometry, whereas the
theory yields the ablation threshold.

Wavelength

Expt. 532 nm
Theory (ablation)
Expt. 355 nm
Theory

Threshold for deposition
Silver :

0.3 J/cm2

0.7 J/cm2

0.5 J/cm2

Threshold for deposition
Nickel:

0.4 J/cm2

2.3 J/cm2

1.1 J/cm2

Table 8. Average deposition threshold values
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I
a>

I
5.0x10

0.0

| * Nickel X

A

= 355 nm.

A

A

A

A
1.SX10" •

1.0x10" -

5.0x10" -

0.0 0.5 1.0 1.5 2.0 2.5 3,0 3.5 4.0 4.5 5.0

Fluence [J/cm 2J

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Fluence J/cm 2

Figure 49. Deposition rate versus fluence for silver and nickel irradiated with 355
and 532 nm laser light, (for laser fluence < 4 J/cm2).
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E Deposition rate calculations

Calculation of depsition rate MS # 33 Ag/N, : 355nm 15/2 1995

Reading datafile:

AbHz =READPRMLasag256) i = O..(lasl(AbHz)- I) m=last(AbHz) m=199 Nrsht| : = i

Parameters which can be changed in the experiment:

Epls - 82 mj Epls = Epls-10"' Epls = 0.082Energy of laser pulse In mJ:
Wavelength of laser pulse In nm: Xpls=355 nm Xpls =XpU-lcT
Diameter of eliptical beam spot: dI -0.084 d2 =0.132 cm

Xpls =3.5*10

Pressure in chamber:
Ambient gas pressure:

Crystal position w.r.t. target
Angle from the normal to crystal position:
Exponent of the cosine distribution:
Pulse length :

Areal of beam spot: Aspt -n——

Constants used in calculations:

Planck constant
Velocity of light

Radius of electrode on crystal:
Areal of the crystal sensitive area:A := it-Relc

Energy calculations:

. Epls

"Aspt

Pi r= 1.2-1CT7 mbar
P2 :=!.!• Iff1 mbar

r:=66

n = 2

cm
degrees

plslgt :=5.7 nsec plslgt : = plslgt• 10"9 plslgt ^

Aspt =0.00871 cm2

h =6.6261810 Jsec
c=310"

Fluence

Intensity: I :=-
Aspt

$ =9.41609 J/cm2

I = 1.65193109 W/cm2

Relc=0.3
A =0.283

Puse power:

m/sec

cm
cm2

plslgt
p=i.43861O7 W

Calculation of number of photns in beam:

Ephoton = — Nr_photons := E p l s

Xpls Ephoton

Energy of photons: Ephoton =5.5995910" J

Intermediate calculations: Frequency measurements:

Nr_phoions = 1.4643910"

Startfrq =AbHz Slutfrq : = A b H z ( B | )

Slutfrq =4.99504 \<f Hz

Diff := Startfrq - Slutfrq

Diff = 8.8 HzStanfnj = 4.995041(7 Hz

Frequency range and number of shots used in calculations:

Beginning at shut no.:si =40 Corresponding frequency: AbHz(jl _ u =4.9950410*

Ending at shut no.: s2;=198 Corresponding frequency: A b H z ( s 2 1 ) =4.995041C6

Number ofMiols: Ds r s 2 - s l Corresponding frq. change: Df =AbHz,c)
I k n . F (Si

Ds=158 Df = 7.2 Hz
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The best liniar fit between si and s2 is found and the slope calculated:

j : = O..As y = j - n l y. : = AbHz(.+f| _ ,,

sip = slope (x, y) sip = -0.0438 b : = intercept (x, y) b = 4.9950* 106 cor = corr( x, y) cor = -0.99699

DATAFILE IS LASAG261.PRN

Laser Energy: Epls =0.082 J

Laser Fljence: ((1=9.41609 J/em2

Ambient p ressure.

Frequency change per laser pulse

Rengjort!

Hertz ablated Diff = 8.8 Hz

1*10

no5

no5

no5

I'lO5

no5

Frequncy cK

l*10 5

I« IO 5

no5

£t i i i
o

- - ^

\

-

-

-

-

-

1 1 1

1 1

•

1 1

1 '

t

1 1

-

-

-

-

-

i 1 «
0 20 40 60 80 I0O 120 140 160 180 200

Number of shoes

Calculation of deposition rates ;

The frequency change (1 Hz) converted Into amu/cm 2: Hz = 1.27910"

Atomic weight of Ag is 107.8S amu so 1 Hz ablated
corresponds to :

The amount of silver ablated in total from Y = Af-Aghz
s1 to s2.

The amount of silver ablated per shot from Y Y
81 to s2 slmpel calculation: par

 A

Aghz = Hz- 1
107.85

8.5385>IO114

amu/cm 2

Ag/cm2

Ag/cm2

A s

Ypar = 5.404 ]>1012 Ag/cms shot

The amount of silver ablated per
from s1 to s2 calculated from slope:
(Deposition rate)

Ysht: = -Aghz sip Ysht =5.1948*10"'
Ag/cm2 shot
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Angular distributor! :

The amount of silver ablated in total over a cosine n distribution (Yield per shot)

n = I Yshot = K-
Relc'

Yphoton =
Yshot

Nr_photons

Yield per shot

Yield per photon

Yshot =3.5545210'

Yphoton =0.24273

Ag/shot

Ag/photon

n =4 Yshot =
Relc

Yphoton : = -
Yshot

Nr_photons

Infinite distribution* that is

Ysht = • AghzslpA

Yphoton :=-
Ysht

Nr_photons

Yield per shot

Yield per photon

Yield per shot

Yield per photon

Yshot = 1.4218410 Ag/shot

Yphoton = 0.09709 Ag/photon

Ysht = 1.4688 HO',12 Ag/cm2

per shoi

Yphoton = 1.0030210 Ag/photon

• We get this by multiplying the deposition rate by the area of the crystal.
That means that all the ablated material hits the crystal
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Sputtering of Thick Deuterium Films by keV Electrons
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Sputtering of thick films of solid deuterium up to several fim by keV electrons is reported for
the first time. The sputtering yield increases within a narrow range of thicknesses around 1.6 /xm
by about 2 orders of magnitude for 1.5 keV electrons. A similar behavior has not been observed for
ion bombardment. The yield enhancement is accompanied by an increasing electron accumulation in
the film.

PACS numbers: 79.2O.Kz, 34.80.Gs, 72.20Jv

Surfaces of the solid hydrogen molecules are the most
volatile targets that can be studied with a charged-
particle beam in a laboratory vacuum system [1,2].
The binding energy of the hydrogenic molecules to
the lattice site is extremely low corresponding to a
sublimation energy of about 10 meV/molecule [3,4].
Therefore, beam-induced evaporation occurs frequently in
any particle-beam experiment with these solids, unless the
target temperature and the beam power are kept below a
certain threshold [1,2,5,6].

The hydrogenic solids are unique as well because of
the extremely small charge mobility. Only the negative
carriers have a measurable mobility [7]. These carriers
are probably electrons in a polaronic state, in which the
electron wave packet is spread over and bound to a small
region of local distortion of the lattice [8]. A minor
fraction becomes completely immobile after trapping
in bubbles [9]. The electron generates a bubble in a
preexisting defect of the lattice because of the pronounced
zero-point motion of the electron [8]. These bubbles exist
in tens of minutes after the ionizing beam has been turned
off even at temperatures around 4.2 K [8,10]. Until
recently, any charge accumulation in these solids has not
been associated systematically with sputtering.

Sputtering is characterized as the erosion of surfaces
by individual particle impacts [5]. For keV hydrogen ion
incidence on a hydrogenic surface sputtering takes place
predominantly via electronic transitions. The incident
particle generates excitations and ionizations along the
path. Many of these excited states decay to repulsive
branches so that the molecules immediately dissociate.
The repulsing atoms may initiate collision cascades, and
when molecules close to the surface acquire sufficient
kinetic energy, they can pass the surface barrier and be
emitted from the material [1,2,5].

The sputtering experiments performed with hydrogen
ion beams have not shown any major discrepancies with
other volatile solids, even though the electronic transitions
leading to sputtering are not yet identified [1,2,11]. For
hydrogen ions a typical example is shown in Fig. l(a);
the yield reaches a saturation value which has been
interpreted as a "bulk" yield [12]. This value has been

used in Refs. [1,2]. The sputtering yields are very high,
i.e., up to 1000 H2/H at 10 keV proton incidence, but
this is essentially a consequence of the low binding
energy of the molecules to the lattice. We found a strong
dependence on the target isotope from the most volatile
isotope, solid H2, up to the least volatile stable one, solid
D2 , as well [1].

Comprehensive sputtering experiments with elec-
tron beams have been carried out largely for solid D2
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FIG. 1. (a) The sputtering yield as a function of initial
thickness for 4 keV H3~ ions from Ref. [12]; the dashed line
indicates the bulk yield per projectile atom [67.4 D2/(H atom)],
(b) 1.5 keV electrons; Rp is the average projected range from
Ref. [16]. A typical standard deviation is indicated. The
dashed line shows the saturation yield (352 Dj/electron). (c)
Number of accumulated electrons in a thick film as a function
of film thickness for 1.5 keV electron bombardment. For each
thickness the number is determined from the area similar to that
in Fig. 3(b).
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[6,11,13]. The yield decreases from a high thin-film yield
to a low thick-fiim yield value around film thicknesses
that correspond to twice the average projected range for
electrons. Since a considerable enhancement of the sput-
tering yield was seen for thicknesses larger than 3 times
the range some years ago [11,14], we have explored this
effect in a new series of measurements on very thick
deuterium films. In this work we present results that
show an enhancement of the sputtering yield by 2 orders
of magnitude within a narrow range of film thicknesses.
This surprising increase is accompanied by a pronounced
charge accumulation in the thick films.

The experimental setup (Fig. 2) resembles that used for
hydrogen ion bombardment of hydrogenic films described
previously [1,6,11]. Films of solid D2 of a thickness from
0.2 X 1018 up to 13 x 1018 D : /cm : (corresponding to
4 yttm) are produced by letting a jet of cooled gas impinge
on an oscillating-quartz-crystal microbalance suspended
below a liquid-helium cryostat. With this system it is
possible to make D2 films of known thickness and to
measure the mass loss during the subsequent irradiation.
Electron beams of 1.5 and 2 keV are directed onto the
target by a system of external voltage plates. In order
to ensure a homogeneously irradiated area on the target,
the beam is swept both horizontally and vertically over
an aperture in front of the target. The beam current 1B

is measured before and after irradiation by deflecting the
beam into a Faraday cup. We have applied a negatively
biased (-90 V) repeller ring in front of the target to
suppress the secondary electrons. This ring has turned
out to reduce charge-up problems largely in our previous
work [1,6,11,15]. During the measurements the target
current IT as well as the frequency of the microbalance
are recorded. Under normal circumstances, e.g., without
charge-up as a result of electron or ion accumulation
in the film, the difference between the target and beam
current A = (/B - h)/h accounts for the number of

Repeller
ring

Quartz crystal

A l t

FIG. 2. Schematic view of the target area. The currents are
shown us well.

electrons reflected from the target. In that case A is equal
to the reflection coefficient 77 for the hydrogen isotopes
(about 0.01 for keV electrons of normal incidence [16]).

The temperature of the pumped helium bath reached
a value of 2.0 K. The 4000-A-thick silver electrode
of the quartz crystal was thermally connected to the
quartz-crystal holder and the cryostat bottom by a low-
temperature-solder point directly on the electrode. The
precise temperature of the electrode cannot be measured
because of the high-frequency oscillations.

The important test showing that sputtering rather than
beam-induced evaporation takes place was performed
in two independent ways. The yield obtained at film
thicknesses comparable to the range agreed well with that
obtained previously for D2 films deposited on a massive
gold substrate [14]. At such film thicknesses it was
possible to monitor the erosion—and in tum to determine
the sputtering yield—from variations in the reflection
coefficient 77 [5,11]. As a second check we measured
the yield for different beam currents at a thickness around
6 x 1018 Di/cm2. The yield did not show any significant
dependence on the current for values less than 160 nA. A
typical current used was 100 nA.

The yield as a function of film thickness for 1.5 keV
electron bombardment is shown in Fig. l(b). One
notes the strong increase from the minimum of
about 3.5 D2/electron up to the saturation value
of 350 D2/electron for thicknesses that exceed
8 X 10i8 D2/cm2. The yield is always given as a
function of initial thickness, since the film thickness
and, therefore, the yield change substantially during the
experimental run. A clear indication of the saturation is
shown in Fig. 3(a); the erosion rate is constant during the
run for the thickest films.

A crucial point is the different behavior of the
ion- and electron-induced yields for thick films. A
straightforward explanation is that the accumulated
primary ions embedded in the deuterium are neu-
tralized by free electrons from the silver substrate
as soon as the film charges up above a certain
threshold. Since there are no available mobile posi-
tive charges from the metal, the incident electrons gener-
ate a space charge in the film. This charge-up occurs at
the thicknesses for which the electrons after the slowing
down no longer can migrate through the film to the
substrate.

From this picture one can describe the behavior of the
yields from thin and medium thick films for both types
of projectiles. At very thin films the yield is enhanced
by beam-induced surface effects. The mechanism has
not yet been identified, and the yield enhancement has
been observed for other gases and by other groups as
well [11,15,17], but the effect at these thin films is
unimportant for the present work. Since the flat part
of the curve for the yield induced by hydrogen ions
represents the "bulk" value of the electronic sputtering
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FIG. 3. Erosion curves for a thick film as a function of
time: (a) Frequency change for a 11 x 10" D2/cm: thick
film, (b) The relative current change A (A/B — h ~ h) for
a 7.2 X 10" D2/cm: thick film; the dashed area corresponds to
the accumulated electron charge.

yield, one may consider the thickness range between
1.0 x 1018 and 2.0 X 1018 D2/cm2 with the minimum
value of the electron-induced sputtering yield as a bulk
region. Tnis idea is corroborated by the fact that the
electronic sputtering yield predicted on the basis of low-
energy linear collision cascade theory [11,18] agrees well
with the yield in this region.

Obviously, the very large yield for the thick films
cannot be explained by any simple electronic sputtering
mechanism as the region with the minimum yield. This
is supported by our measurements of the target current
IT during the initial phase of the erosion. A decreases
towards a saturation value, but has a pronounced "short-
time" component around 100 s. Usually, the current
difference A/B accounts for the reflected as well as the
trapped electrons in the solid [19]. Therefore, the area in
Fig. 3(b) corresponds to the number of electrons that do
not reach the electrode; i.e., they are trapped in the solid
or reflected. In the following we shall denote this number
as accumulated charge, even though some of the primary
and secondary electrons may be backscattered in addition
to the ordinary number of reflected electrons from a film
without excess charge. The accumulated charge as a
function of film thickness is shown in Fig. l(c). The
charge increases with thickness practically as a linear
function with a threshold close to the thickness for which
the strong yield enhancement occurs.

One may extract the accumulated excess electron den-
sity from the slope in Fig. l(c) [20]. This slope cor-
responds to a density of about 7 X 1017 electrons/cm3

which is about a factor of 7 larger than the density of
the moderately mobile polaronic electrons and almost
2 orders of magnitude larger than that of the electron bub-

bles measured by Brooks and co-workers [9,10]. This
discrepancy may be at least partly explained by different
bombardment conditions, because the primary ions leave
the macroscopically neutral deuterium sample in Brooks's
experiment.

The steady-state erosion for thick films, which occurs
on a time scale of less than a second, may be described
qualitatively by the following scenario: Initially the dis-
tribution of excess electrons peaks around the projected
electron range, but with increasing fluence some electrons
migrate to the metal substrate as a result of the field gen-
erated by the other electrons. Eventually, about
0.9 electron per incident electron on the average reaches
the substrate, whereas 0.13 electron per incident one is
reflected from the film into vacuum. The energy release
for sputtering is caused by slow electrons that are driven
towards the surface, e.g., the primary electron after
slowing down, fast secondaries, or migrating polaronic
electrons. Such an electron drift towards the surface is
supported by the fact that the thick-film yield for 2 keV
electron bombardment approaches 1000 D2/electron in
contrast to ordinary electronic sputtering that would lead
to a decreasing yield with increasing primary energy
[2,5,15].

The energy conversion from kinetic energy of the inci-
dent electrons to translational energy of the D2 molecules
is not identified, but it must be induced by a mechanism
entirely different from that of the minimum region. Even
conceivable conversion processes by these low-energy
electrons such as excitations up to the repulsive b21* or
to vibrationally excited levels with subsequent relaxation
cannot account for the high yields for the thick films. An-
other possibility is bubble formation in defects close to the
surface. Since films produced on a cold substrate have a
high defect density [21], electron trapping at defects close
to the surface may occur and this bubble formation may
release up to 4 eV [8,10] to the surrounding molecules.
The localization of the polaronic electrons may also liber-
ate energy. The magnitude of this release is not known,
but it is probably more than 1 order of magnitude less
than the bubble energy.

In summary, we have presented the first sputtering mea-
surements of thick deuterium films by keV electrons. The
sputtering yield for 1.5 keV electrons increases around
5 X 1018 Di/cm2 (1.6 fim) by 2 orders of magnitude up
to a plateau about 350 D2/electron. A similar behavior
at film thicknesses so large has not been observed for
any other solidified gas. This enhancement is probably
caused by an accumulaiion of projectile electrons in terms
of trapping in bubbles or formation of polarons. The den-
sity of electrons in the thick films is estimated to 7 X 1017

electrons/cm3. No existing model can account satisfacto-
rily for the sputtering mechanism as well as the influence
of the stored electron charge of the thick films.
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Fig. 1. Schematic view of the target area. The currents are
shown as well.

0.2 x 1018-4 x 1018 D2/cm2 are produced by letting a jet
of cooled gas impinge onto the oscillating quartz micro-
balance suspended below a liquid-helium ^cryostat. The
quartz crystal microbalance has a 4000 A thick silver
electrode, which is thermally connected to a crystal
holder by a low-temperature solder point directly on the
silver electrode. By pumping the liquid helium bath,
a temperature of about 2.0 K is reached, but the precise
temperature of the electrode cannot be measured because
of the high-frequency oscillations. With this system it is
possible to make deuterium films of known thickness and
to measure the mass loss during erosion with an accuracy
of 1 Hz (9.0 x 1014 D2 molecules). Electrons of 1.5 and
2.0 keV are directed onto the target by means of external
voltage plates. In order to ensure a homogeneously irra-
diated area on the target, the electron beam is swept
both horizontally and vertically over an aperture in
front of the target. A negatively charged ( - 90 V)
repeller ring was placed in front of the target in order
to suppress secondary electron emission, and this ring
has proved to reduce charge up problems in earlier
experiments [1,4,9,10]. The incoming beam current /B

is measured before and after the experiment by deflecting
the beam into a Faraday cup. During the measurements
the target current 7T, which is the current of electrons
reaching the silver substrate, as well as the frequency
change of the microbalance is recorded (Fig. 1).
Under normal circumstances, that is without charge up
in the deuterium film, as a result of electron or ion
accumulation, the relative difference between the target
and beam current J = (7B - /T) //B will account for the
number of electrons reflected from the target. Then J is
equal to the reflection coefficient r\ for the hydrogen
isotopes, which is about 0.01 for keV electrons of normal
incidence [11].

3. Results

To ensure that the material from the substrate was
eroded by sputtering rather than beam-induced evapor-
ation several tests were carried out. In Fig. 2. the sputter-
ing yield from solid D2 measured using quartz crystal
microbalances (QCM) with 2 keV electrons is compared
with results obtained using the variation of A from
a massive gold substrate [12]. In Fig. 2. the initial film
thickness has been plotted as a function of the electron
fluence necessary to remove the film. The slope of the
curves that the data points compose gives the ave-
rage yield-as usual in units of sputtered D2 molecules
per electron [10]. One notes that the slope of the data
from the two quartz crystal holders of slightly different
geometry agrees fairly well with that from the massive
substrate, and that the yield from the crystals even is
slightly less than that. This shows that the thermal coup-
ling of the crystals is sufficiently good and that beam-
induced evaporation can be neglected. One notes as well
that the slope increases at very small thickness, which
means that the yield is enhanced for thin films as dis-
cussed above. It was not possible to erode deuterium
films thicker than 3 x 1018 D2/cm2 in this manner, since
the analysis requires a complete removal of the film
within one run. The current used was typically between
100 and 200 nA. The sputtering yield was measured as
a function of film thickness for 1.5 and 2.0 keV electrons,
usually in the range of 10"8 Torr. (Fig. 3). A minimum
yield is observed for a film thickness slightly larger than
the mean projected range (Rp) for both 1.5 and 2.0 keV
electrons. The value of the yield at the minimum is about
4 D2/electron for both energies. One notes the good
agreement between the points obtained several years ago
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Abstract
Sputtering of films of solid deuterium by keV electrons was studied in a cryogenic set-up. The sputtering yield shows

a minimum yield of about 4 D;/electron for 1.5 and 2 keV electrons at a thickness slightly larger than the average
projected range of the electrons. We suggest that the yield around the minimum represents the value closest to
a bulk-yield induced by electron bombardment. It may also include contributions from the mechanisms that enhance the
vield for thin and verv thick films.

1. Introduction

The solid hydrogen isotopes are the most volatile tar-
gets on which sputtering experiments can be per-
formed. Such experiments require a cryogenic set-up with
a target temperature below liquid-helium temperature
and a sufficiently low beam current. If these conditions
are not fulfilled, the hydrogenic solids will be eroded by
beam-induced evaporation rather than sputtering [1-6].

The sublimation energy U. which characterizes the
surface binding energy, ranges from 8.65 meV.'Hi for
solid H, up to 12.65 meV/D : for solid D2 [4,6]. The
extremely low sublimation energy for H2 means that the
sputtering yield is considerably larger for solid hydrogen
than for deuterium, but also that the measurements on
deuterium are less difficult than those on hydrogen. Since
it has turned out that the sputtering yield for thin and
intermediately thick films is much smaller than that in-
duced by ions, it has been possible to measure the yield
under electron bombardment in a systematic manner
only for solid D : and HD.

A complicating feature for the interpretation of sput-
tering data from electron-bombarded solid deuterium is
the strong yield dependence on film thickness. For thin
films the underlying substrate, usually a metal, induces

a strong enhancement of the yield for ion as well as
electron bombardment. The mechanism for this effect is
not yet identified, but the effect has also been observed by
other authors [7,8] and for other solidified gases, e.g.
neon [9]. For very thick films, i.e. three to four times the
electron range, the yield increases drastically, probably as
a result of electron trapping in the film [2]. This particu-
lar behavior has been observed for the hydrogenic solids
alone. All other gases investigated with keV electrons
show a saturation yield, i.e. a "bulk"-yield. for thicknesses
comparable to the electron range [5,6].

In the present work we will consider sputtering of solid
deuterium for thin and intermediately thick films. One
expects that-if a "bulk"-yield exists-it will occur for
films so thick that the thin-film enhancement is insignifi-
cant. On the other hand, the films must be thin enough
that the yield increase for the thick films does not appear.
The yield enhancement for thick films was discussed in
Ref. [2] and will not be treated separately. In the inter-
mediate thickness range the erosion takes place as ordi-
nary electronic sputtering, i.e. particle ejection driven by
energy conversion from deexcitation of individual excita-
tion events [4,5]. We will discuss below the possible
conversion mechanisms for keV electron bombardment
of solid deuterium.

* Corresponding author.
'Part of the work performed in Department of Mat. Science

and Engineering Physics. University of Virginia. Charlouesville.
VA 22901. USA.

2. Experimental

The experimental set-up is similar to that described
previously [1,2,10]. The deuterium films of thickness
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[4.12] and the present ones. For thin films the strong
enhancement of the yield is observed. This thin film
enhancement has been observed previously for sputtering
of D : and H2 by ions [3,6]. The thin film enhancement is
larger for 1.5 keV electrons than that for 2.0 keV elec-
trons. The increase in the yield for films thicker than Rp is
also noted. This thick film enhancement is a
phenomenon not seen for other solidified gases before
and it is discussed separately elsewhere [2],

4. Discussion

As discussed in the introduction the minimum yield
about 3—4 D2/electron at a film thickness around
2x 1018 D ;/cm2 is expected to originate from electroni-
cally-induced low-energy cascades. The particle ejection
around the minimum is probably driven by linear colli-
sion cascades, in which individual deexcitation events do
not interact, as the distance between two adjacent excita-
tions or ionizations in the solid produced by the incom-
ing electrons is typically more than 40 monolayers [4] for

keV electrons. Fast processes from primary electrons that
can give a linear sputtering yield are production of
Df ions and predissociation [13] :

D(+2.3eV),

Df T 4D(+2.4eV),

D, - 2 D2(+5.9eV).

(1)

(2)

(3)

The energies indicated are minimum energies cor-
responding to the lowest bound excited state of the
D2 molecule. As there is hardly no luminescence ob-
served in the visible region from electron-bombarded
solid deuterium, the probability for nonradiative decays
is much larger in solid deuterium than in deuterium gas
[4], The D} ions in the solid may sooner or later capture
an electron in a dissociative recombination. In this pro-
cess an additional (average) energy £rcc of 5.8 eV is re-
leased [13].

It is possible to estimate the electrically-induced yield
Y from low-energy collision cascades by using a model
based on linear knock-on cascades [14]:

)' = \ilA[EJW)Dc{E, 0. 0). (4)
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Here DC(E. 0, 0) is the surface value of the distribution of
electronically deposited energy D,(£, 9. x) per primary
particle with energy £ and incoming angle 0. EJW cor-
responds to the rate of energy available for sputtering,
since £, is the average energy liberated in nonradiative
transitions per ion-electron pair and W(= 36.5 eV) is the
mean energy necessary to create an ion-electron pair [5].
The constant

(5)

where the density N{ = 3.03 x 10" D,/cm3) and U de-
pend on the material alone, and C = 1.81 x 10" l 6 cm2,
is about 110 A/eV. The energy £, consists of contribu-
tions from predissociations of D*, Eprc = 8.0 eV, and
contributions from ionization via Eq. (1) and £rec. The
number of excitations iVes per ionization can be esti-
mated to 1.1 per ionization from the value of W, the
ionization potential /( = 15.5eV) for deuterium, the
average energy spent to secondary electrons. £sec = 1 eV,
and the average energy necessary to produce an excita-
tion in a D2 molecule, £cs = 12.5 eV. This leads to

iV, ,=(W - / - £ „ « ) / £ „ = 1.1

and

£, = iV e x £ p r e +(£ . + £ , „ ) = 17.1 eV.

(6)

(7)

where the first product represents the contributions from
predissociation and the terms in the parenthesis those
from ionization [13]. (£» = 2.3 eV from Eq. (1)). Using
the ratio EJW = 0.466 we obtain the linear yield
y l in = 5.6 D:/electron for 2 keV electrons and V|in =
7.7 D ; electron for 1.5 keV electrons. This yield is close
to the observed one at the minimum. As the average
energy £pr« released from molecular dissociation, about
8 eV. is large compared with the binding energy
(12.65 meV D2) of the molecules in the solid, it is
possible that spherical subspikes, i.e. spikes generated
by an individual deexcitation event [15,16] can be
initiated by the repulsing atoms. Schou [4] has estimated
the yield from spherical subspikes and found that they
can give a yield around ys,p = 11.8 Di/electron for 2 keV
electron impact. This contribution is of the same order of
magnitude as the experimentally observed yield, and,
therefore, the possibility that subspikes occur cannot be
excluded.

The linear low-energy cascades set a lower limit for the
sputtering yield. However, we cannot exclude that the
yield in this region is partly influenced by the thin-film
enhancement mechanism as well as that of the thick-film
increase.

The thin-film enhancement of the yield has been ob-
served for bombardment of solid deuterium by hydrogen
ions [3.6] as well as electrons. The enhancement is prob-
ably induced by the underlying substrate, but the mecha-
nism is still not understood. The high yields must be
correlated to electronically deposited energy since it has

never been observed for materials, where knock-on sput-
tering is the dominant sputtering process. Furthermore,
the thin-film yield is slightly higher for an electron energy
of 1.5 keV than of 2.0 keV, which may mean that the yield
is related to the stopping power of the primary electrons.

The electron reflection coefficient for silver is quite
high (around 0.4), but the yield enhancement cannot be
caused by electrons reflected at the silver substrate alone.
For a similar system electron-bombarded solid neon,
Schou et al. [9] have estimated that reflected electrons at
most can enhance the yield by a factor of 2.

The enhanced thin-film yields have been observed on
crystal electrodes as well as massive substrates. A variety
of processes may contribute to the enhancement, but
a possible mechanism is the effect of emission of second-
ary electrons from the metal into the film. These electrons
may be trapped at the many defects near the film surface.
The trapping is immediately accompanied by a lattice
relaxation, by which atoms close to the defect may be
ejected. Even an electron with an energy below 100 meV
may induce ejection of neighbor atoms, if the energy is
efficiently converted to atomic motion. This mechanism
agrees qualitatively with the dependence on primary en-
ergy and on film thickness. A detailed investigation in-
cluding very thin films is not possible with the present
vacuum conditions and requires efficient substrate clean-
ing prior to the film deposition.

5. Conclusion

The data presented here for sputtering of solid
deuterium by keV electrons show a pronounced thin film
enhancement, for which the sputtering process is not yet
fully understood. For film of thickness around the mean
projected range of the electrons a minimum yield is
observed. The processes are believed primarily to be
electronic sputtering induced by linear low-energy colli-
sion cascades. For very thick films the yield shows
a strong increase probably stimulated by electron accu-
mulation in the film.
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Abstract

The deposition rate of laser-ablated silver has been determined for fluences between 0.5 and 15 J/cm2 at the
wavelengths 532 and 355 nm for a beam spot area of around 0.01 cnr. The ablated metal was collected on a quartz crystal
microbaiance. The rate at 5 J/cm2 was about 4 X 10l3 Ag/cm2 per pulse for 532 nm, and somewhat lower for 355 nm. The
initial vaporization during the ablation has been studied numerically as well.

1. Introduction

Laser ablation deposition of thin films has be-
come a widely used method in many areas of scien-
tific and technological importance [1]. The dominant
application has become film deposition of metal
oxides, including high-7^ superconductors, since this
method has turned out to reproduce the chemical
composition of the target very well. The many com-
prehensive studies on laser ablation processes and
deposition of multi-component materials, have been
accompanied by a relatively limited number of fun-
damental studies of the ablation processes for simple
one-component materials such as metals [2-8]. In
this paper we have investigated the dependence of
the deposition rate on fluence, i.e. incident energy
per area, for silver at the wavelengths 355 and 532
nm. The angular distribution of the ablated material
varies strongly for different fluences and materials
[9] and it is difficult generally to predict deposition

' Corresponding author. Tel.: +45-46 77 47 55; fax: +• 45-46
75 40 64: e-mail: tys-josc@risoe.dk.

rates of metals more accurately than within one order
of magnitude [2]. We have measured deposition rates
for realistic conditions that include surface roughen-
ing and plasma formation during the irradiation and
the subsequent change in absorption. For some met-
als several groups [4-7] have studied thermal models
of the laser ablation at low fluence. For these metals
the thermal properties are comparatively well known,
and therefore numerical calculations are possible.
We have calculated the average ablation rate versus
fluence for silver at 532 nm numerically, based on a
thermal model and compared it to our experimental
data as well.

2. Experimental setup

The laser used in this experiment was a Contin-
uum Nd:YAG laser, operated at the 2nd and 3rd
harmonic (A = 355 and 532 nm). The FWHM was 5
ns, and the intensity varied from 4 X 107 to 3.2 X 109

W/cm2. Glass plates and a hydrogen cell were used
to attenuate the laser beam (Fig. 1). The beam was

0169-4332/96/S 15.00 S 1996 Elsevier Science B.V. All rights reserved
SSDI 0169-4332(95)00506-4
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Fig. I. Schematics of the experimental setup.

focused to an area of about 0.01 cm2 using a coated
quartz lens approximately 40 cm from the target. The
area of the beam was determined visually from the
"darkened' beam spot area of the target, and it turned
out to increase with pulse energy up to about a factor
of 1.5 of the spot size at low fluences. The back-
ground pressure in the chamber was usually in the
I0"7 torr range. The laser beam hit the target, a
polished disk consisting of either commercial (99.9%)
or ultra pure silver (99.9985%), at an angle of inci-
dence of 45°. It was cleaned before each experiment
by 200 shots with an unfocused beam for 20 s at 130
mJ for 532 nm, and 80 mJ for 355 nm. The deposi-
tion rate was measured by a quartz crystal microbal-
ance positioned normal to the target axis in a dis-
tance of 66 mm. If the target was closer to the quartz
crystal, the data collection was hampered by electric
noise. The limit of sensitivity was a frequency shift
of 0.1 Hz. which corresponds to 1.2 X 1013 Ag
atoms/cm2. The measurements were performed us-
ing 200 shots with a 6 seconds delay between each
shot, and the average deposition rate per shot was
determined. The pulse energy was measured before
and after each run. Then this sequence was repeated
on a new beam spot position of the target.

3. Laser-surface interaction in Ag: Thermal model

Thermal models for the interaction of laser beams
with metallic surfaces have been applied by a num-
ber of groups [4-7,10]. These models are feasible for
fluences up to the threshold of plasma formation

[11].
In order to simulate the laser-target interaction the

heat diffusion equation is solved numerically by the
implicit method involving a Newton-iteration
scheme, from which the full depth and time profiles
of the temperature are calculated [12]. The absorp-
tion of laser light, the temperature dependent thermal
conductivity and the heat capacity have been incor-
porated in the model as well as the experimentally
determined reflection. The ejection process is de-
scribed by thermal evaporation at the calculated sur-
face temperature.

In the non-linear heat diffusion equation:

C(D, K(J) are the temperature-dependent heat ca-
pacity and thermal conductivity at temperature T and
p the density. A is the exponentially decaying source
term, which is integrated over the discrete depth
intervals. At the surface the flux J of evaporated
atoms for the surface temperature 7"s is according to
[10]

1/2

A//ev is the molar enthalpy at the liquid-vapor
transition and 7ev is the boiling point at PQ ambient
pressure. The calculated ablation depth for Ag as a
function of fluence (Nd:YAG laser, 532 nm) is
shown in Fig. 2, and demonstrates a strong increase
in ablation above a threshold at about 0.6 J/cm2 .

4. Results

The average deposition rate as a function of flu-
ence for silver ablated with 532 nm laser irradiation
is shown in Fig. 3. The gross feature is that the
deposition rate increases linearly with fluence. At a
fluence of 10 J/cm2 we have deposited 4 X 1013 Ag
atoms/cm2 (0.06 A) per shot on the crystal on the
average.

For 355 nm laser irradiation, we have seen a
similar approximately linear relationship between the
deposition rate and the fluence (Fig. 4). At a fluence
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Fig. 2. Laser-induced evaporation for a 5 ns pulse at 532 nm. The
ablation rate is depicted as a function of fluence.
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of 10 J / cm : for 355 nm, a rate of 2 X 1013 Ag
atoms/cm2 was detected at the crystal, about one-
half of that for ablation by 532 nm laser light.

For ultra pure silver at 355 nm, the deposition rate
did not exhibit any systematic deviation from the
rate of the commercial silver. The rate at 532 nm for
ultra pure silver is currently being investigated [13].

The threshold for detection of silver deposition
could not be determined precisely due to uncertain-
ties in the energy measurements at low fluence, but
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Fig. 4. Deposition rate for Ag as a function of fluence for 355 nm.
(For error estimates: See Fig. 3.)

can be established to lie in the region below 1 J/cm2

for both wavelengths. On the average the energy
measurement fluctuated with 10% for fluences less
than 2 J/cm2 , with 6% for fluences of 2-14 J / cm :

and above 14 J/cm2 with 8%. Also we could not
monitor the energy during our experiment for each
individual pulse, so the energy was measured at a
repetition rate of 10 Hz before and after the deposi-
tion rate measurement. The determination of the
deposition rate was achieved using the slope of the
frequency over the duration of the experiment (200
X 6 sec). Typical errors in the estimation of the
slope which we have calculated, as well as in the
determination of the fluence, are shown in Figs. 3
and 4.

5. Discussion

The thermal model used to predict the deposition
rate for silver irradiated with 532 nm laser light
indicates a threshold for ablation at around 0.5
J /cm : , and then a sharp increase in deposition rate
with fluence. The experimental data collected in the
low fluence regime, showed a strong scattering be-
low 1-2 J/cm2. We could not determine the thresh-
old for ablation accurately due to several factors. The
sensitivity of our collector was 10'3 silver atoms per
cm2, so this would be our lower limit of detection.
The energy monitoring was hard to carry out pre-
cisely due to possible intensity fluctuations in our
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laser beam as well. On the other hand, this threshold
is about one order of magnitude larger than that
found by Helvajian and Welle for laser-induced ion
production from silver [14].

The deposition rates shown are measurements
taken with our basic pressure. When a gas is present
in the chamber the deposition rates may be several
orders of magnitude lower than the data shown here.
In this case the rate is strongly dependent on the gas
pressure in the chamber [13].

The measured deposition rates agree well with
other typical rates for metals. At a fluence of 5
J / c n r the rate is between 0.01 and 0.03 A per pulse
for most of the metals studied with laser irradiation
with wavelength around 300 nm [2] compared with
our rate of 0.03 A per pulse.

For fluences studied in the present work plasma
formation is likely to play an important role [8,10,15].
According to Dreyfus and co-authors [10,17] the
surface is shielded partly for UV laser light by the
plasma generated in the plume for an intensity around
5 X 103 W/cnv. One notes a clear change in the
slope at the fluence of 1 J/cm2, which corresponds
to an intensity of 2 X 108 W/cm : . At higher flu-
ences the deposition rate increases more slowly be-
cause of the absorption of laser light by inverse
Bremsstrahlung processes. At 532 nm these pro-
cesses are important already at even lower fluences
[17] and no distinct curvature can be seen in the
deposition rate curve at this fluence in Fig. 3.

The ablated mass and the deposition rate depends
partly on the size of the beam spot [8,17]. We have
attempted to use a standard spot size of 0.01 cm : for
all measurements. Unfortunately, the area turned out
to vary somewhat, but this deviation does not seam
to be serious in view of the dependence of the square
root of the area indicated by Dreyfus [17].

6. Conclusion

We have studied laser ablation of silver for flu-
ences up to 15 J/cm2 for the two laser wavelengths

532 nm and 355 nm for a beamspot of around 0.01
cm2. For fluences abo%'e 5 J /cm : the deposition rate
for 532 nm is about twice the magnitude of that for
355 nm. At 355 nm the deposition rate exhibits a
transition to a lower rate for fluences above 1 J/cm2 .
This is ascribed to formation of a partly absorbing
plasma in front of the target.

7. Unlinked references

[16] •Please refer to this reference in the
text.*
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Abstract. The deposition rate for laser ablated metals has
been studied in a standard geometry for tluences up to
20 Jc i r r . The rate for silver and nickel is a few percent of
a monolayer per pulse at the laser wavelengths 532 nm
and 355 nm. The rate for nickel is significantly higher than
that for silver at 532 nm, whereas the rate for the two
metals is similar at 355 nm. This behaviour disagrees with
calculations based on the thermal properties at low inten-
sities as well as predictions based on formation of an
absorbing plasma at high intensities. The deposition rate
falls strongly with increasing pressure of the ambient
gases, nitrogen and argon.

PACS: 79.20 Ds. 81 15 Fa

Laser ablation of metals has received growing interest in
the last decade, mostly due to the fact that pulsed laser
deposition with UV lasers has proven to be an important
method in creating thin films of multicomponent mater-
ials. The reason that this method has become widely used
is that it reproduces the chemical composition of the
target to a film on a substrate very well. i.e. it is
a stoichiometric process. In addition to the thin film
production the interaction of laser light with materials has
found a growing number of applications both in basic
research and technology, ranging from material process-
ing and micromachining to lithography. It is. therefore,
important to understand the underlying processes govern-
ing laser ablation [1-5].

Laser irradiation of metals results in a number of
processes that occur during nanosecond pulses. The laser
light is immediately absorbed and leads to a rapid heating
of the soiid close to the surface. With increasing intensity,
surface heating is followed by melting and evaporation. At
these power levels atoms as well as molecular fragments
are emitted. At even hiaher intensities the fragments disso-

* Corresponding author

ciate and the atoms become partly or fully ionized by
thermionic emission or multiphoton ionization of the
emitted species. Eventually the laser-material interaction
takes place between the laser beam and the plasma in
front of the target. Once formed, the plasma absorbs the
laser radiation by inverse bremsstrahlung. which leads to
a further heating of the plasma. The plasma expands as
a result of the heating, which means that the plasma
electron density decreases and the plasma becomes trans-
parent. This leads to a renewed formation of plasma, i.e.
a self-regulating plasma.

Up to about 250 MW/crrr evaporation is the domi-
nant process. At intensities above this value the plasma is
generated and the ejected material may be considered as
fully ionized at 500 MW/crrr. At about'lOOO MW cm' the
inverse bremsstrahlung makes the plasma increasingly
opaque. Most of the thin film production takes place
below 500 MW/crrr, where the laser-induced evaporation
is strong and the plasma shielding is not too serious [6].
As discussed below, we have studied the mass transfer in
these regimes.

Laser ablation of metals with visible or UV light has
been studied comprehensively within the last decade [7].
Some groups have investigated characteristic properties of
the ejecta. i.e. the number or the energy distribution of the
emitted ions or neutrals [8-14]. Other groups have dir-
ectly measured the mass loss or observed other visible
changes of the irradiated targets [12. 15, 16].

In the present work we report results on laser ablation
of metals. We have chosen silver, because results of laser
ablation from silver exist [17, 18. 19] and because silver is
a noble metal with a limited contamination in a vacuum
system. Nickel was used, because results for nickel are
available as well [20] and because the thermal properties
of nickel are fairly different from those of silver.

In our experiment we have measured the deposition
rate of silver and nickel with an oscillating quartz micro-
balance in a geometry and under conditions that are
commonly used for production of metal films. The depos-
ition rate depends not only on the intensity and the
wavelength, but also on material properties and the
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surface conditions, i.e. roughness. Also the geometric fac-
tors as the distance between the target and the substrate
and the angle of incidence may influence the deposition
rate. At the optimum distance found in our experiment we
have investigated the dependence of the deposition rate on
the pressure of possible ambient gases such as nitrogen
and argon as well.

We have calculated the total ablation rate for low-
intensities on the basis of a thermal model for silver
and nickel. At high intensities we have utilized the
models developed by Phipps et al. [21, 22] for the data
analysis.

1 Experimental setup

The laser used was a Continuum NY81C Nd:YAG laser
with the possibility of doubling, tripling and quadrupling
the fundamental frequency at 1064 nm, enabling us to
work with wavelengths of 532 nm. 355 nm and 266 nm.
The present measurements were performed mainly with
532 nm and 355 nm. The experimental procedure was
carried out as follows: The laser was aligned and opti-
mized for the specific wavelength. The energy of the beam
was measured at 10 Hz before and after each run with
a power meter. We have controlled the energy measure-
ment using a pyroelectric energy meter for single shots,
and found a deviation of less than ± 1%. The experi-
mental run was over a 20 minutes period with 200 laser
shots with 6 seconds between each shot. The target was
cleaned for 20 seconds at 10 Hz with an unfocused beam
at fluences of 80 mJ for 355 nm, and 130 mJ for 532 nm
before each run. The laser beam was focused with a coated
lens (f = 100 cm) approximately 40 cm from the target to
a beam spot typically around 1 mm', but it varied slowly
with the intensity.

The ablated material was detected by measuring the
material deposited on a quartz crystal microbalance
(QCM). The quartz crystal is a standard AT-cut crystal
with a diameter of 14 mm and 0.3 mm thick. The sensitive
areas on the centre of theocrystal surfaces are covered with
a silver electrode 4000 A thick and with a diameter of
6 mm. The crystal was mounted in two conductive springs
which connected the crystal to the oscillating circuit
placed just outside the chamber. When material is depos-
ited or removed from the QCM. a change in frequency
occurs, so with this method one can measure the thickness
of the film deposited on the crystal, and possibly the
amount of material removed during erosion, if any. An
aperture with a diameter of 6 mm was placed right in front
of the crystal limiting the area of deposition to the silver
electrodes. The area of the beam spot was determined
from the visually damaged spot on the sample after each
series of run. The area of the spot (about 1 mm2) turned
out to depend weakly on the fluence. For the evaluation of
the lluence we used a linear fit of the spot area as a func-
tion of the fluence.

The target was placed at 45" angle with respect to the
incoming laser beam, and rotated manually from outside
the chamber, when a new spot should be irradiated. The
QCM was placed in normal direction from the target
at the distances of 36. 46. 56, 66. or 76 mm (Fig. 1).

Quartz crystal
microbalance

- < ) • • •

Lens

NdrYAG
Laser

Attenuation
system

Target
chamber

Target
Vacuum window

Fig. 1. Experimental setup

The vacuum chamber had a background pressure about
10" ' Torr during the measurements.

2 Thermal model

The initial melting and evaporation of metallic targets are
essentially determined by thermal processes. Therefore,
a number of thermal models have been developed recently
[23.24.10,25,26,12].

Since the absorbed energy is converted to atomic
motion via electron-phonon relaxation on a timescale of
a few picoseconds [27, 28], the metal may be considered
as a macroscopic system exposed to an external heating
pulse that penetrates a distance much larger than the
characteristic absorption depth I/a into the metal on
a nanosecond scale. For metals this absorption depth is
much smaller than the corresponding thermal diffusion
length for nanosecond laser pulses [20]. The threshold for
thermal ablation is determined by the energy flux that is
necessary to heat up the surface to the boiling point. The
rate at which this is achieved, is influenced by a number of
thermal properties such as the specific heat C(T\ which
determines the temperature increase to the boiling point
at the surface in a system without heat conduction, and
the thermal diffusivity. which is a measure of how rapidly
the heat leaves the surface during the pulse. The heat of
evaporation is important as well since the energy loss by
the evaporation process can be fairly high. In addition to
these quantities, the heat transfer to the system is govern-
ed by the wavelength dependent absorption and reflection
coefficients which can be calculated from tabulated values
of the complex index of refraction. (For silver we have
used experimental values of the reflection, since we wanted
to include the effect of laser-induced modifications of the
surface, e.g. roughness that might change the amount of
absorbed energy during a run.)

We have utilized a one-dimensional model because the
extension of the beam spot is typically larger than the
thermal diffusion lengths by more than two orders of
magnitude. The time- and depth-dependent temperature
T(x, t) can be obtained from the one-dimensional heat
diffusion equation:

cT _ c ( , CT
ct c.x \ ex

A(x. T)

where K(T) is the thermal conductivity and the source
term

= (l - Ro) I(t)y.e (2)
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Ro is the reflectance and /(/) a square-profile of the
laser intensity [29].

This term is applied at the angle of incidence 45 : and
includes reflection at this angle as well.

The heat diffusion equation is solved by a standard
finite difference method by which the equation is dis-
cretized in small steps in time and space. We have per-
formed the calculations with an implicit as well as an
explicit method [30]. The implicit method is computa-
tionally stable for all values of time and depth steps, and is
used with a Newton iteration scheme at each time step.
The explicit one is conditionally stable and involves small
time steps, which in turn lead to lengthy computational
runs. However, this method is useful, when the ablation
rate is determined by a receding surface.

The heat diffusion equation can be reformulated to
include a receding surface at /(f) with a speed v = dl/dt:

ct cc cc J vCZ +A(c,T)
cc

(3)

where c = x — l(t) is the new depth coordinate [31]. In
setting up the heat balance of the surface, we subtract the
heat of vaporization of the ablated atoms from the heat at
the surface.

The ablation rate ./(Ts) is determined by evaporation
at the calculated surface temperature Ts with

JIT5) =

where

atoms/(unit area time).

, iH,.i7-. - T,.) R T, T,.

(4)

(5)

is the vapor pressure at Ts, AHW is the molar enthalpy at
the liquid-vapor transition, whereas the corresponding
(much smaller) enthalpy for the melting is neglected. A is
the atomic weight. Tu. the boiling point at pressure Po,
and K the heat conductivity, k Boltzman's constant and
R the gas constant [24]. From Eq. 4 we obtain the reces-
sion velocity

v =
J{TS)

N (6)

at each time step, where N is the number density.

At high ablation rates the incident light is attenuated
significantly by the evaporating gas in front of the target.
According to Fahler and Krebs [32] we can incorporate
this attenuation in the model by letting the intensity of the
incoming laser beam be reduced by a factor exp( — zl) at
the surface. Even though we have applied the same optical
properties to the solid and the evaporated gas. this simple
approach seems to work well in the initial staae of the
ablation [32].

We have performed calculations for the ablation of
silver and nickel on the basis of thermal and optical data
listed in Table 1. Figures 2 and 3 show the surface temper-
ature for silver and nickel at the end of a 5-ns pulse for
532 nm laser irradiation as a function of fluence. We have
calculated the surface temperature for a surface ablation
below and above the boiling point (according to Eq. 3).
The calculations have been performed for a surface with-
out and with laser beam attenuation. For temperatures
above the boiling point at 1 atmosphere the material
parameters have been extrapolated from their values be-
low the boiling point. At high fluences and with absorp-
tion in the gas the temperature reaches a maximum and
decreases at even higher fluences as a result of the increas-
ing gas layer thickness in front of the surface. This
maximum appears around 1.2J/cm2 for silver and
above 4 J/cm2 (I = 800 MW/cm2) for nickel. However, as
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Table I. Material parameters for silver and
nickel Material parameters

Heat capacity
KUscmK. )

Specific heat C(J,'g- K)

Mass density pig/cm3)
Heat of evaporation (J/g)
Boiling temperature (K)
Absorption coeff. (cm"1)
Absorption (1 — Ro)

Silver [42] Nickel [43]
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mentioned in the introduction plasma formation is the
dominant process at intensities above 500 MW/crrr. and.
therefore, the results for these high intensities are instruc-
tive, but probably not realistic. The ablation depth per
pulse as a function of fluence for silver and nickel at 532 nm
is shown in Figs. 4 and 5. respectively. For both metals we
have demonstrated the effect of the laser beam attenuation
by the neutral gas as well. This attenuation reduces the
ablation depth significantly. However, the underlying
thermal model is at most feasible up to 2.5 J/crrr
11 = 500 MW-'cm") and the extrapolations above this limit
should be considered merely as instructive examples.
Therefore, at high fluences, where the plasma absorption
and shielding play a significant role, we have applied the
expression from Phipps et al. [21] in the discussion.

According to the analysis by Phipps et al. [21. 22] the
number of ablated atoms per unit area and time is:

«•»= 1.60- 1018
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Fig. 5. The ablation depth as a function of fluence for a nickel target
at 532 nm with laser beam absorption at an angle of incidence 45
for a 5-ns pulse. Open circles, without laser beam absorption; closed
circles, with laser beam absorption

where t is the laser pulse length. A the mass number (in
amu). Z the effective charge. /. the wavelength (in cm) and
I the intensity (in W/crrr). One notes immediately that the
ablation rate depends very weakly on the specific material,
i.e. the rate is similar for all materials, as long as the
effective charge Z is low. for example Z = 1.

3 Experimental results

The results of a typical deposition measurement for 200
pulses are shown in Fig. 6. The frequency decreases with
about 16 Hz during the laser beam irradiation at a fluence
about 17 J/cm2. The deposition rate is determined from
the slope of the linear part of curve. The shoulder on the
first part of the curve is caused by heating of the crystal by
reflected laser light and thermal emission from the plasma
plume. Essentially, the instantaneous frequency is deter-
mined by the deposited mass and the temperature, which
reaches an equilibrium behavior after around 60 pulses.
For low fluence the frequency behaves almost as a straight
line, but with more scattering of the data points than
shown in the figure [33]. At high fluence the thermal
stress in the crystal surface or the increasing crater forma-
tion and the surface roughening induce a bending point in
the frequency curve typically after 100 shots. This agrees
with the observations by Van de Riet et al. [34] who
pointed out that the ablation rate decreases with increas-
ing surface roughness. In this case the deposition rate
is determined largely from the first part of the linear
curve [33].

The deposition rate was measured for different tar-
get-substrate distances as well. The distance between the
silver surface and the quartz crystal varied from 36 mm to
76 mm in steps of 10 mm. This means that with increasing
distance the solid angle, in which the silver was collected,
is reduced (Fig. 7). The deposition rate may be approxim-
ated by a power function of the distance r with an expo-
nent n = — 1.4. which is considerably smaller than that
one would expect for an isotropic distribution of emitted
particles ;i = — 2.
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This is an indication of the forward-peaked angular
distribution of the ablated particles. Since most of the
particles are ejected with a direction almost perpendicular
to the surface [35], there is only a small reduction in the
rate with decreasing solid angle.

It turned out that there were strong fluctuations in the
deposition rate for positions closer than 66 mm to the
target. These fluctuations may have been caused by vari-
ations of the thermal load from the plume, impact-induced
stress in the crystal or a high selfsputtering rate by ions
from the plasma. Therefore, most of the measurements in
the present work were carried out for a target-substrate
distance of 66 mm.

The deposition rate for silver at 532 nm and 355 nm is
shown in Fig. 8. One notes that there is a pronounced
scattering for 532 nm. whereas the data points for 355 nm
fall much more regularly around a mean value (indicated
by the lines in the figure). We have performed a fit at each
wavelength [33]. For 532 nm the rate increases slowly
around a threshold for values below 2 J,cm". Above this
value the average rate is approximated by a linear func-
tion of the fluence. At hiah fluences the average rate for
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532 nm exceeds that for 355 by almost a factor of 2. and
for both wavelengths the deposition rate is about a few per
cent of a monolayer per pulse [36].

Results for irradiation of a nickel target at 532 nm are
shown in Fig. 9. Generally, the data points for 532 nm lie
above those for 355 nm and the scattering of the points is
much larger for 532 nm than for 355 nm similar to the
behavior shown by the silver data. The rate for silver and
nickel at 355 nm is compared in Fig. 10. One notes
that the rate is fairly similar for the two materials except
for a somewhat faster increase of the silver rate at low
fluences. The best fits for the cases measured here are
listed in Table 2 [33].

It is well known that the deposition rate falls rapidly
with increasing pressure of an ambient gas. This is demon-
strated for silver ablation in an argon and nitrogen gas
environment at 532 nm (Fig. 11) and 355 nm (Fig. 12) for
fluences in the plasma regime. One notes that the rate
decreases for pressure above 10"2 Torr. At high pressures
the rate is reduced by almost two orders of magnitude
relative to the vacuum value.

The measurements on silver and nickel were carried
out on ultrapure (Ag: 99.9985%, Ni: 99.997%, Johnson
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Table 2. Average deposition rate for siliver and nickel irradiated
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Matthey) as well as commercial purity (Ag: 99.9%) metal
samples. Since there was no significant difference between
ultrapure samples and those of commercial quality for any
of the wavelengths at the rluences studied here, most of the
data points were taken with commercial metal samples.

The strong scattering of the data points are caused by
several effects. The intensity profile of the laser beam may-
change considerably, and is in general difficult to control.
A second point is that the plasma light and ions induce
a stress in the quartz crystal by thermal or fast-particle

irradiation from the plume in front of the target. This may
influence the resonance frequency strongly as seen for
quartz crystal positions close to the target. Also the spot
dimensions are relatively difficult to evaluate accurately.
All these effects lead to the observed scattering of the data
points.

4 Discussion

The initial expansion of evaporated material is practically
one-dimensional up to a distance of the order 100 urn. At
least for standard ablation deposition experiments this
quantity is much smaller than the dimensions of the laser
beam spot. Eventually, the motion of the ablated particles
becomes multi-dimensional [22].

A typical distance at which a lateral motion of the
particles is induced in addition to the expansion away
from the surface, is a few mm. The resulting angular
distribution is predicted on the basis of gas collision
theory to be strongly peaked in the forward direction,
varying from cos4fl to cos9tf [37]. A parallel treatment by
Kools et al. [38] based on an initial one-dimensional
expansion of evaporated particles away from the solid
superimposed by a transverse expansion leads to a similar
angular distribution of the emitted particles. In this treat-
ment the exponent of the distribution varies between
3 and 10 [38].

Obviously, the deposition rate depends strongly on the
angular distribution of the ablated particles. For a strict
one-dimensional mass transfer process the ablated depth
in the material would equal the thickness of the collected
material at least for a beam spot area that exceeds that of
the collector, provided that the sticking probability is
unity and that no self-sputtering lakes place. With a less
sharp peak in the forward direction an increasing fraction
of the ablated material will not be deposited on the collec-
tor area. In that case the ablation depth will be much
larger than the thickness of the deposited film (see below).

The absolute magnitude of the deposition rate at
5 J/cm2 agrees well with that of Rebouillat et al. for gold
and aluminium [9] and also with that from Kools et al. for



copper and cobalt [38]. We obtain about 0.002 nm/pulse
for silver at 532 nm and 0.003 nm,pulse and 0.001 nm/pulse
for nickel at 532 nm and 355 nm. respectively. We get in
both cases a larger deposition rate at 532 nm than at
355 nm. This trend has been reported for aluminium, but
not for gold and copper by Rebouillat et al. [9]

The total ablated yield Y is determined from the de-
position measured on a collector in the distance r from an
ablating point source with an angular distribution cos"0:

Y = 2nr

= Int-
D(0)

n+ 1
(8)

where D(0) is the area density of the deposited material
along a direction with the angle 0 with respect to
the surface normal. For our measurements it means that
the deposition of about 1.1013 atoms/cm2 at 6.6 cm
from the target corresponds to a total ablated yield of
around 1.1013 atoms per pulse, provided that n is not too
large.

For a cos3t> distribution and D(0) = 1.1 • 1013

Ag atoms cm* at 2.5 J/cm2 we obtain a yield of 6.9 • 1014

Ag atoms. Correcting for our beam spot of Q.016 cm2, we
get an ablation depth per unit area of 73 A. This value
does not differ too much from our calculated depth of 200
A based on the heat diffusion equation, but the choice
n = 3 is probably a lower limit.

The beam spot plays an important role as well. Depos-
ition measurements by Jordan et al. [12] show that the
deposition rate increases with the beam spot area for the
two areas that have been studied. However, a complicat-
ing feature is that the angular distribution tends to be
more forward peaked for broader beam spots even at the
same intensity. This point makes the analysis even more
complicated. However, for spots with a diameter slightly
below 1 mm. Kools' analysis indicates that the exponent
of the angular distribution is comparatively low, i.e. not
much larger than 3 [38].

The strong scattering for low values of the fluence
makes it difficult to determine a threshold for ablation on
the basis of our data. Only the series for nickel at 355 nm
shows a threshold around 1 J'cm2. This agrees well with
the threshold about 1 J/cm2 for gold, copper and alumi-
nium at the same wavelengths from Rebouillat et al. [9]
but the value is somewhat lower than the threshold for
single shot ablation measured with thin film evaporation
at 248 nm by Matthias et al. [20]. In general, the thre-
shold depends on the way the ablated particles are identi-
fied. Helvajian and Welle [17] were able to study thre-
sholds at 351 nm and 248 nm for the emission of silver
ions between 25-400 mJ/cm2 because of a very sensitive
detection system for the ions. Gibert et al. [10] investi-
gated neutral particles by resonance ionization spectro-
scopy of iron up to about a fluence of 300mJ/cm2 at
337 nm. Kools and Dieleman [39] indicate that signifi-
cant ablation of neutral particles occurs between 1 and
2 J cm2. Bennett et al. have found a threshold value of
about 0.7 J cm2 [25] from energy distributions of ablated
neutral szold atoms at 248 nm.

The calculations of the ablation depth for 532 nm on
nickel indicate that there is a threshold for ablation
around 2.3 J cm2. There is a strong increase in the meas-
ured deposition rate from Fig. 9 that may agree with the
behavior of the ablation depth in the range from 3 to
5 J cm2, even though the intensity is much above the limit
for thermal evaporation. However, one might argue that
the presence of a gas is a necessary assumption for the
generation of a plasma. The corresponding calculated
threshold for ablation of silver at 532 nm is around
0.8 J/cm2. The reason for the low threshold for silver is
a number of properties, that primarily lead to a rapid
temperature increase and particle ejection in silver. The
boiling temperature for silver is considerably lower than
that for nickel, the specific heat is smaller for silver as well,
and finally, also the heat of evaporation is smaller for
silver (see Table 1). The thermal conduction is greater for
silver than nickel, but this does not compensate for the
effects that tend to decrease the threshold and increase the
ablation for silver relative to nickel. As mentioned earlier
we have used an experimentally observed reflection in the
specular direction for silver, but the theoretical value for
nickel. For nickel the specularly reflected beam was dim-
inished so rapidly that we were not able to measure it.
The surface of nickel may be degraded so fast that the
absorption increases considerably, before the pronounced
surface structures, that reduce the deposition rate [34]
develope.

An additional point is the possible selfsputtering of the
deposited silver on the substrate. Jordan et al. [12] found
that the deposition rate for copper was reduced by a factor
of two by the energetic ions from the plume. However,
these authors had positioned their QCM very close to the
plume, whereas our QCM usually is relatively far away
(66mml from the plume. On the other hand, the inten-
sities used are somewhat higher than those applied by
Jordan et al.

The larger deposition rate observed for nickel than for
silver at 532 nm in the experiments performed is probably
caused by the fast microroughning of nickel. The relative-
ly low deposition rate seen for both metals at 355 nm is in
contrast to the expectations from Phipps and Dreyfus
(Eq. 7) [22] in the plasma regime. Their formula indicates
that the ablation depth is inversely proportional to the
square root of the wavelength for identical pulse lengths
and intensities. Both metals show a similar deposition rate
for high fluences at 355 nm. This follows the predictions of
Phipps and Dreyfus [22], according to which the interac-
tion between the plasma and the laser beam depends very
weakly on the specific target material for the same inten-
sity. The average charge state enters into the formula, but
since the ionization potential is very similar for silver and
nickel, one may not expect that the average charge differs
from one element to another.

However, the prediction of the ablation depth given by
Eq. 7 is about 1360 A at 1000 MW/cm2 for 532 nm with
Z = 1. Even with Z = 47. i.e. the unrealistic case of fully
ionized silver atoms, the ablation depth is about
30 A/pulse. This number is about a factor of twenty larger
than the one we would have obtained for a strict one-
dimensional mass transfer from our deposition rate.
However. Jordan et al. [12] also obtained a smaller
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experimental ablation depth than predicted by Phipps
et al. [21]. The measured value for copper at about
300 MW cm' is about a factor of 6 less than the theoret-
ical one. In any case, there is a considerable scattering of
the experimental points around the mean value predicted
by Phipps et al. [21]. and some of the data points for
metals lie significantly below this value [22].

An additional effect that contributes to the ablation of
silver at 532 nm might be surface-plasmon enhancement
of the particle ejection. The coupling of the plasmon to the
laser-induced roughness has been shown to induce abla-
tion [18. 19]. However, since the deposition rate of silver
is smaller than that of nickel at the same wavelength, it
may not be a large effect.

It is well known that an ambient gas may influence the
deposition rate drastically [40]. For very dilute gases the
effect is insignificant, but already from pressures around
0.01 Torr the deposition rate falls clearly (Figs. 11 and 12).
Above 1 Torr the rate decreases precipitously in an argon
gas. At the first bending point the mean-free path is about
5 mm [41] corresponding to around 10 collisions suffered
by the ablated particles, before they reach the substrate.
Computations by Kools [40] demonstrate that at
0.01 Torr hyperthermal metal atoms with an initial energy
between 0.1 eV and 0.6 eV are fully thermalized at
the arrival to a substrate. At 1 Torr the mean-free path
is about 0.05 mm. which means that the average number
of collisions is so large that the ablated particles arrive
at the substrate after a complete diffusion sequence.
The faster reduction of the rate in argon than in nitrogen
gas reflects the point that the atomic masses of silver
and argon are not so dissimilar as silver and nitrogen.
Therefore, the diffusing silver atoms lose more energy
in silver atom-argon atom collisions than in those
between silver and nitrogen, so that eventually relatively
few silver atoms will arrive at the substrate in an argon gas
environment.

5 Conclusion

The deposition rate for laser ablated silver and nickel at
532 nm and 355 nm is about a few percent of a monolayer
per pulse. We have observed that the rate for both metals
is larger at 532 nm than at 355 nm. The rate for nickel is
significantly higher than that for silver at 532 nm. whereas
the rate is similar for the two metals at 355 nm. At low
intensities (below 400 M W/crrr) the rate for silver exceeds
that for nickel. Our calculations for 532 nm based on the
thermal diffusion equation demonstrate that the ablation
rate is higher for silver than for nickel because of the
thermal properties, which apart from the thermal con-
ductivity favor a rapid heating and evaporation of silver
relative to that of nickel. In contrast, the experimental rate
of nickel is larger than that of silver, probably because of
the increasing absorption with fluence. At high intensitive
labove 1000 MW cm:) the ablation depth is much less
than that predicted by Phipps et al. [21] and Phipps and
Dreyfus [22]. The scattering of the data points
is considerable. This reflects the difficulties of keeping
a reproducible intensity profile in the laser beam, but also
the strong local variation of the plasma ignition. The

deposition rate falls strongly with increasing pressure of
the ambient gases, nitrogen and argon.
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