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ABSTRACT

We described an experiment that was a part of the development of an

improved method for counting noble gas atoms (the RISTRON project). Its

main purpose was to investigate the charge emission from Si and Ge surfaces

under KrF excimer laser irradiation. We proved that this charge should not

interfere with functioning of the ion optics associated with the RISTRON, which

requires the combination of RIS with a mass selector.

Experimental data were presented in a form of emission signals and

compared to the results of theoretical calculations based on a simple

mathematical model. We observed unexpected differences between emission

signals from Si and Ge. The significance of this discovery justifies continued

experimental and theoretical work on the annealing of semiconducting materials.
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CHAPTER 1

INTRODUCTION

In recent years there has been a lot of interest in single atom counting in

many branches of science including physics, geology and cosmology. After a

device called the Maxwell demon was proven successful [1] another idea for a

better detector and counter called the RISTRON (Fig.l) was proposed and

subsequently discussed [2-4],

The main concept of the RISTRON (see Fig.l) is based on a combination

of the Resonance lonization Spectroscopy (RIS), Mass Spectroscopy and single

atom detection. The RIS process allows one to select atoms by their atomic

number Z, and a mass spectrometer selects atoms by their atomic weight A. As a

result ions of specific atoms (A,Z) can be directed into a semiconductor solid

wafer, called the "atom bank," and stored. During their implantation secondary

electron emission from the target takes place and can be used for counting the

number of implanted ions.

Because of limited abundance sensitivity of mass filters we have to repeat

the whole cycle several times in order to reduce the background due to adjacent

masses. Automatic recirculation of the entire population of the atoms takes

place between two targets in an actively pumped vacuum system. In order to

recover desired species of atoms from the target we melt its surface with an

excimer laser pulse. As soon as the rapid melting is over, the liquid-solid

interface starts to propagate back. If our atoms of interest (possibly Kr) are more

soluble in the liquid target material (possibly Si or Ge) processes of separation
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and segregation to the surface take place. We expect that in the RISTRON all of

them will be expelled to the gas phase.

During the laser irradiation, processes of material vaporization and charge

emission from the target occur. That raises a question whether or not the space

charge or plasma effects on the surface would complicate the ion optics required

to transport ions between a pair of targets.

Pellissippi International Inc. and The University of Tennessee Institute of

Resonance lonization Spectroscopy (IRIS) undertook research to answer this

question with the support of an NSF Phase ISBIR grant. This thesis is derived in

large part from these studies.

The initial part of the project was carried out at IRIS and included design

and construction of the experimental setup and verification of the technique of

measurement. Data were taken from a sample of aluminum irradiated with

pulses from a 337.1 run nitrogen laser.

The main part of the experiment was performed at the Oak Ridge

National Laboratory, Solid State Division, where more precise data were

obtained. In this case silicon and germanium materials were used as the targets,

and 248 nm light from the KrF excimer laser was used as a source of irradiation.

The applied portion of the project has been successfully completed. A lot

of very good data has been collected and the initial question is answered

satisfactorily by demonstrating that space charge effects will not affect ion

transport [5,6].

While studying the problem of charge emission from materials irradiated

with short (nanosecond) excimer laser pulses, we noticed that some of our data

were more complicated than we expected. Although Si and Ge have similar

chemical and electronic properties (Table 1), some of their charge emission

3



TABLE 1

Chemical and electronic properties of Si and Ge

Property [unit] Si Ge

Absorption coeff. [cm"^] at 300 K 4.5 • 10® 5.0 • 10®
atTm 2.2 • 10®

n
O

•

O

Atomic number 14 32

Atomic weight 28.09 72.59

Boiiing point [C] 2355 2830

Density of iiquid [g/cm®] 2.5 5.5

Density of soiid [g/cm^j at 300 K 2.33 5.32

Eiectron work function [eV]
photoeiectric 4.37-4.67 4.3-4.8

thermionic 3.54-4.02 —

Energy gap at 300 K [eV] 1.12 0.67

Energy of the major Auger iines [eV] i 91 24

ii 1610 44

Heat of fusion [kJ/moi] 50.2 31.8

Heat of vaporization [kJ/moi] 359.0 334.3

ionization potentiai [V] 1 8.15 7.88

ii 16.34 15.93

iii 33.49 34.21

Lattice parameter at room temp. [A] 5.43 5.66

Meiting point [C] 1410 937

Mobility of electrons [cm^/V/sec] 1350 3900

Mobility of holes [cm^/V/sec] 480 1900

Molar heat capacity [J/moi/k] at 273.2K 20.0 23.3

Reflectivity for X= 6328 A at 300 K .35 .49

atTm .42 .51

Reflectivity for A= 2480 A at 300 K .66 .65

atTm .63 .55

for iiquid .70 .65

Resistivity at 273.2 K [D • m] 0.1-60.0 0.001-0.5

Specific gravity at 300 K 2.33 5.323

Specific heat at 300 K [cai/g/K] 0.168 0.077

Thermal conductivity at 300 K [W/m/k] 165 67

Thermal diffusivity [cm^/s] at 300 K 1.35 0.35

atTm 0.196 0.075

Vapor pressure at Tm [torr]

OC

o

•

p

7.0 • 10"^
Vaporization point [K] 2750 2980



characteristics are very different and raise interesting fundamental question

about the emission process.

The most puzzling is the difference between Si and Ge emission currents,

particularly when the samples are biased by a positive voltage. Moreover, the

charge emission from Ge does not agree with any earlier observations for a

positive charge. The unexpectedly short emission signals indicate that processes

standing behind this phenomenon are not very well known and require more

detailed experiments.

This thesis presents the results of an experimental investigation of charge

emission from Ge and Si with respect to the RISTRON project, and also initiates

a discussion on the effects related to charge emission following a short pulse laser

irradiation of semiconducting materials.



CHAPTER 2

THEORY

A. INTRODUCTION

Before getting into details of experimental procedures and the results of

measurements, we describe a simple model of electron (and singly charged ion)

behavior in an electrostatic field and briefly summarize effects related to the

charge emission following irradiation of semiconducting surfaces by the KrF

excimer laser. The model of electron motion is a good approximation to the

geometry and the experimental conditions. The results of our calculations are

followed by corresponding experimental data.

The most important features of this model are the potential W, the field

distribution between the target and the collector F, and the time (t^) it takes for

Si"^, Ge"^ or e' to travel this distance. These calculations provide a means of

calculating the lifetime of the space charge created by the laser annealing and

indicate what parameters of the experiment (mainly bias voltage V^) it depends

on.

B. BEHAVIOR OF A FREE CHARGE IN AN ELECTROSTATIC FIELD.

The motion of a charged particle in an electrostatic field depends on three

factors:

a) shape of lines of force,

b) initial state of the particle (position, velocity, etc.).



c) presence of other objects (atoms, electrons, ions, etc.).

As a first approximation, we consider the problem of motion of one electron ion

in a vacuum (i.e. no other objects around and no interaction except field-ion in a

uniform electrostatic field).

In our experiment the field between the electrodes has cylindrical

symmetry and is not exactly uniform. Nevertheless, we will assume that the field

is approximately uniform in the vicinity of the axis of symmetry. This assumption

has been confirmed by an analytic calculation of the electrostatic potential and

field inside a cylindrical box with the geometry of our experiment. The

calculations and results are presented in Appendix A. This analytic solution has

been verified by another program (called FIELD) using numerical methods in

Appendix B. Results of the numerical solution will be used for calculations of

trajectories.

The experimental geometry is shown schematically in Fig.2. We maintain

constant voltage on the target electrode. Assume the collector electrode to be

electrically isolated because it is connected to the ground through a large resistor.

The total energy of the target-collector system [7] is U = 1/2 C where C is

the capacitance of the input circuit. If there are N ions in our system, the

electrostatic forces of the field act on them, corresponding charges are induced in

the electrodes, and a voltage pulse will appear on the collector plate. When

these ions move from h to x the field does the work:

Uc =
h"

NeFdx' (1)

and the energy of the system will be:

X-~cv2 = lcv^2.
h

N e F dx' (2)



V,

h TARGET

0
T

COLLECTOR

R
AMPLIFIER

Fig,2: Schematic of the charge collecting setup.
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where V is the new potential between the electrodes.

The voltage pulse for V^. < < that appears on the collector is:

^0 = v,-v-e-vTjN"='"<'

If we assume F to be constant

_ NeF r* Ne -
c  c vi" "C V'" ^

ViFor F = -pj~ and x (t) = h - v t

N /* t
e

'C Ch ,
o"

v

The time of collection t, can be introduced through

1  2 + 2ah) -
h = v^t^ +-at,, as t, =

where is the initial velocity.

eV,
If we take: a = —t--

m n

(3)

(4)

df (5)

mhv^ /2eV^

•.■-evr- (A-m-v- ®
o

V = Vjj + a t substituted in (5) gives:

N e v„ ., p
. V = t + (7)c  Ch ^ ^ 2Chm ^



For t = tf we get the final value of as:

V, = (8)

If we reverse direction of the field F, only the ions with nonzero initial

velocity v^^ get into the space between the target and the collector. They will be

slowed down, and if they stop before reaching the collector, they will be

accelerated back to the target electrode. In this case the total time of flight is

2 v„ 2 m h v„
t, = 2t„ = = (9f  o a eV^ ^ '

and the maximum of the obtained signal is

N m Vq N Kq

■^o = "2CV'" " CV7

where is the initial kinetic energy.

For the above model we simulate emission of ions into a uniform

electrostatic field. In order to calculate the time of their flight between a target

and a collector, we use the eq. (6). For the real field, calculated numerically in

Appendix B, we emit ions from two different initial positions of the target at

three initial angles with respect to the axis of symmetry of the cylinder.

Tables 2-4 show the results of the analytical calculations and compare them with

the results obtained by the program TRAJS in Appendix C. These calculations

give an estimate of the lifetime of a created space charge if its only interaction is

with the field.

10



TABLE 2

Comparison of analytical calculations of the time of flight of an electron in
a uniform electrostatic field with the collection time in a real field calculated
numerically for the geometry of our experimental setup.

Ko Vo Final Time by TRAJS [ns]
r. = .5mm ""i = 5.0 mm

[eV] [m/s] [ns] a=0 a = .5 a = 1

R
II

o

a= .5 a = 1

0.001 1.9 E4 1.3 1.2 1.2 1.2 1.2 1.2 1.2

1.0 5.9 E5 1.3 1.2 1.2 1.2 1.2 1.2 1.2

2.0 8.4 E5 1.3 1.2 1.2 1.2 1.2 1.2 1.2

3.0 1.0 E6 1.3 1.2 1.2 1.2 1.2 1.2 1.2

4.0 1.2 E6 1.2 1.2 1.2 1.2 1.2 1.2 1.2

5.0 1.3 E6 1.2 1.2 1.2 1.2 1.2 1.2 1.2

6.0 1.5 E6 1.2 1.2 1.2 1.2 1.2 1.2 1.2

7.0 1.6 E6 1.2 1.2 1.2 1.2 1.2 1.2 1.2

8.0 1.7 E6 1.2 1.2 1.2 1.2 1.1 1.2 1.2

9.0 1.8 E6 1.2 1.2 1.2 1.2 1.1 1.2 1.2

V, = -1500 volts

11



TABLE 3

Comparison of analytical calculations of the time of flight of Si"^ ions in a
uniform electrostatic field with the collection time in a real field calculated
numerically for the geometry used in our experiment.

Ko ^0 Final Time by TRAJS [ns]
fj = .5mm = 5.0 mm

[eV] [m/s] [ns]
R

II

o

R
II

tn

R
II

R
II

o

R
II

bi

R
II

0.001 8.3 El 296 281 281 281 278 278 278

1.0 2.6 E3 289 276 276 278 271 271 273

2.0 3.7 E3 286 273 273 275 268 271 273

3.0 4.5 E3 284 271 271 276 266 263 271

4.0 5.2 E3 282 268 271 273 266 266 271

5.0 5.9 E3 280 266 268 273 264 266 268

6.0 6.4 E3 278 266 268 273 261 264 268

7.0 6.9 E3 277 264 266 273 261 264 268

8.0 7.4 E3 276 264 266 271 259 261 268

9.0 7.9 E3 275 261 264 271 259 261 266

= +1500 volts

12



TABLE 4

Comparison of analytical calculations of the time of flight of Ge"^ ions in a
uniform electrostatic field with the collection time in a real field calculated

numerically for the geometry used in our experiment.

Ko Vo Final Time by TRAJS [ns]
Tj = .5mm ■■i = 5.0 mm

[eV] [m/s] [ns] a=0 a = .5 a! = 1 Q! = 0 a = .5 a = 1

0.001 5.2 El 476 451 451 451 447 447 447

1.0 1.6 E3 465 443 443 447 436 436 440

2.0 2.3 E3 460 440 440 443 432 436 440

3.0 2.8 E3 456 436 436 443 428 432 436

4.0 3.3 E3 453 432 436 440 428 428 436

5.0 3.6 E3 450 426 432 440 424 428 432

6.0 4.0 E3 448 428 432 440 420 424 432

7.0 4.3 E3 445 424 428 440 420 424 432

8.0 4.6 E3 443 424 428 436 416 420 432

9.0 4.9 E3 441 420 424 436 416 420 428

= +1500 volts

13



For electrons (Table 2), the time of flight in the electrostatic field

produced by the bias voltage = -1500 volts is equal to t^ = 1.2 ns. This value is

not significantly affected by changes in initial energy and initial angle of ejection.

In Tables 3 and 4, results of similar calculations are presented for Si^ and

Ge^ ions. The much heavier ions have proportionally longer time of flight; t^ =

0.3 us for Si^ and t^ = 0.5 iis for Ge If ions are ejected from the surface with

small initial velocities, characteristic of thermal ion emission, the small change of

initial velocity or change of ejection direction effect the time of flight by only a

few percent.

Electrons and ions, created on the surface of the target, can be injected

into the field along the direction of the force vector, and, if they have nonzero

initial velocity, they can be also injected against the force. As the simulated data

show (Table 5), the effect of the field in slowing them down and returning them

to the target has negligible influence on the registered ejection signal.

It is obvious that if a cloud of electrons and positive ions is created on the

surface of the target, additional effects may occur, such as:

a) expansion of the charge cloud,

b) recombination of ions with electrons in which neutrals are created,

c) scattering of energetic neutrals with excitation or ionization.

In this study, we did not analyze these effects, assuming that they would

not interfere with the RISTRON functioning if the bias voltage removed all the

charges created during material annealing in a sufficiently short time.

Later, we will see that it may be very important to learn more about these

phenomena in order to understand the process of charge emission.
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TABLE 5

Behavior of e", Si^, Ge^ in a reversed electrostatic field, for a bias voltage
of 1500 volts; t^ and were obtained analytically with the use of eqs. (9) and
(10), r^ - r. and t^ (TRAJS) were obtained numerically by the program TRAJS
(Appendk E).

2^0 TRAJS Particle

2to

[eV] [ns] [mV] [mm] [ns]

1 0.1 0.04 0.0 0.1

10 0.2 0.44 0.0 0.1

450 1.4 20.1 0.1 1.4 e"

950 2.1 42.2 0.2 2.1

1450 2.6 64.6 0.3 2.7

1 15.4 0.04 0.0 30.2

10 48.6 0.44 0.0 30.2

450 328.0 20.1 0.1 305.4 81+

950 475.0 42.2 0.2 465.4

1450 586.0 64.6 0.3 600.9

1 24.7 0.04 0.0 48.5

10 78.1 0.44 0.0 48.5

450 530.5 20.1 0.1 490.9 Ge+

950 759.8 42.2 0.2 748.3

1450 939.7 64.6 0.3 966.0

Note, that for more realistic initial energies, 1 -10 eV, the maximum of
the signal V is very small and cannot influence our experimental values for .
For the same amount of one electron ions (N = 10"^^) we would get the value of
Vf = 66.7 mV.

Only for very high initial velocities in a reversed field could the motion of
particles have influence on the shapes of emission signals and the values of our
experimental data.
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C. EFFECTS RELATED TO CHARGE EMISSION DURING PULSED

LASER ANNEALING

The effects of laser irradiation on the material depend on properties of

the target (reflectivity, density, specific heat, latent heat, temperature of melting,

etc.), parameters of the laser beam (wavelength, energy density), and the time of

interaction [8-13].

The energy of the electromagnetic field of a beam is absorbed by the

electrons first, and then, through relaxation processes (tj^ = 10'^^ sec), transferred

to the lattice. Absorption of short pulse laser radiation by semiconductors leads

to the creation of nonequilibrium carrier densities and elevated carrier and

lattice temperatures [14-17]. Because the band gap of most semiconductors

decreases with increasing temperature, the band gap will be lowest near the

surface where the temperature is highest, causing plasma confinement [18] near

the surface. At the same time the carriers can be driven by temperature

gradients in a thermoelectric effect. This effect is generally weaker than the

effect related to the band bending [14].

Generally, electron emission effects can be described by the total emission

current density composed of partial current densities:

ie = 2 ii 01)
i=0

where: is interpreted as a thermionic emission, and is interpreted as a

k-photon photoemission, k > 0.
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Thermionic emission takes place when the surface of the solid is heated to

a sufficiently high temperature. Neutral atoms, electrons and positive ions may

be ejected.

The photoelectric effect consists of ejection of electrons from the surface

of a solid when electromagnetic radiation is incident upon it. The number of

photoelectrons produced per unit time is proportional to the photon flux; thus the

photoelectric yield, which is the number of photoelectrons per incident quantum

of radiation, is independent of intensity.

The most important factors which determine the photoelectric yield are

the nature of the solid, oxidation or contamination of its surface and the

frequency of the radiation. Under extremely high laser irradiance, photoemission

becomes optical field-emission (optical tunneling) if thermionic emission or

optical damage does not set in first. This effect is important only in strong

electric fields normal to the surface.

Another important source of electrons is the Auger effect. When the

atom is in an excited X-ray level, having had one electron removed from an irmer

shell by whatever means, it may return to a state of lower energy by ejecting one

of it's own electrons in a process that competes with the ordinary quantized

emission of radiation. This recombination process reduces the number of ground

state free electrons but creates energetic electrons high in the conduction band

which can easily leave the solid.

A large number of papers [19-23] on laser annealing use a conventional

thermal model which assumes that thermal equilibrium is established between

the dense electron-hole plasma and the lattice during the laser pulse. High

power laser pulses melt and vaporize the material; they can also remove material

17



as a result of the thermomechanical effect (shock wave). And if the energy of

photons is high enough (UV), photoionization of neutral atoms may occur.

An alternative non-thermal model assumes that the atomic lattice is not in

equilibrium with the electron-hole plasma, and that the observed effects (for

example electron emission) are plasma dependent [24,25].

The emission of charged particles can provide direct information about

electron and lattice temperatures. Thermionic emission is a positive indicator of

high electron temperatures T^, while the evaporation of material from the surface

is a positive indicator of high lattice temperatures Tj^. In the case of nanosecond

or longer pulses, the electron temperature can be only slightly higher than the

lattice temperature [14]. In this case, thermionic emission masks the multiphoton

photoelectric signal, and other phenomena can be hard to separate from the total

signal. For sufficiently high laser fluences, besides electrons we have positive

ions, neutral atoms, clusters of ions and even microscopic particles may be

emitted [26-31].

Among many experiments investigating emission of charged (and neutral)

species from semiconductors and metals, the experiments reported by a group of

scientists at Harvard University seem to be the most interesting [32-37]. To

separate thermal effects they used very short (picosecond) pulses to illuminate Si

and Ge. Changing the laser fluence from a very low value to values about six

times higher than the threshold for melting, they defined four regimes of

emission phenomena. They also estimated initial ion velocities by measuring the

time elapsed from the moment of arrival of the laser pulse on the sample to the

moment ions reach the collection electrode. For zero accelerating voltage on the

collector, the time of arrival of the peak of the ion signal, at collecting electrode

positioned 3 mm away from the silicon surface, ranged from a few tens of
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nanoseconds to several microseconds. The ion velocity could be deduced from

the temporal position of the peak of the signal.

Malvezzi et al. [38] investigated the dynamics of the electron-hole plasma

in silicon and germanium and observed that above a certain value of laser

fluence, significant deviations between measured and calculated values of

reflectivities and transmissions occurred. Their results indicated a strong

increase of the recombination rate as soon as the plasma resonances become

comparable with the band gap energy. This suggests that new recombination

channels are opened at this well defined laser fluence that strongly affects the

subsequent evolution of the electron-hole plasma. The onset of a plasma

resonance was observed by monitoring the reflectivity as a function of the laser

fluence at a fixed delay after the excitation pulse. Particularly in case of Ge

which has a relatively low band gap, strong carrier recombination can occur by

plasmon emission and affect the temporal evolution of the carrier density.
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CHAPTER 3

EXPERIMENTAL SETUP AND INITIAL MEASUREMENTS

The first part of the experiment was designed only as a test of the

apparatus and the technique of measurement. As a source of irradiation we used

a nitrogen laser (model LN 1000, PRA Intl.,Inc.) with wavelength = 337.1 nm,

pulse width = 600 ps, nominal energy per pulse = 1.2 mJ. The beam was focused

with a quartz lens of focal length = 25 cm. A small fraction of it was selected by

a glass plate beam - splitter in order to monitor the temporal shape of a laser

pulse. The pulse was measured with a fast response photodiode and storage

oscilloscope. As a target we used an aluminum plate in the shape of a flat disk

biased by a high voltage power supply. Charge was collected by a metal disk

surrounded by a grounded guard ring and placed parallel to the target at an

approximate distance of 15 mm. The emitter and the collector were mounted

inside a vacuum system and oriented so that the laser beam was incident on the

target at the 45 deg. angle (Fig.3). The vacuum was on the order of 10"^ torr.

The capacitance of the emitter - collector system was measured by a

bridge method to be 30 ppf. This value had to be added to the 210 ppf

capacitance of the lead-in cable.

After some difficulties with a strong transient signal that dominated our

recordings when (and shortly after) the N2 laser was fired, we were able to record

signals that were results of a space charge created by N2 laser illumination of A1

target. Signals obtained during the first part of the experiment were averages of
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approximately 100 fast pulses that were electronically recorded, smoothed,

averaged, displayed on the screen and plotted (Fig.4).

The transient background signal was a result of a strong discharge

between the spark electrodes initiating the lasing process. Thanks to the

electronic averaging of many pulses this background was recorded. We could

then subtract the transient signal from the total signal to obtain a pulse of the

charge emitted from A1 as a result of N2 laser irradiation (Fig.5). Using these

graphs and eq. (3) we obtained a function of the number of electrons versus bias

voltage applied to the target as shown in Fig. 6.

The second part of the experiment was performed in the Solid State

Division at Oak Ridge National Lab. The experimental setup was somewhat

modified as shown in Fig. 7. Thin wafers of Si and Ge were used as targets. They

rested on a metal plate which could be biased by high positive or negative voltage

(Vj). They were irradiated at an angle of 45 deg. with pulses of 248 nm light

from a KrF excimer laser (Lambda Physik). The laser produced about 750 mJ

pulses; a lens and aperture were used to produce a uniform intensity within a spot

several mm in diameter on the targets. The energy densities were adjusted by

placing pairs of quartz plates in the laser beam. The emission current as a

function of time was measured by a Tektronix 7912 AD Programmable Digitizer

and recorded photographically. The laser pulse was similarly recorded. In order

to measure the duration of melting in the spot irradiated by the KrF laser, the

reflected intensity of a HeNe laser beam was recorded [13].
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CHAPTER 4

EXPERIMENTAL RESULTS ON KrF LASER INDUCED CHARGE

EMISSION FROM Si AND Ge SURFACES

A. INTRODUCTION

In Chapter 2, we calculated the collection time of electrons and ions. In

practice the time of duration t for the signal must satisfy another condition

imposed by the collection system, namely:

t << RC (12)

In our case R = 50 n, C = 240 ppf, thus RC = 12 ns. Although we calculated

shorter times of flight for a single free electron, we can see that the total

measured signals last longer. One would like RC large compared to the width of

the laser pulse to integrate charge. However, the ideal case would be to have RC

much less than the width of the laser pulse to record current as a function of

time.

We elect to obtain as much information on the current J and obtain the
e

charge by integrating over time:

pt

q = N e =
o"

Je (f) df (13)

Output of the emitted charge was regulated by changing the KrF laser

energy density. Although we were interested in the charge emission from the

melted surfaces, we started the experiment below the melting threshold. We

wanted to avoid creating plasma on the surface of the target (which is very

undesirable for the RISTRON) and to keep the emission mechanism as simple as

possible.
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The values of energy density for the KrF laser were estimated by

observing the total time of melt, using the change of reflectivity of the HeNe laser

beam as an indicator of melting [13]. The changes of reflectivity of Si upon

melting are shown in Fig. 8b.

At each energy density level, the emission signals were recorded at target

voltages ranging from -2000 to + 2000 volts.

B. DATA BELOW THE MELTING THRESHOLD

In order to investigate the emission of negative charge from a solid

(unmelted) Ge target we adjusted the KrF excimer laser energy density to

approximately E = 250 mJ/cm^ and used negative bias voltage. The signal

obtained seems to be composed of two major signals designated A and B. Part A

lasts as long as the KrF laser is illuminating the surface, no matter what bias

voltage is applied to the target. Part B of the signal has an amplitude

approximately 50% lower; its duration strongly depends on the value of applied

voltage and it ends abruptly (Fig.9).

In the case of a Si solid target, the emission was measured for a KrF laser

energy density E = 900 mJ/cm^. Part A of the negative charge signal shows

similar behavior as in the case of Ge but part B differs significantly: it lasts

longer and seems to decay with an error function (erf) dependence (Fig. 10).

If we changed the bias voltage Vj from negative to positive in order to

measure positive charge emission, the differences between emission signals for Si

and Ge became even greater. In the case of Ge they follow almost exactly the

KrF excimer laser pulse (Fig. 11), and changing the bias voltage influenced only

the amplitude. In the case of Si we obtained a completely different emission
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when melted by the KrF laser pulse.
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Fig.9: Emission signals for germanium targets below the melting threshold
with a negative bias voltage;

KrF excimer laser signal,
emission signal for E = .25 J/cm^, Vi = -1000 V,
emission signal for E = .25 J/cm^, Vi = -1500 V.
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Fig. 10: Emission signals for silicon targets below the melting threshold with a
negative bias voltage;

bi
c)
d)

KrF excimer laser signal,
emission signal for E = .9 J/cm^, Vi = -500 V,
emission signal for E = ,9 J/cm^, Vi = -1000 V,
emission signal for E = .9 J/cm^, Vi = -1500 V.
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Fig. 11: Emission signals for germanium targets below the melting threshold
with a positive bias voltage;
al KrF excimer laser signal,
b) emission signal for E = .25 J/cm^, Vi = +500 V,
c) emission signal for E = .25 J/cm^, Vi = +1000 V.

32



signal. It began later than a KrF laser pulse and extended into the microsecond

range (Fig. 12). The value of the positive bias voltage strongly affected both the

amplitude and the time of the signal emission.

C. DATA ABOVE THE MELTING THRESHOLD

To melt the germanium and silicon wafers' surfaces we increased the KrF

laser energy density. To confirm melting and to calculate the laser energy density

we measured the reflectivity change with a continuous HeNe laser beam, as

noted previously [13].

In the case of a negative bias voltage (negative charge emission) the

emission signals from both materials also had two characteristic parts: part A

that seemed to depend strongly on the annealing laser beam and part B that

tended to separate from part A with increasing value of energy density. Part B

lasted longer than below the melting threshold and decayed in time as an error or

exponential functions. For higher energy densities signals from both Si and Ge

became almost identical. Emissions from Ge and Si for negative bias voltages

are shown in Figs. 13 and 14, respectively.

Emission signals with positively biased targets had the same character as

in the corresponding cases below the melting threshold. However, we noticed

that for the silicon target, for higher energy densities the emission signals had

strong oscillatory character at the beginning. Nanosecond duration signals from

positively biased surfaces of Ge were not affected by changing either the KrF

laser energy density or the bias voltage, either below and above the melting point.

During the experiments we obtained pictures of more then a hundred

emission signals that gave more data then we have shown so far in this thesis. We
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Fig. 12: Emission signals for silicon targets below the melting threshold with a
positive bias voltage;

c)
d)

emission signal for E = .9 J/cm^,
emission signal for E = .9 J/crn^
emission signal for E = .9 J/cm^,
emission signal for E = .9 J/cm^,
KrF excimer laser signal.

Vi
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+ 500 V,
+1000 V,
+1500 V,
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Fig.l3: Emission signals for germanium targets above the melting threshold
with positive and negative bias voltages;
a) KrF excimer laser signal,
b) emission signal for B = .6 J/cm^. Vi = -f 1000 V,
c) emission signal for E = .35 i/cvsr, Vi = -500 V,
d) emission signal for E = .6 J/cm^, Vi = -500 V.
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Fig. 14: Emission signals for silicon targets above the melting threshold with a
negative bias voltage;

c)

KrF excimer laser signal,
emission signal for E = 1.25 J/cm^, Vi = -500 V,
emission signal for E = 1.50 J/cm^, Vi = -500 V.
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have summarized these data in a form of graphs in Figs. 15-20 which will be used

in our analysis below.

We see that for both Si and Ge, at negative bias voltage the signal maxima

occur approximately 30-40 ns after firing the KrF laser and this time is relatively

stable. In Figs. 15 and 16, we can see that the signal amplitude increases with ICrF

laser energy density and with the value of bias voltage. The rate of this change is

faster for germanium than for silicon.

For both materials the total time of emission decreases as the KrF density

decreases and the negative bias voltage increases (compare Fig. 17 and Fig. 18).

The maximum emission of positive charges from Ge and Si increases with

increasing positive bias voltage as shown in Figs. 19 and 20.
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Fig. 15: Maxima of the charge emission signals from silicon as a function of
applied negative bias voltage;

E
bi
c)

 = .9 J/cm^,
E = 1.25 J/cm^
E = 1.50 J/cm^
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Fig. 16: Maxima of the charge emission signals from germanium as a function
of applied negative bias voltage;
a) E = .25 J/cm^,
b) E = .35J/cm^
c) E = .60J/cm^.
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Fig. 17: Total time of charge emission for silicon at a negative bias voltage;
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Fig. 18: Total time of charge emission for germanium at a negative bias voltage:
a) E = .25J/cm^
b) E = .35J/cm^,
c) E = .60J/cm^
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CHAPTER 5

DISCUSSION

The RISTRON atom counter utilizes the idea that atoms of interest can

be A and Z selected and implanted into the "atom bank." If further isotopic

enrichment is necessary, these atoms are removed from the "bank" by pulsed

laser melting of the material's surface, again selectively ionized by a RIS laser

beam, and after filtering through a mass analyzer, implanted into another "bank"

material. This process can be repeated as many times as necessary. Besides

sorting, we also can count small populations of atoms during each cycle by

monitoring the number of secondary electrons generated by ions striking the

target.

One of the main problems that faced the RISTRON project from the

beginning was that during laser irradiation of the material a significant amount of

charge is emitted. This charge could possibly interfere with transportation of the

ions generated by a selective RIS process. The released selected atoms may have

velocities on the order of 3 m/s (liquid-solid interface velocity of propagation),

implantation depth is about 10 nm, so the whole release process should require

only 3 ns. Depending on the RIS laser beam shape and location we should expect

Kr atoms to reach the ionization region in about 5 jus. This is the time difference

between firing the annealing and the RIS lasers and during this time we have to

clear the space of charges generated by the annealing laser.

The results presented in this thesis fully answer the question that has

bothered the creators of the RISTRON idea for so long. Experimentally
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recorded total times of the charge emission for Si and Ge at different negative

bias voltages, plotted in Figs. 17,18, suggest that voltages of a few hundred volts

are sufficient to clear the space between the target and the collector of all the

charges in less than 1 /xs. Thus the results obtained fully satisfy the RISTRON

concept requirements and are very optimistic for the future of this device.

Closer analysis of our data shows a surprisingly large and unexpected

discrepancy between results for positively biased Si and Ge targets. With positive

voltage at the target we expected mainly signals of positive ions to be recorded.

For Ge"^ ions the recorded signal lasted approximately as long as the KrF laser

was illuminating the sample. Changing the applied positive bias voltage did not

effect this time, which seems to contradict our previous calculations, that gave

much longer times of flight of Ge^ between the sample and the collector, on the

order of hundreds of nanoseconds. One possible explanation of this effect is that

immediately after ejection these ions created heavy, slowly moving clusters that

were not recorded at the time scale in use or that they were neutralized by

attaching electrons.

Another explanation could be that ejected Ge"^ ions had a very high initial

velocity. In order to get more information about how the initial velocity

influences the time of charged particle flight in a uniform accelerating

electrostatic field we performed additional calculations (Appendix D). The

results for different initial velocities and different bias voltages are shown in

Figs. 21-23. These calculations indicate that at negative bias voltages

Vj > 1000 volts, the initial velocities do not effect the time of flight very much.

Assuming that there are effects on the surface that give high initial energy

to the ejected particles (possible plasma expulsion) we did additional calculations

using both analytical and numerical techniques. Sample results of the numerical
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calculations are presented in Appendix E. This gave us an opportunity to

investigate how charges moving against the field forces influence the recorded

emission signal. Also, in order to draw more attention to the fact how the

electrostatic field deflects the trajectories for realistic voltages and geometries we

calculated final radial positions r^ of the particles. These data are presented in

Table 5. Their analysis is quite convincing that the motion of charges against the

field forces should not influence the emission signal.

Emission signals from the Si target biased by a positive voltage also differ

from the results of previous calculations. Nevertheless, the emission time longer

than predicted for Si^ ions is not such a big surprise as the very short emission

time observed in the case of positively biased Ge. Laser annealing pulses

increase the temperature of the surface and this can result in thermal emission

over a longer time as observed for Si. For comparison of differences and

analogies between emission signals from Si and Ge surfaces we have presented

selected pulses together in Figs. 24-27.

We tried to separate effects that occur during the excimer laser pulse from

the total emission, but the phenomenon is too complex to make this separation at

the present time. When the surface of the semiconductor material is illuminated

by a short pulse of the KrF excimer laser light of high energy density, charge is

emitted as a result of many phenomena that happen almost simultaneously.

Therefore, it is very difficult to determine to what degree each phenomenon of

charge creation contributed to the total charge recorded by the collector.

Unfortunately, we do not even know for sure what charges contributed to the

recorded current. We expected electrons and singly charged ions but clusters are

also possible. If present, we do not know what is their role in the emission signal.

They may be fragmented by the excimer laser light or they may attach ions or
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Fig.24: Original emission signals Vc(t) from the solid (unmelted) Ge and Si
surfaces biased by a negative voltage Vi, irradiated by KrF laser pulse
of energy density E = 250 mJ/cm^ for Ge, and E = 900 mJ/cm^ for Si.
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Fig.25: Original emission signals Vc(t) from Ge and Si surfaces biased by a
negative voltage Vi, irradiated by a KrF laser pulse of energy density
E = 350 mJ/cm^ for Ge and E = IJ/cm^ for Si.
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Fig.26: Original emission signals Vc(t) from Ge and Si surfaces biased by a
negative voltage Vi irradiated by a KrF laser pulse of energy density
E = 600 mJ/cm^ for Ge and E = l.SJ/cm^ for Si.
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electrons. Also, we did not investigate the behavior of neutrals emitted that may

be ionized or highly excited by either of the lasers used.

Yet another one of the possible mechanisms of charge creation in space is

energy pooling when highly excited atoms collide giving out positive ions and

electrons:

Si* + Si* —> Sig"^ + e"

Charge emission may also be related to the existence of plasmas, both inside and

outside of the material.

As the next step of our analysis we integrated emission currents over time

(in practice it was the area under the curve) in order to obtain the total charge

emitted. Then, we divided these values by the electron charge = 1.6 • 10'^^ C

that resulted in the number of elementary charges in each emission process. This

approach may contain some uncertainty because we do not know for sure what

are the ways of charge evolution before it reaches the collector. Nevertheless, we

have decided to include these results in the thesis in Figs. 28-32. They clearly

show that for every applied voltage there are more negative charges than positive

ones. For more conclusive analysis we do not have enough data, and the

knowledge of the space charge behavior is not sufficient.

Recently, Giammanco has presented a model of electrons and ions' space-

time evolution following laser annealing using the fluid approach with the aim of

describing the interactions between charged species [39]. In a very interesting

experiment [40] on three-photon ionization of Na with a pulsed dye laser he
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Fig.32: Number of electrons emitted from Ge and Si versus KrF laser energy
density on a log-log scale;
Ge: a) Vi = -500 V, b) Vi = -1000 V, c) Vi = -2000 V,
Si: a) Vi = -100 V, b) Vi = -250 V, c) Vi = -500 V,

Vi = -1000 V, e) Vi = -1500 V.
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obtained signals of electron current in an externally applied electric field. Their

shape, although recorded by a different technique, resembles some of the

emission pulses we have obtained and presented in this thesis (Fig.26).
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CHAPTER 6

CONCLUSIONS

As a part of the RISTRON project, our experiment started with the

purpose of investigating the time behavior of the space charge produced during

excimer laser irradiation of Si and Ge. We wished to confirm that it could be

removed in a time shorter than 5 jUS. As the data presented here show, this has

been achieved very satisfactorily. But the emission signals show unpredicted

functional dependences on time. These can be attributed either to some

unknown properties of Si and Ge under our experimental conditions and/or to

more complicated charge evolution in the space between the target and the

collector.

The importance of Ge and Si in technology requires detailed knowledge

of the behavior of these materials and the questions that have been raised by this

experiment should be answered.

Question 1: What are the species emitted from the surface and what is their

behavior before they reach the collector?

Question 2: What different charge emission phenomena occur, when do they

occur, and what is their share in the overall effect?

Question 3: Why do we get such different emission signals for Ge and Si, and

what properties of these materials are responsible for these

differences?

The answers to these questions may give new insight into the Si and Ge.

It would be very interesting to do similar experiments with other

61



technologically important materials: GaAs, graphite, An,.... The experimental

setup could be improved by adding a mass spectrometer to investigate the species

emitted from the surface. In addition, the geometry and time resolution of the

system would need to be improved.
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APPENDICES



APPENDIX A

Electrical Potential W and Field F Distribution in a Conducting Cylindrical Box

Potential W obtained by an analytical solution of Laplace's eq.:

y  = 0

W(z,r) = S {A. exp( Bj z) + B. exp(-a, z) } • (rSj)
i=0

where:

2 a = i-th root of Bessel function of the zero-th order; A, B. = coefficients of the

i-th term of Bessel function expansion of the potential solution.

In the calculations we have used a finite number of terms n (see the 6-th

column) in the solution generated in such a way that we have a precision of W

and F better than 10"^.

The boundary conditions for the solution are:

W(0,r) = 1500, 0 < r < 2

W(1.5,r) = 0, 0 < r < 2

W(z,2) = 0, 0 < z < 1.5

[cm]

W

1.5

1500

volts

[cm]
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Data presented below show the potential W and the field F distribution for given

points in space (z,r) in our experimental geometry. Basic advantage of these

calculations is the proof that the field in the close vicinity of the axis of symmetry

of the cylinder is almost uniform. We can see that for low values of r (below 4

mm) the values of a are low as well (below 4 deg.). This approximation for the

field uniformity combined with the fact that the KrF excimer laser illuminates the

center of the target give us sufficiently good foundations for simple model

calculations of a trajectory parameters: times of flight t^ and t^, radial deflection

r^ - r^ and the pulse values Vj and V^. Results of these calculations are presented

in Tables 2-5.
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0.37D+03

0.35D+03

0.32D+03

0.28D+03

0.22D+03

0.16D+03

0.79D+02

O.llD-12

0.26D+03

0.25D+03

0.24D+03

0.23D+03

0.21D+03

0.18D+03

0.14D+03

0.98D+02

0.50D+02

0.68D-13

0.13D+03

0.12D+03

0.12D+03

O.llD+03

O.lOD+04

O.lOD+04

O.lOD+04

0.99D+03

0.99D+03

0.98D+03

0.97D+03

0.93D+03

0.87D+03

0.79D+03

0.95D+03

0.94D+03

0.93D+03

0.91D+03

0.88D+03

0.84D+03

0.79D+03

0.71D+03

0.63D+03

0.56D+03

0.91D+03

0.90D+03

0.87D+03

0.84D+03

0.80D+03

0.73D+03

0.65D+03

0.55D+03

0.45D+03

0.38D+03

0.87D+03

0.86D+03

0.83D+03

0.79D+03

0.73D+03

0.65D+03

0.54D+03

0.43D+03

0.31D+03

0.24D+03

0.85D+03

0.84D+03

0.80D+03

0.76D+03

0.18D+01

0.39D+01

0.66D+01

O.lOD+02

0.15D+02

0.22D+02

0.32D+02

0.46D+02

0.65D+02

0.90D+02

0.18D+01

0.38D+01

0.64D+01

0.98D+01

0.15D+02

0.21D+02

0.31D+02

0.45D+02

0.65D+02

0.90D+02

0.16D+01

0.33D+01

0.56D+01

0.86D+01

0.13D+02

0.19D+02

0.28D+02

0.42D+02

0.62D+02

0.90D+02

O.llD+01

0.25D+01

0.41D+01

0.64D+01

0.96D+01

0.14D+02

0.22D+02

0.33D+02

0.54D+02

0.90D+02

0.61D+00

0.13D+01

0.22D+01

0.34D+01

14

13

13

13

13

13

13

13

13

13

11

11

11

11

11

11

11

11

11

11

10

10

10

9

10

10

9

9

9

9

9

9

9

8

8

8

8

8

8

8

8

8

8

8
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1.35 1.00 O.lOD+03 0.69D4-03 0.52D+01 8

1.35 1.20 0.87D+02 0.60D+03 0.78D+01 7

1.35 1.40 0.69D+02 0.48D+03 0.12D+02 8

1.35 1.60 0.48D+02 0.34D+03 0.19D+02 7

1.35 1.80 0.24D+02 0.20D4-03 0.37D+02 7

1.35 2.00 0.33D-13 0.12D+03 0.90D4-02 7

1.50 0.20 -0.46D-31 0.85D+03 -0.33D-33 7

1.50 0.40 -0.44D-31 0.83D+03 -0.69D-33 7

1.50 0.60 -0.42D-31 0.79D+03 -O.llD-32 6

1.50 0.80 -0.38D-31 0.74D+03 -0.16D-32 7

1.50 1.00 -0.34D-31 0.67D+03 -0.22D-32 7

1.50 1.20 -0.28D-31 0.58D+03 -0.30D-32 7

1.50 1.40 -0.21D-31 0.46D+03 -0.43D-32 7

1. 50 1.60 -0.14D-31 0.32D+03 -0.66D-32 7

1.50 1.80 -0.70D-32 0.16D+03 -0.13D-31 7

1.50 2.00 -0.94D-47 0.19D-12 -0.94D-17 1
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c  THIS CODE SOLVES THE LAPLACE'S EQUATION IN A CYLINDER
c  AND CALCULATES POTENTIAL AND FIELD DISTRIBUTIONS

c  rad=radius of cylinder [cm]
c  hh =length of cylinder [cm]
c  jj =no. of blocks you want to devide radius
c  ( there are calculations in jj+1 points )
c  kk =no. of blocks you want to devide length
c  vO =constant potential on the top
c  vl =constant potential on the bottom
c  ( walls are always grounded )
c  apot=accuracy of potential
c  afiel=accuracy of field
c

c

parameter (idimn=200)
real*16 root(idimn),deriv(idimn)
real*16 rad,vO,vl,al,err,f11,ezz,z,y,hh,ez,xn,

*  yn,xnl,an,bn,eh,c,alr,fl,er,anc,bnc,fr,efr,
*  egr,eee,t,tt,xx,r,ann,dll,apot,afiel,alhh,
*  alz,er2,d00,bessj0,bessjl

data rad/2.OQO/,jj/10/,hh/1.5Q0/,kk/10/,vO/0.OQO/,
*  vI/1.5Q3/,apot/1.OQ-3/,afiel/1.OQ-3/

call bessel(root,deriv,idimn)
c  do 9999 i=l,idimni]
c 9999 type 996I,i,root(i),deriv(i)
c 9961 format(4x,i3,3x,d29.20,3x,d29.20)

type II
11 format(///5x,' (z,r)=coordinates of a point where

*  potential and field are calculated'/
*  5x,' angle is calculatad between a vector
*  of field and axis of symmetry '/5x,' n=no. of terms
*  in the series used to calculate a given potential'///)

type 14
14 format(8x,'z',15x,'r',llx,'pot',llx,'field',IOx,

*  'angle',8x,'n'/)
do 100 k=2,kk+I
z=hh*(k-l)/kk
do 200 j=l,jj+l
r=rad*(j-l)/jj
n=0

f11=0.OQO
err=0.OQO
ezz=0.OQO

20 n=n+l

if(n.It.idimn) go to 30
type 12

12 format(6x,'more roots needed ')
go to 200
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30 y=root(n)
al=y/rad
xnl=deriv(n)
xx=2.OQO/(y*xnl)
xn=vl*xx

yn=vO*xx
alhh=al*hh

if(alhh.gt.ll350.0Q0) go to 200
eh=qexp(alhh)
ann=l.0Q0/(eh-1.OQO/eh)
an=ann*(yn-xn/eh)
bn=ann*(xn*eh-yn)
alz=al*z

if(alz.gt.ll350.0Q0) go to 200
c=qexp(alz)
alr=al*r

if(alr.eq.O.OQO) go to 200
dOO=bessj 0(air)
dll=bessj1(air)
anc=an*c

bnc=bn/c
f1=(anctbnc)*dOO
er=(anctbnc)*dll*al
ez=(bnc-anc)*dOO*al
fll=flltfl

err=errter

ezz=ezztez

fr=qabs(fl)
if(fr.gt.apot) go to 20
efr=qabs(er)
if(efr.gt.afiel) go to 20
egr=qabs(ez)
if(egr.gt.afiel) go to 20
er2=err**2tezz**2

eee=qsqrt(er2)
if(ezz.eq.O.OQO) go to 40
t=err/ezz
tt=qatand(t)
go to 50

40 if(err.gt.O.OQO) go to 41
if(err.lt.O.OQO) go to 42
tt=O.OQO
go to 50

41 tt=9.0Ql
go to 50

42 tt=-9.0Ql
50 type 13,z,r,fll,eee,tt,n
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13 format(2x,2(f6.2,3x),3(d9.2,3x),13)
200 continue

100 continue

stop
end

subroutine bessel(root,deriv,idimn)
real*16 root(idimn),deriv(idimn)

C

c

c  program calculates roots of Bessel function
c  of zeroth order and values of the first order

c  Bessel function at these points,
c  data to enter are:

c  step=step of searching for the roots
c  is=factor by which we want to change step
c  start=initial point where we want to start
c  the search

c  limit=final point where we want to stop the search
c  nl=starting position of a counter
c  prec=precision of roots of Bessel function JO
c  (max.error)
c

c

real*16 step,start,h,x,y,ski,sk2,sk3,sk,sk4,
*  prec,bessjO,bessjl

data nl/0/,step/1.OQO/,is/2/,start/1.OQO/,prec/1.OQ-15/
c  type 11

jxx=l
c  11 format (///5x,'n root',23x,'jl(root)'//)

y=start
n=nl

20 h=step
n=ntl

10 x=y
30 y=xth

skl=bessjO(x)
sk2=bessj0(y)
sk=skl*sk2

if(sk.eq.O.OQO) go to 40
if(sk.gt.O.OQO) go to 10
if(h.It.prec) go to 50
h=h/2.OQO
go to 30

40 sk3=bessjl(x)
sk4=bessjl(y)
type 41
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41 format(/3x,'for n= ',13,'possible root '
*  /15x,' X , y ',dl9.10,3x,dl9.10
*  /15x,'jO(x),jl(y)',dl9.10,3x,dl9.10
*  /15x,'jl(x),jl(y)',dl9.10,3x,dl9.10)

go to 70
50 sk3=bessjl(x)
60 root(jxx)=x

deriv(jxx)=sk3
jxx=jxx+l

c  type 61,n,x,sk3
c  61 format(4x,i3,3x,d29.20,2x,d29.20)

if(n.lt.idimn) go to 20
7 0 return

end

real*16 function bessj0(x9)
real*16 X9,h02,y,pl,p2,p3,p4,p5,ql,q2,q3,q4,q5,

*  rl,r2,r3,r4,r5,r6, si,s2,s3, s4,s5,s6,ax,z, XX, hOl
data pl,p2,p3,p4,p5/l.Q0,-.1098628627Q-2, .2734510407Q-4,

*  -.2073370639Q-5,.20938872110-6/
data ql,q2,q3,q4,q5/-.1562499995Q-l,.1430488765Q-3,

*  -.6911147651Q-5,.7621095161Q-6,-.9349451520-7/
data rl,r2,r3 ,r4 ,r5,r6/57568490574.00,-13362590354 .00,

*  651619640.700,-11214424.1800,77392.3301700,
*  -184.905245600/

data si,s2,S3,s4,s5,s6/57568490411.00,1029532985.00,
*  9494680.71800,59272.64853Q0,267. 853271200,1.00/

hO1=8.000
h02=qabs(x9)
if(h02.lt.hOl) then
y=x9**2
bessj 0=(rl+y*(r2+y*(r3+y*(r4+y*(r5+y*r6)))))

*  /(sl+y*(s2+y*(s3+y*(s4+y*(s5+y*s6)))))
else

ax=qabs(x9)
z=8.OOO/ax
y=z**2
xx=ax-.78539816400
bessjO=qsqrt(.636619772Q0/ax)*(qcos(xx)*(pl+y*(p2+y*

*  (p3+y* (p4+y*p5) )) )-z*qsin(xx) * (ql+y* (q2+y* (qS+y* (q4+
*  y*q5)))))
endif

return

END
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real*16 function bessjl(x)
real*16 y,pi,p2,p3,p4,p5,ql,q2,q3,q4,q5,rl,r2,r3,
*  r4,r5,r6,sl,s2,s3,s4,s5,s6,x,ax,z,xx
data rl,r2,r3,r4,r5,r6/72362614232.Q0,-7895059235.QO,
*  242396853.IQO,-2972611.439Q0,15704.48260Q0,
*  -30.16036606Q0/,sl,s2,s3,s4,s5,s6/144725228442.Q0,
*  2300535178.00,18583304.7400,99447.43394Q0,
*  376.999139700,1.00/
data pi,p2,p3,p4,p5/l.00,. 1831050-2,-.35163964960-4,
*  .24575201740-5,-.2403370190-6/, ql,q2,q3,q4,q5
*  /.0468749999500,-.20026908730-3,
*  .84491990960-5,-.882289870-6,.1057874120-6/
if(qabs(x).it.8.000)then

y=x**2
bessjl=x*(rl+y*(r2+y*(r3+y*(r4+y*(r5+y*r6)))))

*  /(sl+y*(s2+y*(s3+y*(s4+y*(s5+y*s6)))))
else

ax=qabs(x)
z=8.000/ax
y=z**2
xx=ax-2.35619449100
bessjl=qsqrt(.63661977200/ax)*(qcos(xx)*(pl+y*

*  (p2+y*(p3+y*(p4+y*p5))))-z*qsin(xx)*(ql+y*(q2+
*  y*(q3+y*(q4+y*q5)))))*qsign(1.OQO,x)
endif

return

end
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APPENDIX B

Potential W Distribution in a Cylindrical Box Obtained bv Numerical Program

FIELD

This program uses the relaxation method for finite differences with the

following boundary conditions:

W[0][j] = 1500, 0<j<81

W[61][j] = 0, 0<j<81

W[i][81] = 0, 0 < i < 61

Win]

61

1500

volts

Potentials calculated here differ from the values calculated in the Appendix A by

less then 2%, That indicates that our theoretical model is very accurate. Results

of these calculations will be used for further calculations (Appendices C and E)

of electrons and ions' trajectories. Note, that program FIELD has very powerful

capabilities for finding electrostatic fields in different geometries. We can use it

in more complicated cases when electrodes of a different shape are inserted

inside.
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THE FOLLOWING CALCULATION OF ELECTROSTATIC POTENTIAL IS FOR;

ff

THE FOLLOWING CALCULATION OF ELECTROSTATIC POTENTIAL IS FOR:

q

Vertical reflection symmetry.

rlen — 15.000 nxm - 61 nym — 81

Top line segment number 0
xl - 0.000000, wl - 0.000010, x2 - 15.000000, w2 - 0.000010

Left end potential - 1500.000000

Right end potential - 0.000010

THE FOLLOWING CALCULATION OF ELECTROSTATIC POTENTIAL IS FOR:

rrr

Vertical reflection symmetry.

rlen - 15.000 nxm — 61 nym — 81

Top line segment number 0
xl - 0.000000, wl - 0.001000, x2 - 15.000000, w2 - 0.001000

Left end potential - 1500.000000

Right end potential - 0.001000
Haximum number of Initial iterations - 300

Cyllindrical geometry.

Time for refining - 591 sec for 301 iterations.

ic[0] - 0

iyl{0](0] - 0

w[0][0] - 1500.00000
w(0][8] - 1500.00000 w[0][16] - 1500.00000 w[0][24] - 1500.00000
w[0][32] - 1500.00000 w(0](40] - 1500.00000 w[0](48] - 1500.00000
w[0][56] - 1500.00000 w[0](64] - 1500.00000 w[0](72] - 1500.00000
w[0][80] - 1500.00000

ic[6] - 1

iyl[0][6] - 1
iyl[l][6] - 79
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w[6](0] - 1336.97852
w[6][8] - 1335.98376
w[6][32] - 1316.99719
w(6][56] - 1220.02856
w[6][80] - 0.00100

lc(12] - 1

iyl[0](12] = 1
iyl[l][12] - 79

w[6][16] - 1332.90796 w[6](24] - 1327.04114
w(6][40] - 1300.18018 w(6][48] - 1271.52954
w[6][64] = 1116.20325 w[6][72]- 851.16003

w[12][0] - 1175.28931
w[12][8] - 1173.41553 w[12][16] -
w[12](32] - 1138.05530 w[12][40]
w[12](56] 968.93805 w[12][64]
w[12](80] - 0.00100

1167.63733 w[12][24] -
-1107.33032 w[12][48]
-  811.09625 w[121[72]

1156.67090

- 1056.29358

-  509.45532

ic[18] - 1

iyl[0][18] - 1
iyl[l][18] - 79

w[18][0] - 1016.14832
w(18}[8] - 1013.61090 w[18][16] -
w(18][32] - 966.50958 w[18)[40]
w[18][56] - 759.95184 w[18][64]
w(18](80] - 0.00100

1005.81610 w[18][24] - 991.13055
-  926.69690 w[18](48] - 862.81049
-  594.19080 w[18][72] - 336.94849

ic{24] - 1

iyl(0][24] - 1
lyl[l][24] - 79

w[24][0] -
w(24][8] -
w[24][32] -
w[24][56] -
w{24][80] -

860.45636

857.53497

804.34778

591.22382

0.00100

w[24][16] - 848.60150 w[24][24] - 831.91693
w[24][40] - 760.79047 w[24][48] - 693.43103
w(24][64] - 441.25494 w[24][72] - 237.18463

lc[30] - 1

iyl[0][30] - 1
lyl[l](30] - 79

w[30][0] -

w[30][8] -
w(30][32] -
w[30][56] -
w[30][80] -

708.71484

705.71362

652.14966

454.51236

0.00100

w(30][16] - 696.57916 w[30](24] - 679.67328
w[30][40] - 609.64813 w[30][48] - 546.14301
w[30][64] - 329.07599 w(30][72] - 171.74751

lc[36] - 1

iyl[0][36] - 1
iyl[l][36] - 79

w[36][0] - 561.00610
w[36](8] - 558.21686 w[36][161 -
w[36][32] - 509.34946 w[36][40]
w[36][56] - 341.09476 w[36][64]

549.76544 w[36][24] - 534.25653
471.66455 w[36)[48] - 416.96927
242.17889 w[36][72] - 124.26182
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w[36][80] 0.00100

lc[42] - 1

iyl[0][42]
lyl[I][42]

w[42][0] -

w[42][8] -
w[42][32] -

w[42][56] -
w[42][80] -

ic(48] - 1

iyl[0)[48] -
iyl[l][48] -

w[48][0] -
w[48][8] -

w(48](32] -
w[48](56] -
w(481(80] -

ic(54] - 1

iyl[0](54] -
lyl(l](54] -

w(54)[0] -
w[54](81 -
w(54][32] -
w(54)[56] -

w[54][80] -

ic(60] - 0

■  1

■ 79

417.02478

414.70041

374.60922

243.80460

0.00100

1

79

276.14127

274.47928

246.14928

157.17845

0.00100

1

79

137.48007

136.61484

121.97454

77.03679

0.00100

w[42][16] •
w[42][40]
w[42][64]

407.68451

344.40955

170.96362

w[42][24] - 394.90286
w[42)[48] - 301.55905
w[42][72] - 86.84064

w[48][16] ■

w[48][40]
w[48][64]

269.47745

225.17575

109.38133

w[48][24] - 260.41510

w[48][48] - 195.88902
w[48][72] - 55.23249

w[54][16] ■

w[54][40]
w[54][64]

134.01566

111.25096

53.38776

w[54][24] - 129.32280
w[54][48] - 96.41962

w[54][72] - 26.87406

iyl[0][60] - 0

w[60][0] -
w[60][8] -
w[60][32] -
w[60][56] -
w[60][80] -

0.00100

0.00100

0.00100

0.00100

0.00100

w[60][16] -
w[60][40]
w[60][64]

0.00100

0.00100

0.00100

w[60][24] -

w[60][48] -
w[60][72] -

0.00100

0.00100

0.00100

filename for potential - ut
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APPENDIX C

Sample Results of Trajectory Calculations by Program TRAJS for Charged

Particles Emitted into Accelerating Field F in Direction of Force

Potentials for these trajectories were calculated by the program FIELD;

for details see the Appendix B. Times of flight for e", Si"^, Ge"^ ejected into the

field along the force vector with different initial energies, at different initial

angles to the axes of symmetry and the corresponding results of analytical

calculations are presented in Tables 2-4.
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1) - 1.000000

2) - 10.000000

3] - 100.000000

- 500.000000

5] - 800.000000

6] - 1200.000000

7] - 1400.000000

8] - 1450.000000

9] - 1470.000000

10] - 1490.000000

Potential file name •= ut

Charge of ion - 1.000000

Mass of ion in amu - 0.000549

Mean energy - 1500.000000

alpha - 1.000000

Equipotentials to be plotted:

potential
potential
potential
potential

potential

potential
potential

potential
potential
potential

SUMMARY FOR THIS TRAJECTORY:

INIT VX — 18.747551 mm/micsec INIT VY — 0.000000 nun/micsec
FLIGHT TIME - 0.001241 micsec FIN. POS.: x - 14.689456 mm y - 0.546412 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004310
INITIAL ENERGY - 0.001000 eV.

KINETIC ENERGY at 14.567267,0.545885 - 1433.311035 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX — 593.149780 mm/micsec INIT VY — 0.000000 mm/micsec
FLIGHT TIME - 0.001219 micsec FIN. POS.: x - 14.867677 mm y - 0.546781 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004273
INITIAL ENERGY - 1.001000 eV.

KINETIC ENERGY at 14.744755,0.546256 - 1450.578857 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 838.630920 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.001209 micsec FIN. POS.: x - 14.903425 mm y - 0.546663 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004256
INITIAL ENERGY - 2.001000 eV.

KINETIC ENERGY at 14.780323,0.546139 - 1454.813354 eV.
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Potential file name - ut

Charge of ion - 1.000000

Mass of ion in amu - 28.086000

Mean energy - 1500.000000

alpha - 1.000000

SUMMARY FOR THIS TRAJECTORY;

INIT VX - 0.082887 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.280744 micsec FIN. POS.: x - 14.689456 nun y - 0.546412 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004310
INITIAL ENERGY - 0.001000 eV.

KINETIC ENERGY at 14.567267,0.545885 - 1433.311157 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 2.622440 mm/micsec INIT VY — 0.000000 mm/micsec
FLIGHT TIME - 0.275819 micsec FIN. POS.: x - 14.867677 mm y - 0.546781 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004273
INITIAL ENERGY - 1.001000 eV.

KINETIC ENERGY at 14.744755,0.546256 - 1450.579102 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 3.707764 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.273356 micsec FIN. POS.: x - 14.903425 mm y - 0.546663 ram
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004256
INITIAL ENERGY - 2.001000 eV.

KINETIC ENERGY at 14.780323,0.546139 - 1454.813477 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 4.540687 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.270894 micsec FIN. POS.: x - 14.871510 mm y - 0.546362 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004251
INITIAL ENERGY - 3.001000 eV.

KINETIC ENERGY at 14.748489,0.545839 - 1452.898071 eV.

SUMMARY FOR THIS TRAJECTORY:
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Potential file name — ut

Charge of ion = 1.000000

Mass of ion in amu - 72.589897

Mean energy = 1500.000000

alpha = 1.000000

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 0.051558 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.451340 micsec FIN. FOS.: x - 14.689456 nun y - 0.546412
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004310
INITIAL ENERGY - 0.001000 eV.

KINETIC ENERGY at 14.567267,0.545885 - 1433.311157 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 1.631220 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.443421 micsec FIN. POS.: x - 14.867677 mm y - 0.546781 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004273
INITIAL ENERGY - 1.001000 eV.

KINETIC ENERGY at 14.744755,0.546256 - 1450.579102 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 2.306317 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.439462 micsec FIN. POS.: x - 14.903425 mm y - 0.546663 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004256
INITIAL ENERGY - 2.001000 eV.

KINETIC ENERGY at 14.780323,0.546139 - 1454.813354 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 2.824414 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.435503 micsec FIN. POS.: x - 14.871510 mm y - 0.546362 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.004251
INITIAL ENERGY - 3.001000 eV.

KINETIC ENERGY at 14.748489,0.545839 - 1452.897949 eV.

SUMMARY FOR THIS TRAJECTORY:
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APPENDIX D

Sample Results of Analytical Calculations of the Final Time of Flight for Charges

Accelerated in a Uniform Electrostatic Field

The values of the final time of flight (t^) for e", Ge"^, Si^ were calculated

analytically using the eq. (6). These results show the relationship between initial

velocities and the flight time in different, uniform electrostatic fields. For the

selected values of initial velocity these data were plotted on the graphs as a

function of bias voltage, t^ = f(V^), and presented in the Figs. 21-23. Note, that

for very high velocities we do not make corrections for relativistic effects. It is

highly improbable to achieve these values in our experiment.
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V,

[volts]

F

[volts/mm]

t,
f

for electrons

[ns]

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+02

0.200D+03

0.300D+04

0.400D+05

0.500D+06

0.600D+07

0.700D+08

0.131D+01

0.131D+01

0.131D+01

0.130D+01

0.128D+01

O.lOlD+01

0.209D+00

for Si+ ions

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+02

0.200D+03

0.300D+04

0.400D+05

0.500D+06

0.600D+07

0,700D+08

0.295D+03

0.294D+03

0.286D+03

0.201D+03

0.297D+02

0.250D+01

0.214D+00

for Ge+ ions

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

0.150D+04

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+03

O.lOOD+02

0.200D+03

0.300D+04

0.400D+05

0.500D+06

0.600D+07

0.700D+08

0.473D+03

0.472D+03

0.451D+03

0.261D+03

0.299D+02

0.250D+01

0.214D+00
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c  THIS CODE CALCULATES THE TIME OF FLIGHT OF IONS OF

C  MASS M IN UNIFORM ELECTROSTATIC FIELD F TRAVELING

c  A DISTANCE H WITH DIFFERENT INITIAL VELOCITIES VO

real*8 ni,vO,ekO,h,vI,
*  q,l,g,r,tfin,vOi
*  z,dvl,vlf,dvO,vOf,vll

integer qa,rr
data m/5 4.9D-5/,vO/.ID-1/,ekO/O.DO/,h/15.DO/,qa/1/,

*  vl/1.OD-5/,dvl/1.5d3/,vlf/1.5d3/,dvO/1.0d3/,
*  v0f/1.0d9/

q=qa*1.6021892D0
c  initial velocity never = 0
c  type 300 ,h
c  300 format(//3x,'for uniformly accelerated ions of mass m'
c  * /3x,'in electrostatic field V/h { h= ',
c  * dlO.3,' [mm] }'/
c  * 3x,'with initial velocity VO '
c  * ///3x,'V [V]',7x,'V/h [V/mm]',4x,'VO [m/s]',
c  * 5x,'fin.time [ns]'/)

501 vl=vl+dvl

do 502 ii=l,7
vOi=vO+ii*(1.Odl)**(ii)
if (vOi.lt.ekO) go to 100
l=vOi

go to 200
100 l=dsqrt(2.*ekO*l.6021892D8/(m*l.6605655D0))
200 z=q*1.0D8/(m*1.6605655D0)

g=l*h*m*l.6605655D-2/(q*vl)
r=2.D0*z*vl/l**2+l.ODO
tfin=g*(dsqrt(r)-1.OQO)
vll=vl/h
type 301,vl,vll,v0i,tfin

301 format(3x,4(dlO.3,3x))
502 continue

if(vl.It.vlf) go to 501
stop
end
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APPENDIX E

Sample Results of Trajectory Calculations bv Program TRAJS for Charged

Particles Emitted into the Electrostatic Field F Against the Force

Program procedures are the same as in Appendix C; we simply change

sign of the bias or sign of the particle.

The values of the field, created in our experiment by the bias voltage of

1500 volts, were calculated by the program FIELD, for details see Appendix B.

Selected data on the particle deflection, r^ - r, and the total time of flight, 2t^, for

different initial kinetic energies, are presented in Table 5.
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bb

Potential file name - ut

Charge of ion - -1.000000

Mass of ion in amu = 0.000549

Mean energy = 1500.000000

alpha - 1.000000

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 12576.320313 mm/ralcsec INIT VY - 0.000000 nun/micsec
FLIGHT TIME - 0.001350 micsec FIN. FOS.; x - 0.123300 mm y - 0.424134 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.008695
INITIAL ENERGY - 450.000000 eV.

KINETIC ENERGY at 0.192238,0.424734 - 456.267700 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 18272.970703 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.002058 micsec FIN. FOS.: x - 0.093000 mm y - 0.263398 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.012299
INITIAL ENERGY - 950.000000 eV.

KINETIC ENERGY at 0.192795,0.264625 - 956.212097 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 22575.185547 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.002657 micsec FIN. POS.: x - 0.219062 mm y - 0.246951 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.008194
INITIAL ENERGY - 1450.000000 eV.

KINETIC ENERGY at 0.341533,0.247954 - 1440.016724 eV.
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Potential file name — ut

Charge of ion - -1.000000

Mass of ion in amu - 28.086000

Mean energy - 1500.000000

alpha - 1.000000

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 55.602566 mm/micsec INIT VY - 0.000000 ram/raicsec
FLIGHT TIME - 0.305371 micsec FIN. POS.: x - 0.123300 mm y - 0.424134 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.008695
INITIAL ENERGY - 450.000000 eV.

KINETIC ENERGY at 0.192238,0.424734 - 456.267761 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 80.788651 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.465443 micsec FIN. POS.: x - 0.093000 mm y - 0.263398 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.012299
INITIAL ENERGY - 950.000000 eV.

KINETIC ENERGY at 0.192795,0.264625 - 956.212341 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 99.809654 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.600891 micsec FIN. POS.: x - 0.219050 mm y - 0.246951 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.008194
INITIAL ENERGY - 1450.000000 eV.

KINETIC ENERGY at 0.341521,0.247954 - 1440.016968 eV.
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Potential file name - ut

Charge of ion - -1.000000

Mass of ion in amu - 72.589897

Mean energy - 1500.000000

alpha - 1.000000

SUMMARY FOR THIS TRAJECTORY;

INIT VX — 34.586105 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.490931 micsec FIN. FOS.: x - 0.123300 mm y - 0.424134 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.008695
INITIAL ENERGY - 450.000000 eV.

KINETIG ENERGY at 0.192238,0.424734 - 456.267761 eV.

SUMMARY FOR THIS TRAJEGTORY:

INIT VX - 50.252449 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.748274 micsec FIN. PCS.: x - 0.093000 mm y - 0.263398
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.012299
INITIAL ENERGY - 950.000000 eV.

KINETIG ENERGY at 0.192795,0.264625 - 956.212280 eV.

SUMMARY FOR THIS TRAJECTORY:

INIT VX - 62.083961 mm/micsec INIT VY - 0.000000 mm/micsec
FLIGHT TIME - 0.966025 micsec FIN. POS.: x - 0.219062 mm y - 0.246951 mm
INITIAL X - 0.250000 mm INITIAL Y - 0.500000 mm

INITIAL ANGLE REL. X-AXIS - 0.000000 radians

Final vy/vx - 0.008194
INITIAL ENERGY - 1450.000000 eV.

KINETIG ENERGY at 0.341533,0.247954 - 1440.016846 eV.
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