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ABSTRACT

The present investigation is an extension of earlier
work in this laboratory on the interaction of laser beams
with metallic surfaces. It was conducted with a view to
understanding the different processes involved in a laser
surface interaction. Initial experiments (Chapter Five)
were performed with low laser intensity, so that the
Richardson effect was not prominent. The results were
interpreted in terms of a double-photon photoeffect. The
idea of such a double-photon photoeffect was also supported
by the nonlinear optical absorption and double-photon photo-
conductivity in a CdS crystal (Chapter Eight).

The effect of linear absorption (single-photon
absorption) process was investigated for metal surfaces and
the results were interpreted in terms of a temperature rise
of the target surface. Vhen high intensity laser pulses
were 1ncident onto metal surfaces, the generation of a cloud
of 1onized particles was observed. The cloud was found to
move away from the target in a plasma state. The various
properties of this plasma and the mechanism of the gener-
ation of current signals by the directed motion of the
different species of the charges in an applied electric field
has been investigated in Chapter Six. In the same chapter,
experiments on the reverse photoelectric effect (photo-
electric emission from the surrounding metal parts bty the
high energy photons generated from the metal plasma) showed
a positive contribution to the shape of the current signals

by such electrcns.

Finally, the controversial chenomena of 'rear-side
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electron emission' was further investigated in Chapter
Seven. It was concluded that the observed current
recorded at a collector placed at the rear side of the
target when the front surface was irradiated with a
focussed Q-switched laser beam could be explained in
terms of a capacitance effect. The electrostatic coupling
between a collector and any neighbouring metal part,
because of the stray capacitance between them, will be of
considerable importance when a rapid voltage change of
the collector is concerned.

The results of all the experiments were summed up

and a general conclusion of the work was presented in

Chapter Nine.
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CHAPTER OIE

IITRODUCTION

Laser—-induced emission from solid surfaces has been
the subject of study for almost a decade. Photoelectric
emission from solids of low work function has been known
long before the discovery of lasers. The advent of laser
light has provided us with an almost coherent source of
light with much higher intensity than the ordinary source.
This has geared up further study of photoelectric phenomensa
in solids. The development of Q-switched lasers has further
made it possible to obtain almost unlimited power for a very
short time interval, thus enabling the time-resolved invest-
igation of the light-interaction with solids. Intense laser
power has also made it possible to induce high currents fron
metal surfaces.

For metals with high work functionsthe predominant
process of interaction with high power laser light is a
heating effect. The laser-induced current is caused mainly
by a thermionic process. Normal photoelectric emission fron
most metals initiated by a iaser in the visible region 1is
quite unlikely. But sinultaneous absorption of multiple
photons by the metal electrons and subsequent emission fror
the surface is a possible mechanism. Any such process, i7
it exists, will be overshadowed by the copious amount of
thermionic emission. At low laser intensities, the thern-
ionic mechanism can be imade negligible and any laser-inducesd
current, if observed, nust be explairned by a multivhoton-
photoeffect. In semiconductors where the energy band gev

exceeds the photon energy, the observed high photoccnduc+: i

[

4.
U.'

an also be explained in terms of a multi-photon vprocess.
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It has been speculated that such a study may provide
better insight into the electronic structure of the solids.

The laser i1s now considered to be an imvortant tool
for producing high currents from metals. In fundamental
research or in electronic devices, where & time-correlated
electron or ion current is required, high energy laser
pulses can be used. The possibility of using such fast
current pulses of very high amplitude as a remote—-control
switching device, probably in a high-voltage operation, may
be considerable. The generation of an enormous anount of
heat when a giant laser pulse interacts with solids is a
well-established phenomenon. This property of laser beams
has been employed not only in cutting, micro-welding and
drilling hard solids but also in medical science, e.g. €eye
and ear surgery, etc. Furthermore, research is in progress
in various places to use this laser-produced high temper-
ature in initiating thermo-nuclear fusion reactions.

In view of the fact that laser—-induced current and
heat from solid surfaces may find use in science and tech-
nology, a detailed analysis of the mechanism of interaction
with solid surfaces has been attempted in this work. The
detection of charges was done by direct electrostatic probing.
Lack of theoretical work on such probe measurements of the
transient current made it impossible to be precise 1in
estimating the absolute magnitude of the interaction peara-
meters. Two separate processes of interaction have teen con-
sidered to take place. The final stage of interaction hes
been oriented towards the concept of a thermo-mechaniczl

ejection of plasma. The observed results have been explained
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an applied electric field.

Though there exists quite a lot of experimental data
on laser interactions with solids, no unique theory 1is
available,so far, to account for it. The main difficulty
in interpreting the observed results arises from the fact
that the current 1is transient and the initiating agent acts
for an extremely short time interval. Moreover, the laser
produces charges of different polarity. The current detected
by any electrostatic probe will be given by the combined
motion of all the charged particles in the preferred direc-
tions. The energy distribution of the emitted electrons will
be a complicated function of the initiating laser intensity.
Recombination and re-radiation are expected to take place
during the motion of the plasma. Secondary electron and ion
production may contribute to the detected current. The rapid
change in the space potential or the potential of any neigh-
bouring electrode with respect to the earth is likely to
induce current signals because of electrostatic coupling.

The radiation from the laser-heated spot in a metal may scatter
photoelectrons from the surrounding metal parts and the glass
envelope. It is, however, suggested from the above consider-
ations that highly sophisticated detecting techniques are
necessary to formulate an empirical theory of laser inter-
action with solid surfaces.

The present work is oriented towards obtaining more
information about the interaction and fitting the data to
specific models. It is expected that a genersal explanation
of the interaction mechanism can be suggested by cemparing the

observed results with the phenomenological models.
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CHAPTER TWO

e o e = - - i — — — —

REVIEW OF THE PREVIOUS WORK

A huge amount of work has already been done on the
various aspects of laser-induced emission. Various theories
have been put forward and several models proposed to explain
the mechanism of laser interaction with solid surfaces.
Different experimental techniques have been employed to
measure different parameters of the laser-induced emission.
In this chapter a review of the relevant literature avail-

able at the start of the present work is made.

2-1 Electron Emission

Emission of electrons from solids under the influence
of laser radiation was among the first experimental invest-
igations with lasers. In the year 1963, Honig and Woolston
(1), Lichtman and Ready (2), Verber and Adelman (3), and
Giori et al. (L4) reported independently the emission of
electrons from solids when irradiated with focussed non-Q-
switched laser beam. The phenomenon was interpreted as merely
a thermionic effect. An accurate quantitative analysis of
the results of these works was complicated by the fact that
laser pulse consisted of many irregular short spikes (Fig.
2-1).

In 1965, Ready (5) first experimented with a Q-switcheqd
ruby laser. He calculated the Peak temperature rise of g ¥
surface and concluded that for laser intensities up to 25 M/
cm2 the electron emission was bpurely thermionie. 1In g later
work he employed a phenomenological model (6) to calculate
amounts of waterial vaporized as g Tunction of therm=zl prop-

erties of the laser pulse. He found a good agreement of his
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results with the experimental observations.

Other experiments using a Q-switched ruby laser,
reported by Knecht (7), Khan et al. (8), Richards (9) and
others, show an additional electron emission pulse (Fig.

2-2) contrary.to Ready's observation. Lichtman and Ready (2)

investigated the possibility of photoelectric emission and

field emission. They have found these processes to be un-
likely causes of such high current. Richards (9) reviewed
such a possibility for Q-switched laser. He also discarded

the possibility of photoelectric emission or field emission.
According to his suggestion, any additional peak other than
the major thermionic peak in the current signal 1s caused by
some process inherent in the laser-induced emission. Knecht
(7) observed that éhe angle of the incident laser beam has
a distinct effect upon the electron emission pattern. He
suggested a direct laser field action in the emission process.
In recent works on this topic, multiphoton-photoemission
process has become a popular field of investigation. It was
thought that multiphoton-photoelectric studies might supply
additional information in the electronic structure of solids.
Sonnenberg et al. (10) observed an electron emission from
Cs3Sb which followed a square dependence on the light intensity
of a Nd-doped glass laser. They explained this as a two
photon-photoemission process. Teich et al. (11) reported a
photocurrent versus intensity curve using Na and lle-gas lascr
which was & mixture of one- and two-photon processes. Double
photon absorption has been reported by Braunstein and Ockran
(12) when Q-switched ruby laser was irradiated on C4S.

Logothetis and Hartman (13) did a systematic study of the

laser-induced electron emission from solids. According to
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them, the electron emission from Au, stainless steel, KI,
CsI and KCl for laser radiation of 1.17, 1.29 and 3.57 - eV
photon energy at intensities lower than 15 MW/cm2 can be
explained in terms of two fundamental processes, e.g.
thermionic emission and multiphoton-photoelectric emission.
In a previous work, Logothetis and Hartman (14) observed
three-photon photoelectric emission from evaporated gold
films. For an incident ruby laser light of intensity O.TT
MW/cm2 they calculated the quantum yield for two and three-

9

photon photoemission. They estimated values of n 10 7 and

10—13 electrons per incident photon respectively. Later,
Walsh (15) made use of the results obtained by Logothetis

and Hartman and, with an intuitive hypothesis and physical
model, calculated the multiphoton emission time. He estimated
that for multiphoton photoemission to occur, the photons

must strike an atom within a time of approximately 10_13
seconds.

Along with the investigation of the mechanism of laser-
induced electron emission, much work has been done to estimate
the state of the electrons. Electron temperature has been
estimated by various workers with different techniques. Allen
(16), in his first report on electron and ion temperature,
concluded that for incident laser beam intensities on solid
targets in the range of lOlo to lOll watts/cmg, electron and
ion temperatures lie between 10 and 20 eV. He also compiled
a table of the electron temperature estimrated by other workeis.
This is quoted here in Table I. In some of these works,
laser power deusity has not been mentioned. But it is believed

that the pover density ranges between 10lo to 10ll v a *"/cmg

Co .

Thus 1t can be observed from the table that no unigue value



TABLE I
Investigator Ref. Temperature Comments
No. eV

Archbold, Hughes 17 > 10 Spectroscopic

Burgess et al. 18 10<Te<130 Spectroscopic.
Te = L4O.Best
justified.

Ehler 19 v 30 Spectroscopic.
Rough estimate.

Ambartsumyan 20 v 20 Spectroscopic.

et al. Rough estimate.

Schlier et al. 21 5<Te<30 Retardation
potential.

Opower,Burlefinger| 22 < 90 Time of flight.

Basov et al. 23 > 7 Hydrodynamic +
experiment .

Alcock et al. ol < 90 Neon gas break-
through, X-ray
ratio through
foils.
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for the electron temperature has so far been achieved.
The value estimated lies between 10 to 90 eV roughly.

David et al. (25, 26) used a gas laser as a probe
light and a Mach-Zender Interferormeter to measure the phase
shift due to laser-induced plasma refractivity. From their
observation they estimated a particle density of electrons
from a carbon surface initiated by laser beam of energy in
the range 10 to 1000 ,joules/cm2 to be n 1012 electrons/cm3
For a graphite surface the estimated electron density was

19).

much higher (~ 10 No confirmed results have so far been
reported on the electron density and its dependence on the
parameters of the laser pulse and the surface material.
Another phenomenon which drew considerable interest
was the so-called 'rear-side emission'. In 1966, Knecht (27)
reported that electrons are also emitted from the rear side
of metal foils when a laser beam is focussed onto the
opposite side. He used 0.05 mm thick foils consisting of
gold, tungsten and tantalum. The rear collector was placed
inside a cylinder at one end of which the target was fixed,
so that it was shielded from the radiation emitted from the
laser-heated spot. He observed two peaks in the recorded
current signal (Fig. 2-3). The explanation suggested for
this was internal photon-ascisted tunnelling effect. Later,
Li and Isenor (28) found evidence against laser-induced
spontaneous electron emission from the rear side of metel
foils. With the introduction of adeguate light shielding
they were able to elirminate the initial sharp peak of the
current signal recorded in the oscilloscope. But the slow

thermionic peak reported by Knecht persisted even with shieldg-

ing. According to Li and Isenor, Knech:i's results can be ex-



...9-

plained by photoelectrons from surrounding metal parts.
These electrons would be mainly a result of ultraviolet
radiation from the micro-plasma generated at the laser-
illuminated part of the foil. But the persistence of the
second current peak even after introducing proper shielding
kept the phenomenon a mystery. Further work on this inter-
esting phenomena has been carried out and an explanation of

Knecht's results is presented in Chapter Seven.

2-2 Ton Emission

Ion emission from solid targets when irradiated by
laser beam was first reported by Honig and Woolston (1).
An arc discharge initiated by the laser was developed be-
tween the target and a grid close to it, held at a positive
potential. A second grid retarded electrons and the collect-
or held at zero bias measured an 1ion current of up to 500 mA.
Spectrographic study indicated singly charged ions. 1In
their work they failed to observe ion emission from semi-
conductors. In a later work, however, Honig (29) detected
ion emission from semi-conductor surfaces. Ready (2), Khan
et al. (8) and Namba et al. (30) reported two peaks in the
current signal recorded in an oscilloscope when the collector
was biased negative with respect to the target (Fig. 2-L).
The first sharp peak has been found to occur during the laser
pulse, whereas the second peak occurred one or two nmicro-
seconds later. From the time of flight experiment, Ierbe
estimated ion energy corresponding to the first pezsk to bte
v 100 eV and second peak to be ~ 1 eV. According to ¥hen et
the energy of the ions pertaining to the first veak should

correspond to ~ 10 eV. This has been considered to te highly

improbable for the laser-induced 1ions. The support i + -r
N bp e tneor;
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POSITIVE-ION EMISSION FROM TANTALUM (AFTER REF. 30C).
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proposed by Lichtman and Ready (2) for the occurrence of
the first peak. According to this proposition, the initial
peak 1s caused by a reverse photoelectric effect. High
energy photons are emitted when the laser beam heats the
target up to a very high temperature. These photons cause
photoelectrons from the metal collector. However, the
second broader pulse has been indisputably considered to be
due to pure 1on emission from the target.

The properties of the laser-induced ions have been
investigated by various workers. Langer'et al. (31) used an
electrostatic analyzer having a 90O deflection angle and a
particle path radius r, = 10 ecm. They observed that there

is a light intensity threshold for the appearance of multi-

charged ions. They also found that the maximum ion energy
is the same whatever their ionization degree may be. With
10

a peak flux of ~ 6 x 10 W/cme, the maximum ion energy
observed was v 2 keV. They believe that the high ion energy
cannot be accounted for by a purely thermal model. They
suggested the existence of an accelerating electric field
due to space charge separation.

With a similar technique, Schlier et al. (21) estimated
ion temperature for carbon to be v 50 eV and for tungsten
~v 500 eV. Their experiment did not employ both a velocity
selector and a time of arrival detector, like the previous
workers. licreover, because of shorter flight path (12 cm)
in their experimental arrangement, the condition for validity
of the analysis has been thought to be 1naccurate.

Allen (16) in his report on electron and ion temper-

ature, made use of the data collected by Langer et al. (31)

and derived a method of inferring ion translational temper-
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ature. According to this report, in inferring plasna
temperature from the experimental data in any time of flight
experiment, it is essential that there be a one-to-one
correspondence between velocity and the time of arrival of a
detected particle. Now, since the plasma emits particles

for a considerable period of time, i1.e. several hundred nano-
seconds (independent of the duration of the laser pulse),
this condition is not fulfilled. So, without taking this
fact into consideration, measurement of ion temperature with
this method will be an over-estimation.

Ion temperatures have been found to rise for a con-
siderable length of time. It is believed that this is because
the ions suffer many collisions between time of ejection
from the target and time of escape from the plasma. The
accelerating field has been considered to play an insig-
nificant role for the high energies of 1ilons.

Opower and Press (32) proposed a mechanism by virtue
of which ions in laser-produced plasmas acquire high kinetic
energy. According to them, the ions are accelerated by
electrons which move out ahead of the plasma, the net result
ultimately being the conversion of thermal energy of the
electrons to kinetic energy of motion of the ions. The mech-
anism has been considered to be highly improbable by Allen (16).

No confirmed theory for the production of high energy

ions has sc far been put forward.

2-3 Other Radiations

When laser light is focussed onto any solid terget,
the target gets heated up and the incandcscent solid emits

radiation.At higher laser pover the hezated spot evaporates and
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the ionization of neutral atoms and molecules tzkes place.
Thus a plasma is formed and propagates away from the target.
The plasma dissipates energy in the form of radiation.
Linlor (33) took colour photographs of this plasma, which
appeared blue. Ready (34) observed that for a laser pulse
lasting for 45 nanoseconds the peak brightness of the plume
of plasma occurred 120 nanoseconds from the start. Many
workers have made spectroscopic analyses of the emitted
radiation to estimate the electron and ion temperature.
Archibold et al. (17) studied the light emitted from the
laser hot spot with a spectroscope and recorded the event on
a photographic plate at the end of the instrument. They
achieved time resolution by sveeping the light from the
target down the spectroscopic slit as the laser was firing.
The analysis of the spectra showed a continuous emission of
radiation from different metal targets, extending well into
the ultraviolet. Richards (9) did a similar study. From
his observation he concluded that the spectral lines emitted
by a tantalum target are chiefly in the ultraviolet. In
photographic plates of the spectra no significant emission
lines in the visible region were observed.

Evidence for X-ray emission during the interaction of
the focussed laser beam with target in alr has been reported
by Langer et al. (31). X-ray energy was estimated to be of
about 2 keV. They found that the X-rays are generated at the

laser-produced crater of the target.

2-4 Conclusion

A systematic survey of the electron and ion emission
and other radiations has been made in this chapter. lost of

the present works on laser interaction with solid surfaces
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pre-supposes the fact that focussed laser light produces
a vaporized cloud consisting of electrons, ions and neutral
particles. The laser pulse further ionizes the neutral atoms
and a 'plasma' is formed. In some recent works (35), hydro-
dynamical models have been Presented to investigate the
expansion of such a 'plasma' drop. In the present work the
validity of the 'plasma' concept is verified and the value
obtained for the plasma barameters are compared with the
value calculated with such models.

Considering the fact that the existing knowledge of
different mechanisms of laser interaction with solids may be
useful in interpreting the experimental results, a brief

theoretical account of different processes 1s given in the

next chapter.
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CHAPTER THREE

DIFERENT PROCESSFS OF LASER-IIITERACTIOII WITH SOLID
SURFACES

Laser beams can interact with solids in different possible
ways. The free electrons of the solid surface will absorb
the energy of the photons. The energy will be dissipated into
the s0lid by interacting with the lattice phonons. Thus the
temperature of the spot absorbing the laser photons will be
raised. If the temperature can be raised high enough,
thermionic emission of electrons can be achieved. For very
high temperature rise ejection of ions, neutral particles or
even the molten metal is possible. The free electrons may
absorb two or more photons simultaneously and gain sufficient
energy to cross the surface potential barrier, thus giving
rise to photoelectric emission. The light emitted from the
laser—-heated spot may produce photoelectrons from the surr-
ounding metal parts. A brief description of such mechanisms

is presented below.

3-1 Thermionic Process

The temperature rise of a metal surface due to the
absorption of laser radiation can be calculated by using the
conventional one-dimensional heat transfer equation. In de-
veloping a temperature equation the following conditions must
be fulfilled.

a) The heat flow .is one-dinensional, i.e. the depth of
penetration of the beam must be smaller than the transverse
dimension of the spot being heated.

b) The beam energy is uniformly spread over the svot and
is constant with time.

c) Loss of heat due to radiation or convection can be
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negligible.
d) The thermal properties of the metal are independent

of temperature.

The above conditions are only approximately fulfilled in the
case of a giant laser pul%e interacting with a metal surface.
For ruby light the penetration depth into a metal is of the
order of magnitude of a micron, whereas the focussed area is
usually not smaller than - lO_3 cm2. The beam energy is not
strictly uniform along the cross-section. But for the cal-
culation of the order of magnitude of the temperature, and
particularly the rate of change of the temperature, the
assumption of uniformity can safely be made. The laser energy
is not constant with time. The laser pulse can be approx-
imated by a triangular pulse and the triangle can be divided
into different intervals and the energy can be approximately
considered to be constant for each interval (t). The heat
transfer equation can now be applied for each interval
satisfying the condition b). The final temperature profile
can be obtained from the envelope of the temperature profiles
contributed by each different interval. For temperatures up
to the vaporizing point of the metal the thermal properties
can be approximated to be constant for such a calculation.
At temperatures higher then that, such an approximation can
not be valid and the temverature calculation will be exceedingly
difficult.

Let the laser beam of power P act on the surface of a
metal. This 1s equivalent to a flux of heat W on the surZace
(x = 0). The temperature rise of a seri-infinite sleb extending

over positive x for any time t > O is given by:
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W

"

- K — per unit time per unit area cee. 371

K

il

thermal conductivity of the metal.

The one-dimensional heat transfer equation is given by (36),

2

0T(x,t) _ , 27T .

where
p = density of the metal

¢c = specific heat.

From eqns. 3-1 and 3-2 we obtain,

QC"'_=K—— ¢ v o o 3_3

If the absorption coefficient of the metal is represented by
¢, we have W = aP. If we calculate.the temperature rise for
each constant laser power lasting for 1T seconds, the boundary
conditions for the solutions of the eqn. 3-3 can be written

as .

W =W = aP at x = o, for o < t < 71
o] a - -

W

i
O
®
bad

H

o, for t > 1

If the initial temperature of the metal is taken to be zero,
so that T represents the true rise in temperature then at the
surface (x = o) a standard solution of equation 3-3 can be

obtained (36) and we finally have

2aP jr——
a

_ Kt
T(o,t) = = — for o <t < 1 eo.. 3-L
20 P : |
and T(o,t) = —2— [t - () l for v > = vere 375
YrmocK B

Equations 3-4 and 3-5 were used to calculate the temrerature

rise of a tentalum surface. A specific case of a trisngular-
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8
shaped laser pulse with peak power of n 1.4 x 10" watts/
cm2 and lasting for approximately 100 nanoseconds was con-
sidered to be normally incident onto the surface. The

constants of the metal are quoted below:

o = 0.L46
- 3
p = 16.6 gm/cnm
c = 0.15 joules/gm/°K

K = 0.55 joules/cm/sec/OK.

The triangular laser pulse is divided into ten intervals,
each with a constant laser flux lasting only for ten nano-
seconds (1), as shown in Fig. 3-1. The temperature rise for
each square pulse of ten nanosecond duration was calculated
and the total temperature rise due to the whole triangular
laser pulse was obtained by combining the different con-
tributions. The calculated temperature profile is shown in
Fig. 3-2. The most uncertain parameter in this calculation
was the focussed area. The area of the irradiated spot was
measured under a travelling microscope. Some enlarged
photographs of the eroded spot of the target are shown in
Fig. 3-3. Since the spot was found to be not exactly cir-
cular, a considerable number of readings were taken and the
average value of the spot diameter was obtained. Since the
edge of the eroded spot was not strictly defined, an =pprox-
imate error of 4-5% can easily be introduced in the measure-
ment of the spot diameter. Thus the estimated area will be
measured within an accuracy of ~ * 20%. For the present
calculation, an error of such magnitude in the area has been
considered tolerable. The estimated area of the focussed
spot was taken to be ~ 5 X lO—h cmg. the temperature of the

spot has been found to rise rapidly with increasing energy
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influx. The temperature reached its maximum value of

v 13 x lO3 °k within ~ 60 nanoseconds. The temperature
has been found to fall slowly and the spot appears to
remain hot for a considerable length of time after the
laser pulse ceased to deliver energy.

The melting temperature of Ta is known to be 31230K.
The metal boils at around S?OOOK. From the temperature
profile i1t can be estimated that the metal will normally
boil off after approximately 25 to 30 nanoseconds from the
initiation of the laser pulse. The heating process after
that will be very much complicated because of the simul-
taneous existence of different phases. The concept of a
temperature of a so0lid will no longer be valid. A phenom-
enological description of further heating of the solid and
the production of a dense phase and the absorption of further
laser radiation by the advancing cloud of particles from
this dense phase will be given in Chapter Six while discuss-
ing the mechanism of the production and propagation of the
plasma by laser heating.

It can be concluded from the above consideration that
only for laser intensities which are low enough not to cause
any surface damage, the calculation of temperature is expected
to give a valid picture of the state of the metal electrons.
The temperature calculation of a metal surface by a high
powered laser pulse will be valid up to a time at which the
transition of phase will take place. In cuch a transition
the liquid phase may be ignored as the latent heat of fusion
is much less than the latent heat of vapourization. If,

however, the temperature of the metal curface can be estinrmated.

the thermionic current can easily be obtained fror the
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Richardson-Dushmann equation. According to this, therm-

ionic current at any temperature T will be given by
2 2
J = AT exp(- B8/T) amps /cm cv.. 3-6

Richardson's constant = 60 amps/cm2 degrees

il

where A
(experimental value)

11600 ¢

w
|

¢ = Work function = 4.2 eV (for Ta).

From the above equation it can be inferred that if the laser-
induced emission of electrons from the metals is of a therm-
ionic nature, the current-temperature law will be mainly
governed by the exponential factor. A theoretical thermionic

current profile is shown in Fig. 3-2.

3-2 Multiphoton Photoeffect

Photoelectricity is a well-known phenomenon. The
corpuscular concept of light is the flow of bundles of photons
or 'quanta' with negligible mass. The energy of such a
quantum 1s given by hv, where h is Planck's constant and v
the frequency of the light derived from the classical concept.
For normal photoelectric emission to take place, the photon
energy must be higher than the work function ¢ of the soligd
surface. The work function gives a measure of the surface
potential barrier which an electron has to overcome in order
to escape into vacuum. The kinetic energy of the escaping
electron will be given by the well-known photoelectric

equation
E =h\) - ¢o ¢« ¢ o & 3-7

The threshold energy for photoemission (hv = ¢) will restrice

photoclectric emission from most metals when irradiated by
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light in the visible region of the spectrum. Vhen,
however, the incident photon density is very high the
probability of simultaneous absorption of two or rore
photons by a single electron may become considerable.
Such absorption will raise the electrons to energy states
higher than the surface potential barrier and multiphoton
photoemission will take place. The increase in photo-
conductivity in semiconductors with a band gap Eg greater
than the photon energy hv can also be explained in terms
of the multiphoton photoeffect. The concept of multiphoton-
photoeffect arose quite recently as an attempt to explailn
the characteristics of the laser-induced electron emission
from metals with high work function.

Very little theoretical work has, so far, been done
on two-photon or three-photon-photoeffects. This 1s because,
in such a calculation, a precise knowledge of the initial
final and the intermediate electronic states is necessary.
The theory presented by Adawi (37) is extremely coxplicated.
The treatment of Logothetis et al. (13) considers a volure
effect. The derivation of their result 1s quoted here.

If o is the m-photon absorption constant then the

m-photon photoelectric current density 1s given by:

g =e I I(x)p(x,E)am dx c... 3-8
o

where I(x) light intensity at x
p(x,E) = the escape probability of an electron of

energy E and generated at a depth x of

the solid.

Double-photon photoelectric current has teen celculated with

the help of a specific model of the band structure of +he
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solid, as shown in Fig. 3-4. The expression for the current

density is given as:

p)

=

e Eang2 (2hw—EO) 5
Jp = 2.2 b u ; 2 7 1 39
hﬂe ¢ h £ (Ea—hw)
where E = E - E (see Fig. 3-1L)

a o g
= 1ndex of refraction

D = average escape depth

and fzc’fcv = oscilllator strengths for the particular

transistors.

The above equation, although it may be applicable to semi-
conductors, can not be applied to metals. In particular,
the assumption that the bottom of the final band will
coincide with the vacuum level, will restrict the applic-
ability of the treatment to most solids. It can, however,
be possible to study the behaviour of the multi-photon
photoeffect in solids from the above treatment. It has been
further postulated that an m-photon photoeffect will be
proportional to the mth power of the incident intensity.

In later chapters, experimental results will be used
in phenomenological models of multi-photon photoeffect and
the properties of such effects will be studied. In view of
the complexity of the problem it has been considered
advisable to study the nature of the photoeffect rather than

attempt to evaluate the exact value of such 2 photocurrent.

3-3 Reverse Photoelectric Effect

It has been shown earlier in this chapter that the
temperature of the laser-irradiated surface rises to a very
high degree. Because of the development of high pressure in

the heated zone, superheating of the dense material is possivle.
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Furthermore, the high energy laser can very easily pro-
duce 'plasma' with a temperature of several thousands of
degrees Kelvin. The incandescent solids will emit
radiation. At a temperature TOK, the maximum radiation
will occur around a wavelength given by Wien's displacement

law:
A T = 2.898x 107 8 °k,

Thus, as the temperature of the heated spot increases, 1t
emits continuous radiation of increasing photon energy. At
the boiling temperature of a metal (e.g. Ta boils at ~ 5700°K)
the photon energy corresponding to the most copiously

emitted radiation will be ~ 2.5 eV. These photons will not
be able to produce appreciable photocurrent from metals of
high work function. Though the tail of the black body
radiation curve will contribute to photoelectrons from metals.
Apart from that, during the motion of the laser-produced
'plasma', the charges will recombine and high energy rad-
iation will be obtained. The plasma is expected to radiate
chiefly in the ultraviolet region. The apparent colour of
the plasma radiation has been found to be blue. Further
heating of the ions and neutral atoms may cause ejection of
electrons from the inner shells and result i1n soft x-ray
emission. Evidence of such a process has been reported in
the review chapter. Thus 1t can be concluded that there exist
possible sources of high energy photons when laser light
interacts with metals. These photons propagate in all dir-
ections and 1f some metal parts are ezposed to therm in the
experimental system they will scatter electrons from them.

If it is assumed that the radiation from the plasma is chiefly
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in the ultraviolet region, the peak of the radiation curve
will occur at around 5 to 6 eV. These photons are likely

to produce a considerable amount of electron current from
most of the metals. It is expected that the tail of the
radiation curve may produce electrons of quite high energy.
Electrons and ions, if occluded at the inside surface of

the glass envelope of the experimental targets and collectors,
may also be knocked out by such photons. For very high
photon energy (e.g. soft x-rays), the possibility of knocking
electrons from the interior of the metal (volume photo-
electric effect) may be of considerable importance.

In the conventional method of detection of electron
current by metal probes, the collector is strongly biased
positive with respect to the target. Thus only the electrons
emitted from the target will be accelerated towards the
collector. The biasing was such as to overcome the space
charge effect. Under these conditions, the reverse photo-
electrons originating at the metal collector will not be able
to move against the retarded voltage and hence will not
contribute in the detection of laser-produced electron current.
If the biasing condition is reversed so as to detect ion
current flowing across the tube, the photoelectrons produced
at the collector will be accelerated towards the target.

The motion of the electrons from the collector to the target
is equivalent to the motion of ions in the opposite directicn.
Thus, in this situation, the reverse photoelectric current

is likely to give a positive contribution to the ion current.
For this reason, the possibility of such a process has been

investigated in Chapter S5ix.
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3-4 Conclusions

It appears from the preceding description of the
different mechanisms that the investigation of laser inter-
action with solids may involve different processes simul-
taneously. Thus, any attempt to explain the whole inter-
action mechanism by a unique process will be an over-
simplification of the whole picture. The experimental
results are, however, likely to indicate the predominant
process at any particular stage of interaction. It 1s ex-
pected that thermionic current, photoelectric current and
reverse photoelectric current, if all co-exist, will have
different properties and different time correlation with the
initiating laser pulse. Photoelectrons are likely to be
detected at the early part of the laser pulse, though copious
thermionic effect may mask the photoeffect. At the latter
stage of the energy transfer from the laser pulse, the
problem will be predominantly a 'plasma' diagnosis. If the
quasi-neutral property of the 'plasma' persists for a time
comparable to the time of production and emission of the
electrons either by normel thermionic process or by photo-
electric effect or by a thermo-assisted photoeffect, they
are likely to appear as a separate peak in the current signal.
In the detection of current from the plasma, motion of
different species of charges in the preferred direction will
be involved. So, in the analysis of the experimental results,

this fact has to be taken into consideration.
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CHAPTER FOUR

LASER SYSTEM

The investigation of laser interaction with solid
surfaces required moderately high powered laser beams.
One laser already in the Laboratory was used for this pur-
pose. Another ruby laser system with a larger ruby rod
and cavity was built as a spare laser source and for any
future high power laser application. A brief description

of the laser assembly is given below.

L-1 Laser Cavity

A schematic diagram of the ordinary mode laser system
is shown in Fig. 4-1. The active material was a Meller ruby
crystal which had the c-axis at 90O to the axis of the rod
and with ends polished optically flat and parallel. A 2" x
" crystal for the first laser system and 4" x 3" crystal
for the second system were used. Both the crystals were
doped with 0.04% Chromium atoms.

The ruby rod was fixed along one focus of a stainless
steel elliptical cavity. The Xenon flash tube was fitted
along the other focus. The cavity was placed inside a brass
cylinder. Two end reflectors were placed to increase the
light transfer to the ruby rod. Direct light from the flash
tube and most of the reflected light from the wall of the
cavity pass through the ruby to cause maximum population
inversion.

The resonant cavity was formed by two optically flat
dielectric mirrors. One of the mirrors had 99% reflectivity
and the other 65%. The mirrors were aligned normal to the

ruby crystal axis to an accuracy better than two ninutes of
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arc. The mirrors were mounted in holders whose angle can
be accurately adjusted by means of screws.

The alignment was done independently by a He-I'e gas
laser and an autocollimating light source and telescope.

The telescopic method was found to be more convenient and
accurate than the other. A schematic dliagram of the tele-
scope is given in Fig. L-2.

Red light from a tungsten filament bulb 1is allowed to
pass through a small hole and is focussed to a parallel
beam by a 10 cm focal length bi-convex lens. The light
returning in the opposite direction is focussed by this lens
and partially reflected by a mirror onto the eyepiece where
an image 1s observed.

For aligning the laser, the parallel beam of red light
is passed along the axis of the ruby crystal. A part is
reflected by the crystal face back through the telescope
objective and viewead through the objective as a pair of

bright spots (reflection from two faces of the mirror).

4L-2 Pumping and Power Supply

The pumping or population inversion, as 1t 1s called,
of the active material was accomplished by a flash tube.
For the original laser system, British flash tubes by English
Electric Valves, type XL 615/7/3, were employed and found to
give excellent performance. For the detailed descripiion cof

the onk
the power supplies for the original laser system,of Ricrar

[o

s
(9) is referred.

For the second laser system, a linear xenon flasnh tube,
type FX47B (E,G8), of 6.5" arc length was used. The flash
tube was driven by input energies up to 5000 joules. The

energy was delivered through a current limiting inductcr of
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104 micro-henries. The inductor was constructed of 16

gauge DSC copper wire wound on an insulating cylinder and
was pasted with Araldite to hold them rigidly. The total
value of the capacity of the condenser banks employed to
feed energy to the flash tube was 1100 uF. The maximum
operating voltage was 4 KV, The capacitor bank was charged
by means of a simple voltage doubling circuit using silicon
rectifiers. 1Independently powered relays and safety devices
were incorporated. The circuit diagram is shown in Fig. h-3.
The charging could be done manually as well as automatically
to any present value of the voltage. The flash tube was
triggered by a simple thyratron (Mullard 2D21) circuit which
discharged a 1100 uF capacitor charged up to 3 KV through
the primary of a pulse transformer. A car ignition coil

was used for this purpose. The secondary pulse of amplitude
approximately 25 KV triggered the flash tube through a wire
wrapped around the quartz envelope of the flash tube. The
triggering could be done either manually for ordinary mode
operation or electronically with a timing circuit for Q-

switched operation employing rotating mirror.

4L-3 The Q-Switched Operation

The flash tube emits radiation in the green region of

the spectrum. This is absorbed by the Cr atoms in the

ruby crystal. The atoms are excited and "pumped" up to the

transitory levels F. and hF

1 X followed by a very rzapid

radiationless transition to the closed spaced levels 2E.

These have a long life time (~ 5 nsec.) so that if the pumping
rate is adequate, an inversion of population would take place
between 2E levels and the ground state hA . Due to relax-

2

.. . , 2
ation oscillation the "E level gets depleted as soon as the
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oscillation begins. The population at thele level then
drops below the critical value required for oscillation
until it is restored by the flash-pump source which per-
sists for a millisecond or so. So it is clear that pop-
ulation inversion can not build up to a value much beyond
the critical value for oscillation so long as the ruby lies
in the resonating cavity during the build-up of the in-
version. If the Q of the cavity i1is switched from a low to
a high value prior to the generation of the laser pulse, a
large amount of energy can be released in a single spike.
This is the principle of the "Q-switching" to produce a
"Giant" laser pulse.

Two different techniques were employed to obtain Q-
switching. For the first laser system, a rotating mirror
was used. The mirror was rotated so that when the flash
pulse reached its maximu, the rotating mirror came exactly
in parallel with the fixed mirror. As long as the two mirrors
were not parallel, the Q of the cavity was spoiled and the
population inversion built up beyond the critical value.

As the rotating mirror became parallel to the fixed mirror,
the excited atoms fell down in one single cascade. The
synchronization of time of the rotation of the mirror with
the peak of the flash light pulse was done electronically.
The detailed description of the electronic circuitry 1s given
in Ref. (9).

For the second laser system,a bleachable dye was used
for Q-switching. The dye was a solution of cryptocyanine
(I,I'~diethyl-h,4',carbocyanine iodide) in methanol. This
dye has been found to have very high absorption at 6943 X
(38). Thus the dve at a certain concentration, when placed

in the resonating cavity, will suppress oscilletions until =a
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high level of population inversion is reached in the ruby.
At such a high level of gains the oscillation will start
and the intense light will bleach the dye in ~ 10—9 sec. (39).
Thus the dye becomes transparent and a sudden drop of the
excited atoms takes place in a cascade to give an intense
light lasting for a few tens of nanoseconds.

The advantage of using a dye for Q-switching is 1its

simplicity. But the shot-to-shot reproduction of the laser

pulse shape was found better with the rotating mirror systemn.

L-L4 Detection and Measurement of Laser Pulse

For most of the present work it was necessary to know
the absolute value of the laser power. The laser pulse was
always used to trigger the current pulse in the oscilloscope.
Moreover, it was necessary to record the laser pulse simul-
taneously with the current signal for detecting the change
in the pulse shape from shot to shot. For the measurement of
laser power an ADP power meter and a calibrated photodiode
wvere used, both independently and simultaneously.

The ADP power meter was built in this laboratory.

When a medium like ADP (Ammonium Dihydrogen Phosphate) is
subjected to an optical electromagnetic field, a d.c. polar-
ization is produced. The polarization is proportional to the
square of the optical electric field, i.e. directly propor-
tional to the power of the incident radiation. The polar-
ization induces a voltage across the ADP crystal. To measure
the signal produced in the crystal, an impedance-matching
circuit was connected between the crystal head and the oscillo-
scope. The detalled description of the power meter and the
calibration procedure is given in Ref. (9), The arraingement

for the direct measurement of powver cimultanecvely dy the ADP
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meter and the SGD(100) photodiode is shown in Fig. L-k.

The photodiode was calibrated by Keuffel & Esser Co.
The spectral response curve is shown in Fig. L4-5. Since
direct laser light will damage the photodiode, a small
fraction of the light was diverted to a matt surface with
the help of a beam splitter. The scattered light from the
matt surface was received by the photodiode at a certain
angle. The fraction of the total light reaching the active
area of the photodiode was calculated and the total power
was directly measured from the output of the photodiode.
The photocurrent was detected across a 1009 resistor. The
photodiode connections are shown in Fig. L-6.

The calculation of the laser power from the output
of the photodiode was done in the following way:-—

Let the photodiode be placed at a distance 4 from
the centre of the laser spot at the diffuser and at an angle
6 from the normal to the plane of the diffuser (Fig. L-T7).
From the beam splitter the laser light is incident onto the
surface at right angles. If I denotes the brightness of
the spot at the diffuser at any instant of time and is ex-
pressed in candelas/area, the flux of light into the photo-
diode F is given by Lambert's law as,

F = I.2.b.cos® lumen. B I
d2

where a is the area of the laser spot, and b 1s the active
area of the photodiode. Let the initial laser power be P
lumen/area. Thus the luminous flux at the surface 6 is
given by r.p.P lumen, where r is the reflection coefficient
of the beam splitter and p is the reflection coefficient o7

the matt surface. The brightness of the spct 1s given in
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terms of the laser power as,

I = r.0.% candela/aresa ce.. L-2

2T

From equation L-1

F = r.p.P.g.b.cose 1 umen . ... L3
2md
F r.péP.a.b.cose vatts R e 1
21d° x 620
Thus, r.p.a.g.cose watts of luminous flux in the photodiode
2md
corresponds to 1 watt/area of the initial laser powver. From

the frequency response curve (Fig. L-5), the sensitivity of
the P.d. at 0.69 u was found to be 0.393 upA/uwatt. The
current i1s passed through a 100Q resistor, so that 1 watt
of flux into the photodiode will correspond to a voltage

signal of 38.5 volts. So that 1 watt/area of laser power

r.p.a.b.cosb

2ﬂd2

will correspond to a voltage signal 38.5 volts.

Thus for a photodiode signal of V wvolts, the total power will
be given Dby

21Td2 x V
r.p.b.cosd x 38.5

watts ce..b-5

4,5 Ultra High Vacuum Technigue

In atmospheric condition, or at very poor vacuum con-
dition, secondary ionization of gas molecules by the laser-
induced high energy particles and high frequency light 1is
likely to take place. Also, physical adsorption of gas mole-
cules or ions is likely to contaminate the target. This 1is
likely to effect the detection of pure laser-induced emission
from the target both as regards the intensity and the tine
response. To avoid this complication and to detect pure
laser—-induced current, most of the experiments were performed

in ultra high vacuum. The experimential targets and the metal
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anodes were assembled inside a glass envelope. Pyrex was
chiefly used with electrical leadthroughs of tungsten.
Sometimes, however, for the sake of convenience, Kodial glass
was used With kovar conductors through it. One or two

type EIP-12 ionization gauges (Mullard) were attached to

each experimental tube. These gauges simultaneously pumped
the tube and measured the pressure. The whole process of
evacuating a tube down to a very low pressure is described
below.

A schematic diagram of the baking and pumping system
is shown in Fig. L4L-8. The pumping was done in three differ-
ent stages. The preliminary pumping was done with a mole-
cular sieve. Rotary or diffusion pumps were not used to
avoid possible contamination of the system by o0il or mercury
vapours. The active part of the molecular sieve is the
pellets of calcium aluminium silicate. At liquid nitrogen
temperature they absorb a large volume of gas. In several
hours this pump reduces this pressure down to a few parts
times 10 ° torr.

When the pressure fell below 10—2 torr, the getter ion

pump (Ferranti, type No. FJD 8) was switched on and the valve

B was opened. When the ion pump started to operate, the valve
A was closed. The pressure went down to lO—6 torr in a few
hours. Sometimes, however, minute leaks in the experimental

tube or in the vacuum system did not let the pressure go
below lO-h or ].O—5 torr. In this situation, a Mass Spectro-
meter Leak Detector (20th Century Electronics Ltd.) was used.
Thus the tubes were checked carefully to ensure the absence

of any leak before sealing off from the system. As the

pressure went down below lO_'6 torr, the oven was put on the
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platform to enclose the experimental tube and the ion gauges.
The heating elements of the oven were connected in series
with an Indicating Temperature Controller unit (Ether Ltd.,
type No. 990). A Pt. 13% Rh/Pt thermo-couple measured the
temperature inside the oven. The temperature of the oven was
raised up to 350°C in steps. The tube was baked at this
temperature for a prolonged period. In this way the atoms
and the molecules adsorbed in_the wall of the glass tube

were driven out and pumped away. The temperature controller
consists of a high-resistance galvanometer fitted with an
indicating-pointer. The pointer-arm operates a simple photo-
electric system which controls the heating medium. With
this, the tube could be baked at any desired temperature for
any length of time within an accuracy of ~ SOC. After the
baking.the system was cooled down to room temperature grad-
ually. A photograph of the system is shown in Fig. L-9.

In the final stage of pumping, the ionization gauges
were outgassed by heating the filament electrically to red
heat. The getter was activated by evaporating zirconium onto
the envelope from the heater element. The gauge was then
switched on. With continuous pumping, pressure lower than 10—9

torr was achieved in the experimental tubes.

4.6 Dielectric Mirror Fabrication

The dielectric mirrors used to form the resonant
optical cavity and also to attenuate the laser bezan were found
to be damaged by the laser beam and the atmospheric conditions.
Thus 1t was found necessary to replace the mirrors fron tinme
to time for better performance. A vacuum evaporation plant

installed in this laboratory was used to make these mirrors.
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Apart from the required reflectivity, the laser mirrors are
required to have very low absorption coefficient, otherwise
the intense laser radiation will vapourise the reflecting
material of the mirror. Alternate layers of transparent
dielectric materials of high and low refractive indices
produce a reflecting surface with very low absorption co-
efficient. It is necessary to set the thickness of the layers
accurately to a quarter of a wavelength of the light at which
the maximum reflectivity is required.

The dielectric materials were evaporated onto a glass
substrate which is optically flat. The substrates were
properly cleaned before evaporating the materials onto them.
The dielectric materials used are zinc sulphide of refractive
index 2.4 and magnesium fluoride of refractive index 1.3.

The evaporation was done at a pressure below 10—5 torr. The

dielectric materials were evaporated from electrically heated
molybdenum boats and deposited on the coocler substrate. The

thickness of the layers was determined by observing the

transmission of light through the coated substrate. The sub-

strate was first coated with the high refractive index mat-

erial until the transmission reached a minimum. The low re-
fractive index material was then evaporated on top of this
until the transmission reached a maximum. This process of

alternate deposition of materials was repeated until the
overall transmission reached the required value. A schematic
diagram of the system in shown in Fig. 4-10. The light beam
was chopped to eliminate the interference from other light,
and passed through the substrate in the vacuum charber. The
output was focussed onto the slit of a monochroreter. The

light was selected close to 6943 X and was detected by the



LiGRT

)

CHoPpPER

EVvAPORATION
T~ BOATS

D> Lens
Vacuum
EVAPORATION
CHAMBER T~ Y
SUBSTRATE —
n N,
PHOTO- Mono - "/\*U —
MULTIPLIER { CHROMATOR
\ Vi
To DifFFusionN
RPump
A.C. PEn
————
VOLTIMETER Recorper

FIG. L4.10.

DIELECTRIC MIRROR DEPOSITION SYSTEM.



_35_

photomultiplier. The output of the photomultiplier was
fed into an A.C. valve voltmeter. ZnS was first evaporated,
the transmission of light through the substrate decreased
to a minimum value at a thickness of quarter wavelength of
the light (6943 R). At this stage the evaporation of ZnS
was stopped and MgF2 was evaporated to a thickness of
another quarter wavelength, where the transmission increased
to a maximum value, which was below the previous value of
transmission. The process was repeated until the desired
value of reflectivity was achieved.

To achieve a uniform coating, an arrangement to
rotate the disc on which the substrate was mounted was made.
For reflectivity higher than 98%, 12 to 1L layers of coatings
were evaporated. The number of layers is limited in practice
by the intensity of the monitoring light. Ultimately, the

limiting factor is the noise level in the detecting system.
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CHAPTER FIVE

INITIAL STAGE OF LASER INTERACTION WITH METALS

5.1 Introduction

A brief outline of the possible mechanism by which
a laser beam interacts with the surface of a metal was given
in Chapter Three. It was shown that for an intense beam of
laser light, lasting for a few tens of nanoseconds, the
irradiated region will reach the boiling temperature within a
couple of nanoseconds. The concept of temperature and the
thermionic emission within this time will be valid if a local
thermal equilibrium between the excited electrons and the
lattice can be assumed to be achieved within this time. An
estimation of the time required for an excited electron to
reach an equilibrium with the lattice can be made from the
following consideration.

The mean free time T between collisions for electrons

in a good conductor (e.g. Ta) is of the order of J_O—lll to

10 3 seconds. The ratio of the mass of an electron to that
of a Ta atom 1s ~ 1:3 X 105; and the same fraction of the
energy of an excited electron 1s transferred to the lattice
at each collision. Thus roughly 10 collisions must take
place before a thermodynamical equilibrium is reached. Such
a process of thermalization may tekxe any time between 10 to
100 nanoseconds. If some of the electrons absorb sufficient
energy so that at any instant of time before reaching the
equilibrium they reach the surface with energy in a direction
normal to the surface, they may escape over the work function

barrier. Such an emission will be an instantaneous process

as far as the present experimental measurements are concerned.
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For current signals produced by such electrons are expected
to have a peak to peak time correlation with the initiating
laser pulse. The number of excited electrons which stay
inside the metal longer than the thermalization time will
contribute to the concept of a temperature of the activated
spot as a whole. Thus for any delayed emission of electrons
from the laser i1lluminated spot of a metal surface, the
Richardson equation may be applied.

Light 1s absorbed in metals by internal photoeffect
(LO), raising the electrons to higher energy states in the
conduction band. If the energy of the photon (hv) is greater
than the work function (¢) of the particular metal surface
then the excited electrons will have sufficient energy to
escape into the vacuum through the surface barrier. With
ruby photons (hv = 1.78 eV), the excitation of any electron
from the Fermi level (at OOK) to the vacuum level 1s energet-
ically impossible for most of the metals. For a metal like
Ta with work function ¢ " 4,1 eV, the rate at which the energy
of an excited electron is dissipated in the lattice is of the

order of lO7

joules/sec. For a typical laser pulse of ~ 100
nsec. duration and 1 to 10 MW/cm2 in amplitude, the rate at
which energy 1is delivere@ to an atomic dimension 1is very ruch
smaller than the speed of thermalization. Thus it appears
that most of the excited electrons will be cooled down before
being emitted out of the surface barrier by the successive
(or simultaneous) absorption of multiple photons. It was
repqrted in Ref. 15 that 1f the photoeslectric emission from
metals are considered to be due to absorption of n number of
photons by a single electron before it mzkes any transition,

the photons must be absorbed within approximately 10_13 sec.
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Though the probability of & multi-photon photoemission
process at very low intensity appears to be remote, recent
observations on intensity dependent interaction have shown
that at moderately high intensity the probability of such a
process may be of considerable importance. For example, two
photon and three photon photoelectric processes have been
reported to take place in Ref. 13, when metal surfaces were
illuminated with laser light. In the present work, the

effect 1s further investigated.

5.2 A Theoretical Account of the Multi-photon Photoeffect

If a clean metal surface 1s illuminated with a beam
of laser light of intensity sufficiently low to keep any
Richardson effect negligible, then any electron emission must
be attributed to a photoelectric process. Since a photo-
electric process from metals with ¢ > hv must involve simul-
taneous absorption of more than one photon, a precise
theoretical treatment will be extremely complicated. The
expression for a double-photon photoelectric current given
in Egqn. 3-9 (Chapter Three) can only be applied for insulators
and semiconductors. For metals, a similar analysis would
require more sophisticated mathematical technique and to apply
it for the quantitative analysis of the results a knowledge of
the band structure and the electronic states involved in the
interaction will be required. However, the analysis presented
in Ref. 13 may be used as a guide line to study the multi-
photon process in metals as far as the behaviour of the emission
current with respect to the incident photon density is
concerned.

From the single-photon photoelectric studies it is

known that for a metal surface with work function ¢, the
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threshold energy for photoelectric emission 1s hv ~¢. If
1t is assumed that at high incident photon density, the
probability of n number of photons being absorbed by an
electron within the time it requires to make a transition
(to a higher energy state) is considerably high, the problem
may be treated as i1f a single photon of total energy nhv is
being absorbed. The results can be treated in terms of a
single-photon process with the energy balance equation given
by :

E = nhv - ¢ e.o.. (5-1)

where E = the kinetic energy of the emitted
electron,.

From the above equation it can be seen that a two-photon
photoelectric emission process from a metal surface with
work function ¢ < 3.56 eV (e.g. Al has a work function ~ 3.0
eY) is energetically possible for ruby photons (2hv = 3.56 V),
wvhereas for metals like Ta (¢ = L.l ev), W (¢ = h,5 eV) etec.
at least three photons must be absorbed for photoemission to
take place. It is obvious that the quantum yield, n (no.
of electrons emitted per incident photon), at a particular
intensity of the incident laser beam, will be higher for a
two-photon process than that for a three-photon process.
Thus 1f photoelectric emission 1is observed from high work
function materials, the current is expected to be considerably
lower than that obtained from a metal surface with work
function ¢ < 3.56 eV. For example., A1l and Cu have roughly
the same absorption coefficient (single-photon) at ruby
frequency. Since Cu has a work function ¢ > 3.56, the photo-
electric emission, 1f it takes place, must be predominantly

due to a three photon process. “hus the amplitude of the
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photocurrent from Cu is expected to be much smaller than
that from the Al for the same incident intensity. The
remarks made above are rigidly true only for an idealized
case of absolutely pure, polished and clean metal surface
near absolute zero. In practice the contribution in the
photocurrent by lower order effect from the impurity atoms
and assisted by the thermal energy (room temperature Fermi-
distribution of the electrons) may be of considerable
importance. Though the actual dependence of the photo-
electric current with the parameters of the laser beam and
the materials is not known, it can be considered from the
phenomenological point of view that an n-photon photocurrent

will depend on the nth power of the incident intensity. The

relation can be stated as:

J = bI" amps/cm2 ce.. (5-2)
where I = laser intensity in watts/cm2
and b = a constant which takes account of all

the interaction parameters.
Thus the number of photons involved in a particular inter-
action can be estimated from a study of the intensity depend-
ence of the photocurrent.

The quantum yield of a particular process can be
estimated from Eqn. 5-2 in the following way:

For a double photon process the photocurrent equation
will be J = bIg. Thus the ratio of the current density to
the laser intensity will be J/I = bI. If n_  represents the
total number of electrons per sec. ver unit area, the current
density may be expressed as J = 1.6 x 10 17 n_. The incident

intensity can also be expressed in terms of the number of

photons n, per sec. per unit area. For ruby vhotons of energy
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1.78 x 1.6 x 10717 joules, the intensity I

-1 .
10 7 np. Thus the quantum yield for a two photon process

1.7 x 1.6 x

can be expressed as:

n
n = ;9 = 1.78 bI coes (5-3)
D
Here b 1s expressed 1n amps /cm 5o
(watts/cnm™)

If the photoelectrons would have all been emitted
by an unique process (for example, a two photon process only)
and all from the Fermi level, all the electrons would have
the same energy. For retarded potential the current would
have a sharp cut-off voltage Vg given by eVR = (nhv - ¢).

But since the electrons may also be emitted from both below
and above (at T > 0°K) the Fermi level and since there exists
a finite probability of still higher order photoeffect (how-
ever small), the emitted electrons will have a distribution
of energy.

enegh

For a Maxwellian distribution of electronsht%e

current at any retarded voltage V_ will be given by:

R

J = J_ exp(-eV /kT ) eoo. (5-k)
where J_ = saturation current
k = Boltzmann constant
Te = electron temperature.

Thus for a Maxwellian distribution a plot of gnJ vs. VR will
be a straight line. From the slope of such a straight line,
an estimation of the electron temperature can be rmade.

At higher incident intensity the Richardson effect
may be high enough to give rise to a detectable current. It

must be concluded that any Richardson effect must always be

associated with the photoeffect in the cases where such
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studies are concerned. The thermionic electron mnay be
distinguishable from the photoelectrically emitted electrons
as the former is expected to be a slower process because

of the finite thermalization time. However, if the current
signal can be identified as due to a thermionic process,

the energy distribution of such electrons will be Maxwellian.
The temperature rise of the target can be estimated from the
study of the retarded potential characteristics of the

current and can be compared with the calculated temperature

at a particular laser intensity.

5.3 Experimental Arrangement

For the investigation of various parameters of the
interaction and different characteristics of the laser
induced current the vacuum tube used is shown in Fig. 5.1.
Four different tubes were made with different target materials,
viz., W, Ta, Cu and Al, and with kovar collectors. The
individual tubes were joined together and the whole assembly
of tubes were baked and evacuated down to a very low pressure

(v 1077

torr). This made it convenient to do experiments
with different materials at similar atmospheric conditions.
All the tubes had similar electrode configurations.

The collector, in the form of a circular disc, was
held at 1.2 cm. away from the target. A laser beam from the
Q-switched laser system, as described in Chapter Four, was
fired onto the target through an optical window and through
a hole of diameter 1 cm. cut at the centre of the collector.
The laser induced current flowing across the electrodes was

passed through an external resistor which connected the

target and the collector by the external feedthroughs. Bias
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voltage was applied from a dry cell vhich was shunted by
a 16 uF capacitor. A typical experimental arrangement 1s
shown schematically in Fig. 5.2.

The voltage signal generated across the resistor
was monitored by an oscilloscope (Type 551, with type L
Plug-in units) and recorded photographically. A part of
the laser beam was deflected to a mat" surface. The diffused
light from the mat surface was received by a calibrated
photodiode. The photodiode signal was fed to the remaining
channel of the dual beam oscilloscope and recorded simul-
taneously with the current signal.

The pressure inside the tube was maintained below
v ILO_9 torr by constantly pumping with the help of two
ionization pumps (Type EIP-12 Mullard) attached to the tube.
To avoid emission from the contaminated surface, before
recording any current signal the target was irradiated
several times with the unfocussed laser beam so that the
absorbed atoms and molecules were driven off from the surface
and pumped out by ionization pumps.

In the case where the current signals were recorded
for different values of the incident laser intensity, the
intensity was varied by introducing dielectric coated mirrors
of different reflectivity. The laser signal was recorded
for every measurement of the current amplitude. Thus the
magnitude of the laser power was directly measured along with
the value of the resulting current. Though the absolute
magnitude of the laser power was estimated within an accuracy
of roughly * 20%, the relative wvariation of the laser
intensity ard the amplitude of the current pulses were measured
within an accuracy of * 5%. Thus a precise picture of the

2

dependence of the current with the laser intensity will be
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obtained from the experimental results.

In the case where several shots of laser beam of
the same intensity were required to study the emission in
different circumstances, enéugh care was taken to record
the current for the same laser 1intensity throughout the
experiment. It was found that the laser power varied by
+ 8 to 10%Z from shot to shot. So several readings were
taken and the current which corresponded most closely to
the particular value of the laser power was considered.

Finally, for the accurate detection of the signals
the reaction time of the detecting circuit was kept as
small as possible. The limiting factor, however, was the
12 nanosec. rise time of the oscilloscope plus another 6

nenosec. rise time of the plug—-in unit.

5.4 Experiments to Investigate Multi-photon Process

To study the photoelectric effect from metal surfaces
with work function ¢ > hv of the incident photon, incident
laser intensity was kept much below the threshold value at
which Richardson effect may be of considerable importance.
Considering that a double photon photoelectric process 1is
energetically possible from Al (¢ = 3 eV) for the ruby photons,
the amplitude variation of the current pulse with the laser
intensity was studied for this metal.

From the recorded current signals 1t was observed
that for laser intensity below ~ 2 MW/cmg, a single pulse,
almost coincident with the laser pulse, was produced (Fig.
5.3). Thus the emission process appears to be instantaneous,
which is a characteristic of a photoelectric process.

The pover density of the illuminating beam of cross-

. - 2 . .
sectional area of 0.13 cm  was wvaried in the range from 0.1
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to 2 MW/cm2. At these intensities of the beam, the cal-
culated temperature of the target surface is not expected
to rise above 310 * 60 °K. Thus any thermionic effect
was negligible throughout the experiment. The current
density J corresponding to the peak of the current pulse
was plotted against the corresponding values of the peak
laser intensities in a log-log scale. The experimental
points fitted a straight line, as shown in Fig. 5.4. The
slope of the straight line was found to be 2. The result
clearly indicates a non-linear electron emission and a
double photon process in Al can be inferred. A similar
double photon process of emission from stainless steel

(6 ~ 5 eV) by 3.57 eV photons was reported in Ref. 13.

Photoelectric emission was also studied for a W
surface. The results of a similar experiment are shown in
the same figure (Fig. 5.4). The slope of the log J vs.
log I plot was found to be 2.2, which also indicated a
double photon process. W has a single photon photoelectric
threshold at about 4.5 eV, thus a third order effect was
expected. A similar contradiction between the observed
and expected results was also reported by Logothetis et al.
(13). They observed a double photon photoeffect from KC1l
with the valence band-vacuum level energy difference equal
to v 8 eV, when activated by 3.57 eV photons.

From the results of Logothetis et al 1t can be in-
ferred that a three photon photocurrent is likely to be three
to four orders of magnitude smaller than a double photon
process for the same incident intensity. Thus if there

exists a three photon effect in the experiment with the VW

target, the current will be below the sensitivity of the
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present detecting system (~ 10 amps/cm2). The observed
current from W can possibly be due to a double photon
process from impurity atoms or from the high energy tail
of the Fermi distribution. It is important to mention
that the anomaly in Logothetis' work (with KCl) was also
assumed to be due to a lower order emission process from
the impurities or defects in the KC1l films.

From the straight line of Fig. 5.4 (for Al), the
current density was noted for the corresponding values of
the laser intensity. The current was plotted against the
square of the incident intensity (Fig. 5.5). The slope of
the straight line (b) was found to be ~ 1.1 x 10_lh.

Using Egqn. 5-2, the quantum yield was calculated and found
to be v 2 x 10_8 electrons /photon at an incident intensity
of 1 MW/cm2. Compared to the results of Logothetis et al.
it can be inferred that the double photon quantum yield from

alkali halides (e.g. KCl, KI, etc.) is roughly an order of

magnitude higher than the quantum yield from aluminium.

5.5 Photoelectric Emission from Different Metals

Current induced by low intensity laser light from
different metal surfaces were compared in this experiment.
The metals studied were W, Ta, Cu and Al, as introduced in
the experimental tube of Fig. 5.1. Current signals were
recorded for the same incilident intensity of the laser bean
from all the targets. The incident intensity was 0.k MW/cm2
At this power the calculated temperature rise of any metals
studied here did not exceed n SOC. At least five readings
were taken for each target and the average value of the
current was considered. The results are shown below against

their apprcximate values of the absorption coefficients =t
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the ruby frequency and the work functions.

Metals Absorption Work function Observed Current
Coefficient (Peak Value)
at 0.7Tu ¢ eV -l

amps . x 10
W 0.46 h.52 1.5
Ta 0.k4o L,10 .8
Cu 0.13 L.10 3.1
Al 0.18 3.10 12.0

The observed current was not corrected for the reflection from
the surface. When the absorption coefficient is taken into
consideration it can be seen that the current from Al is only
an order of magnitude higher than the current from metals like
Ta or W. If a double photon process 1is assumed to take place
in Al, then the observed current from VW or Ta is still too
high to account for a still higher order process. It can be
mentioned, however, that current of similar magnitude has alos
been observed from W when irradiated by ruby laser of the

same order of magnitude by Knecht (7), and from Ag by Farkas
et al. (kL1).

The results suggested that with the present experimental
conditions a three photon process cannot be detected. The
contribution by two photon process (probably from the impurity
atoms or regions of low work functions) will mask any higher

order effect.

5.6 Energv Distribution of the Emitted Zlectrons

The current signals were monitored vy applying re-
tarded voltage. The applied voltage was changed by 0.5 volts
for each measurement of the current. The retarded voltege

charascteristics were studied for electron emission from all
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the four materials, viz. W, Ta, Cu and Al. For this study
the laser beam was not focussed and the intensity of the
beam was kept always at about 5 MW/cmg. The amplitude of
the current was plotted against the retarded voltage in a
semi-log graph. The experimental points fitted a straight
line up to & retarded potential of ~ L4 volts, as shown in
Fig. 5.6. The results indicated that the electrons pertain-
ing to the initial peak have a Maxwellian energy distribution.
A very similar observation was made by Knecht (7) for a W
target though the slope of the I—VP plot in the present
case of W corresponds to temperature (~ 1.93 x th °k) which
is slightly less than the value estimated by Knecht (v~ 2.9
« 10" °k).

It is i1mportant to note that the electron temper-

ature estimated for Al is ~ 2.4 x 10" ©

K, which i1s higher
than the temperature calculated for Ta and W. From the
figure 1t is also noticeable that the emission from Al con-

tains more high-energy electrons than the emission from W

or Ta.

5.7 Discussion of the Results

The results clearly indicate a non-linear electron
emission process from metal surfaces initiated by a low
powered laser beam. Throughout the experirents the laser
intensity was kept below the level at which the Fichardson
effect would be prominent. The results are interoreted =es
a double-photon process, though the actual mechanisr of such
a process from high work function materials like W, Tz, etc.
is not clearly understood.

Gy. Farkas et al. (41) and Knechut (7) suggested

/

independently that a similar observation of instantaneous
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electron emission from metal surfaces under the influence
of low intensity laser beam (v 1 to 10 MW/cmg) can be
explained by a field-emission-like mechanism. The electric
field associated with the laser beam of power ranging
between 1 to 10 MW/cm2 will not exceed lO5 volts/cm. Such
an electric field will be too small to produce any electron
current from metal surfaces. In the present experiment
the electric field of the laser beam was perpendicular to
the normal to the surface. Any electron emission by this
field from a metal surface can only arise from the surface
inhomogeneities. Even though surface inhomogeneities were
taken into consideration, the periodic change of the
direction of the electric field (n lOlh ¢/sec) will not
allow sufficient time for the electrons to be emitted.

A double photon process was further ascertained
from the shape of the electron current pulse. The shape of
the current pulse will depend on the nature of the process
that results in the emission. Following the treatment of
Logothetis et al. (13) the order of photoeffect n can be

estimated from the relation

A
n = 'A_'- L ) 5—5
vhere A = width of the laser pulse
and A' = width of the current pulse.

The above relation was obtained by assuming the laser pulse
to be Gaussian, given by I = Ip exp(—te/Ag) and introducing
this in Eqn. 5-2.

From the measurements of the widths of the current
pulses and the initiating laser pulses (Fig. 5.7), n was

found to be ~ 2 for all the metals studiied in the present
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experiments.

Further observation on the laser induced current
was made with higher laser power. From the temperature
calculation for a Ta surface it was shown that the metal
is expected to boil-off for incident intensity above ~ 30
MW/cme. The current signals recorded for incident intensity
below this value was found to be different in shape and
amplitude than the signals induced by laser light of
intensity below ~ 2 MW/cmz. The current pulse, instead of
producing a sharp peak corresponding to the laser peak,
increased further to produce a second peak after a consider-
able time from the laser peak, as shown in Fig. 5.8. It
appears that the second pulse started just after the photo-
electric current pulse reached its maximum value. The
initial rise of the current had a steeper slope than that of
the final increase. The observation clearly indicated that
at high laser intensity (> 2 MW/cm2) a slower process of
electron emission is associated with the instantaneous photo-
electric emission. As stated in the introduction, such a
delayed emission appears to be characteristic of a thermionic
process. But unfortunately no systematic experiment was
possible to investigate the nature of the electrons pertaining
to the second peak, because the shape and the amplitude of
the second pulse was found to be highly irrerroducible from
shot to shot (different laser burst). The second peak
(slope) wes found to disappear at a retarded potential of
v 0.5 to 0.6 volts, indicating a smaller value of the maxinun
energy pertaining to the second current pulse compared to
the maximum initial energy of the photovelectrons. Very

similar current signals wer= also observed by Knecht (7)
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for laser intensities near the threshold for thermionic
process from W. He observed a change in the shape of the
current signal with the orientation of the target with
respect to the direction of the laser beam (Fig. 5.9). The
second peak of Knecht's observation and the second stage
of increase in the current signal in the present observation
can both be attributed to a thermionic process. A well-
defined initial (photoelectric) peak was not observed in
the present experiment because of the much larger electrode
separation distance (1.2 cm.) compared to 0.1 cm. for Knecht's
observation (transit time effect). The reason for the
disappearance of the second peak and higher current of the
initial current at 80° orientation of the target with the
direction of the laser beam can easily be explained by the
fact that, at this angle, the area of the irradiated surface
wvas larger. Though the same magnitude of laser power was
incident onto the surface for each orientation, the intensity
(watts/cmg) was less in the case of 80° orientation, thus
the temperature rise will be less 1in this case than the
temperature rise for the normal incidence. Most probably
the Richardson effect was below the measurable limit for
this case and caused the disappearance of the second peak.
On the other hand, a larger area was activated for the same
power, causing an emission of more photoelectrons. This may
account for slightly higher values of amplitude of the photo-
electric current pulse at this angle of incidence.

It was also observed that the slope of the second
current pulse increased with the increasing laser intensity,
as shown in Fig. 5.8. As the intensity is increased near

the threshold value at which the boiling-off of the spot is
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likely to take place, the slopes of the initial (photo-
electric pulse and the second pulse become comparable and
a single pulse was observed. The result can be understood
from the fact that as the intensity is increased the rate
of temperature rise increases, consequently the threshold
for thermionic emission is reached more rapidly. Thus the
thermionic emission becomes comparable with the instant-
aneous photoemission as far as the relative emission time
is concerned.,

The thermionic concept mentioned above has also
been successfully employed by Verber et al. (3, L2) to
explain their results. Since a thermionic current is
strongly dependent on the temperature of the emitter, a
precise knowledge of the absolute value of the temperature
is required to calculate the current. In the present case
a *+ 20% error in the absolute value of the calculated
temperature was expected, so a meaningful prediction of
the thermionic current for a particular intensity of the
incident beam was not possible.

Finally, it can be suggested that with an appropriate
time-resolved energy analyzer the photoelectrons and the
normal thermoelectrons can possibly be distinguished and
the states of the electrons can be known. It appears that
for the accurate analysis of the interaction of low and
nmoderate power laser beam with metal surfaces, much more
sophisticated experimental techniques must be employed. It
is further suggested that for the detection of photoeffects
which involve more than two photons, highly pure netals nust
be used and the observation should be carried out at very low

temperatures, apart from employing very sensitive detection

svstems.
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CHAPTER SIX

I. INVESTIGATION OF THE LASER-PRODUCED PLASMA FROM
METAL SURFACES

6.1 Introduction

The previous chapter was devoted to the investigation
of the initial fast pulse of the laser-induced electron
current signal at low laser intensity. Mention has, however,
been made earlier of the major current peaks following the
initial fast peak of lower amplitude when highly intense

7

beams (> 10 MW/cmg) were used. In Refs. 8 and 9 the occurr-
ence of two peaks in the electron current signal has been
mentioned. The broader peak, occurring two to three hundred
nanoseconds after the laser peak, has been considered by
the authors as due to thermionically-emitted electrons. In
the present work the so-called laser-induced ion current has
revealed two well-defined peaks separated by ~ 1.6 pseconds
(Fig. 6.1, a & b) in accordance with the results of the
previously mentioned works. The initial peak occurred during
the laser pulse and had lower amplitude than the following
broader peak. The current signal was obtained by bilasing
the collector negative with respect to the target (acceler-
ating the ions only). The initial peak could not be ident-
ijfied as due to ions, as 1t required ion energies of a few
thousand electron volts, which is very unlikely. This has
been considered to be due to a different process which will
be discussed later in this chapter.

When a collector is biased positive with respect to
the target so as to accelerate electrons from the laser pro-

duced plasms, the current signal obtained had three well-

defined peaks ac shown in Fig. 6.1, ¢ & ad. The nature of
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the initial peak has been investigated in the previous
chapter. 1In the present work it is considered that the
major peak of Fig. 6.1 (ion acceleration towards the
collector) and the two so-called thermionic peaks of Fig.
6.1lc (electron acceleration towards the collector) are not
produced by the motion of any single species of charges.
When any current is detected from the laser-produced plasma,
the conventional concept of electron current or ion current
has to be modified. Because, in an applied field, current
will be given by the combined motion of the two different
species of charges in their preferred directions. It is
expected that this concept will give an insight into the
nature of origin of the peaks. It is also believed that
without a proper concept of the mechanism of production of
the current signals, any measurement of the parameters like
electron or ion current, temperature, density, etc. will
not be meaningful. In the present chapter, a brief qualit-
ative account of the production of the plasma by the laser
pulse is presented first. Later, a phenomenological model
of the propagation of the plasma in an applied electric field
and the generation of the current signal is given. A just-
ification for the concept of a 'plasma' is also presented

and the different parameters assoclated with 1t are estimated.

6.2 Production of the Plasma

It was mentioned in the previous chapter that a
fraction of the energy of an incident bean of light on a
metal surface 1s carried away by the photoelectrons. The
quantum efficiency of such a process was found to be very
small. Thus most of the energy avsorbed by the surface

electrons will bte dissipated inside the metal. From the
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spectroscopic studies of the light emitted from a metal

when irradiated with an intense beam of laser, a very high
temperature of the spot was predicted (9). Study of the
laser-activated spot (Fig. 3.3) under a microscope showed

a crater and burning of the spot. Calculation of the

surface temperature presented in Chapter Three also indicated
a very high temperature of the laser-irradiated spot.

Thus, assuming the validity of the equivalence
between the laser flux and the flux of heat introduced in
Chapter Three, a temperature of the laser—-irradiated spot
can be defined after the thermalization time (> 10 nsec.).
The rate of increase of the temperature will depend on the
rate at which the power is delivered to the surface. For
a triangular-shaped laser pulse of ~ 100 nsec. duration and
peak intensity below 50 MW/cmz, the boiling temperature of

3 %) will be attainea

a metal (e.g. Ta boils at about 5.7 x 10
at least 7O nsec. after the onset of the laser pulse. Whereas
it can be seen (Fig. 3.2) for laser intensity above 10° MW/cmg,
such a temperature will be reached within ~ 40 nanoseconds
(assuming a 10 nsec. thermalization time). Thus, for very
high intensity laser pulse, the initial temperature is expected
to be very rapid and the metal will start evaporating and
subsequently boil off within a few tens of nanoseconds.

The problem of how the laser light further interacts
with the surface which had already reached the boiling point
is very cornplicated. The ordinary heat transfer equation used
earlier cannot be applied here as the constants of the materizl
at such a high temperature become strongly dependent on the

temperature. Moreover, the absorption process takes place in

different phases (already augmented vapour cloud, densely
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ionized solid and undisturbed solid underneath). In view

of the complexity of the problem, only a brief outline of
the interaction model proposed by other workers is presented
here. Experimental results are then fitted to this model

to obtain further information.

At this stage of laser-surface interaction three
different phases are considered to exist simultaneously.
Following the approach by Caruso and Gratton (L43), the three
phases are (Fig. 6.2):

Phase O0: The undisturbed solid (mass density po),

Phase 1: This phase consists of densely-ionized
matter completely opagque to the laser light. Initially, when
the evaporated material leaves the target surface, 1t recoils
against the underlying surface, thus producing a high pressure
pulse (6, and the ref. therein). According to Caruso and
Gratton, this pressure pulse propagates as a shock wave along
the thickness of the so0lid and produces this i1onized phase.

Phase 2: This phase consists of the vaporized
material which has been sublimated and proceeded away fromn
the surface.

In this situation, the absorption of laser light by
the dense phase will be strongly regulated by the vapour of
phase 2. A self-regulating property of the continuously
augmenting phase 2 has been introduced in ref. 2. Vhatever
be the absorption law of the laser light in phese 2, a part
of it will always reach the surface of the dense phase 1.

The fraction of the light absorbed by the vapour cloud will
cause further ionization of the ions and neutral particles.
However, as the pressure increases, the boiling point of the

material rises above the normal value and the underlying
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layer thg s becomes superheated. Eventually as the termp-
erature rises high enough, the heat of vaporization falls
to zero. At this point the superheated solid becones a
condensed gas of ions, electrons and neutral particles.
Because of the high pressure gradient the gas is ejected
away from the solid. Ready's results (6) indicate that
almost all the energy of the laser pulse is utilized to
supplying the heat of vaporization. However, at the end
of the laser pulse a plume of plasma emerges out of the
surface.

Various papers have been published to elucidate a
theoretical account of the laser-produced plasma and its
expansion (35, 44, 45, L6). 1In some cases, experimental
justification of the intuitive models have been tried. The
most popular technique was to employ gas—dynamic equations
to study the heating, vaporization and expansion of the
substance due to the absorption of laser radiation. In
the present work a theoretical account of the quasi-neutral
property of the plasma 1is presented from a phenomenological
point followed by an experimental Justification of the con-
cept of the 'plasma'. The experimental results were inter-
preted in terms of the ordinary concept of the dynamics of
a cloud of charged particles in an applied field. The results

were then compared with other works.

6.3 Characteristics of the Laser—-Produced Plasre2

Quasi-neutral property of the laser-produced plasrsa
has been reported by many workers. In their final report on
laser-surface interaction, Ready et al. (L47) concluded that
for a laser flux density of approximately 50 KW/cmg, the

blow-off material contains roughly egqual nurbers of zlectrops and
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ions, along with neutral atoms and molecules. They also
predicted that the initial plasma density is very high.
When this high-density plasma starts moving away from the
surface of the metal, 1t tends to expand because of the
thermal motion of the charges. Also, it can be expected
that because of the higher mobility, the electrons will
start moving ahead of the cloud containing ions and neutral

particles. In an elementary area inside the plasma, if

N

there exists a departure from the condition n, vn_, an

e

internal electric field will be developed. This internal
microfield will depend on the density of the charged
particles. The potential energy of the microfield W can be
calculated from the following consideration.

Let n, be the number of electrons per cm3 in a

singly-ionized plasma. The total particle density will be

2ne(ne A ni). The average volume occupied by a single

particle will be %ne cm3, and the mean distance between

the neighbouring particles will be of the order of (%ne)l/3

cm. The field at a point halfway between the particles, i.e.

at a distance of %(%ne)l/3 cm from the electrons or ions

can be taken as a measure of the intensity of the microfield.
The potential energy of the mean electric field W will be
given by

2 X 62n82/3 _ .. (6-1)

If the electronic charge e is expressed in e.s.u., it can

be shown that for a plasma density of the order of 1020 to

lO21 particles/cm3, the potential energy of the microfield

L . . .
W will be greater than 10 ergs. This energy 1s much higher
than the average thermal energy of the electrons in the

. -10 -11 . .
plasma (typically v 10 to 10 ergs.). Since in a plasus
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each charged particle will experience the Coloumb field
of the remaining particles, the potential field will
prevent the escape of electrons from the ions from their
nelghbourhood.

Thus, when the charged-particle concentration in
a sufficiently large volume is very high, any difference
between n and n. will give rise to the appearance of an
electric field which may be sufficiently high to maintailn
the quasi-neutral property of the plasma as a whole. In
the final analysis the extent of quasi-neutrality of the
plasma will depend on the ratio of the potential energy
of an individual ion or electron in the electric field
produced as a result of the departure from the quasi-
neutrality to the mean kinetic energy associated with its
thermal motion. A detailed analysis of the relationship
between W and the electron temperature Te is very complic-
ated. But it is generally considered that an ionized gas
contained in a volume of radius Y. (characteristic length

of the density variation in the plasma) is gquasi-neutral

if (48):

Y

Cc n

where Yp © the Debye radius

il

and n the no. of charged particles per unit

volume.
Thus at a given charged-particle concentration the potentisl
due to these particles and therefore the potential energy
of an indi zal particle, will depend on the size of the
region occuzied by the plasma.
From the results of Ready's experiments (6), for a

9

. 2
laser flux density of ~ 107 W/em , focussed onto an arez of

>> YD % T £ ce.. (6-2)
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2
N 10 cm , the volume of material ionized from a metal

like stainless steel was estimated to be ~ 2 x LLO_9 cm3.
At the initial stage of expansion, a particle density in
the plasma of the order of 1020 per cm3 can be expected.
Assuming the boundary of the heated zone as the dimension
of the region occupied by the plasma and considering a
typical value of the electron temperature of the plasma
(at the initial stage of expansion).Te n lO5 °k (35, Lk),
a value of the Debye radius Yp N2 ox 10—6 can be obtained,
whereas the characteristic radius of the region occupied
by the plasma, Y. < lO_3

cm. Thus 1t can be concluded that
the condition of quasi-neutrality of the plasma stated by

the inequality equation (5-2) will be valid at the initial
stage of the expansion of the laser-produced plasma. Now,

as the plasma expands, the characteristic radius Y, increases
with time. The total plasma energy goes into radial expan-
sion kinetic energy, consequently the electron temperature

Te decreases with time. Since the particle density n will
also decrease as a result of the expansion, the temperature
and the density are expected to decrease with time by the
same ratio. Thus maintaining the Debye radius more or less
constant with time, whereas the radius Y, increases with
time. It can thus be inferred that the laser-produced 'plasra
drop' will expand in the vacuum region set for the experi-
mental investigation as a quasi-neutral cloud of ionized

gas .

The motion of such a 'plasma drop' as a whole will
not give rise to any electric current. In the laser-produced
plasma there mey exist a high concentration of neutral atons
and molecules. If the distribution cof these atoms and rcle-

cules 1s mnot uniform a pressure gradient will be develorved
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and a diffusion of electrons and ions will take place
through the neutral components. Since the plasma is quasi-
neutral, the rate of diffusion will be the same for both
electrons and ions. But since the electrons have a greater
mobility, they will leave the ions behind, giving rise to
an internal electric field which will decelerate them very
rapidly while slightly accelerating the heavy ions. As a
result the velocities tend to become equal and the current
due to such diffusion (ambipolar diffusion) will be negli-
gibly small.

The diffusion process described above is a result
of the collisions of electrons and ions with the neutral
atoms. In a collision-dominated plasma, the external
electric field will have very little effect on the motion
of individual charges. Usually, the total velocity acquired
by an electron or ion in one free path is quite small
compared to the thermal velocity. Also the energy gained
by the field will be repeatedly lost by collision process.
Thus the influence of the external field on the motion of
the charges in the plasma can be neglected. A current will
appear only if the charges have a directed motion.

6.4 Experiment to Investigate the Quasi-lleutral Property
of the Plasne

If the laser-produced plasma is neutral as a whole,
the applied electric field will have very little effect on
the motion of the plasma drop. llear a biased electric con-
ductor, however, the constituent-charged particles of the
plasma will be influenced and the collection of charges will
give rise to current signals. Before the charges separate

near the surface of a collector, the motion of the cloud of
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Particles will not constitute any net current if the cloud
can be considered to be in a quasi-neutral state. To
verify this, an experimental tube was designed to collect
charges from the plasma at different distances away from
the target. A schematic diagram of the tube is shown in
Fig. 6.3.

The tube contained a tantalum target in the form
of a disc of diameter 3.5 cm. Seven tungsten pins were
used as collectors at different distances from the target.
The pins were inserted through the wall of the glass envelope
in such a way that all the pins were directly exposed to
the target surface without being overshadowed by the others.
The glass envelope had a diameter of 4 cm and the inside
ends of the pins left a clearance of diameter 2 cm for
irradiating the laser beam onto the target. A photograph
of the cross-sectional view of the tube is shown in Fig.
6.4. Some collector pins were also introduced at the rear
side of the target to investigate any possible 'rear-side'
effect which will be discussed in the next chapter. Current
signals were monitored at different collectors across a
500 resistor and with a positive bias at the collector.

Some typical current signals detected at different disteances
from the target are shown in Fig. 6.5. The following
observations were made from the experimental data:

i) The delay between the laser peak and the second
current peak increased with the increasing target-collector
separation length, whereas the initial kink remained co-
incident with the laser peak.

ii) The applied field had negligible effect on the

delay between the laser peak and the second current pesx
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though the amplitudes of the peaks were dependent on the
applied field and the electrode separation length.

The second observation suggested that the plume of
material reached the collector surface in a 'plasma' state
and the signal appeared when the electrons were rapidly
collected from the outer edge of the 'plasma drop' while at
close proximity with the collector surface. If it 1is
assumed that the plasma was produced immediately after the
initial peak and started to move away at the same time then
the delay between the trailing edge of the initial peak and
the leading edge of the second peak will correspond to the
time of flight of the plasma. Measurement of time of flight
from the oscilloscope traces will not be accurate as the
edges were not sharply defined. Since the initial peak was
always coincident with the laser peak irrespective of the
target-collector separation distance and the rise time of
the second peak is expected to be the same for signals
collected at different collectors and with a similar biasing
condition, the delay between the initial peak and the second
peak can be taken as the relative time of flight. The rel-
ative time of flight for different target-collector separation
length was measured and plotted against the separation
distance. The plot, as shown in Fig. 6.6, fitted a straight
line. This indicated a linear motion of the plasma and also
suggested that the concept of the motion of the cloud of
material in a 'plasma' state, before a biased collector 1is
encountered, 1is a valid concept. Whatever be the actual
magnitude of the time of flight of the plasma from the target
to the collector, from the slope of the straight line of

Fig. 6.6 an accurate value of the absolute velocity of the
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'Plasma drop' can be obtained. The observed velocity was

T

3.1 x 10" cm/sec. This is in good agreement with the pre-

dicted value of 2.2 x 107 cm/sec. for the velocity of the
plasma boundary by Fader (35) with a hydrodynamic model of
a spherical plasma.

The results strongly suggest that the laser-produced
blow-off material maintains a quasi-neutral property and a
directed motion of the charges takes place only near a biased

¢collector.

IT. DIAGNOSIS OF THE PLASMA AND INVESTIGATION OF THE INULTIPLE
PEAKS

6.5 Introduction

It has been mentioned earlier that the current signals
obtained by focussing laser light onto metal targets consists
of different peaks. The shape and the amplitude of the
different peaks depend on various parameters like laser power,
applied voltage, target-collector separation distance, etc.
However, before any attempt to investigate the state of
charged particles in the plasma from the observed current signal,
the essential requirement will be to specify the nature of the
origin of the different peaks. A phenomenological model of
the production of two different current peaks due to the motion
of charges from the plasma after being influenced by the applied
field is presented below. Two different conditions for the
production of current signal are being considered here.

a) When the collector is biased positive with respect
to the target the electrons will be collected and the 1ons will
be repelled. The situation, however, 1s not as simple as it
appears. In the plasma region there exists an internal poten-

tial field. Since the electrons are more mobile they will
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move ahead of the ion cloud, but will slways experience
the long range attractive potential of the ion cloud. For
an idealized case of a singly-ionized plasma, the internal
field will be given by Eqn. 6.1, as stated before.

At low applied field only electrons with high temp-
erature will be collected by a collector. To draw a maximum
current from the plasma the applied field should be higher
than the plasma potential near the boundary of the collector.
The electrons are usually collected at a potential at the
collector roughly equal to or greater than the plasma pot-
ential (commonly called space potential). The space poten-—
tial can be estimated from the I-V characteristic of the
plasma. At this potential of the probe with respect to the
target, the bulk of the plasma is at the same potential as
the probe and the electrons will be collected only with
their thermal energy. Collection of such electrons will
give rise to an electron collection signal. During the time
of the collection of the electrons, the ions will be acceler-
ated in the opposite direction and will be collected by the
target itself. The motion of the ions in the reverse
direction will constitute the third peak in observed current
signal. If it is assumed that in the plasma n, =0 and the
ions are singly charged, then the current corresponding to
the two peaks will depend upon the velocity acquired by ther.
At an applied electric field of 120 volts, the tantalum ions
will acquire a velocity of ~ 106 cm/sec, whereas the typical
thermal velocity of the electrons are some two orders of
magnitude higher than this. Thus it appears, in an idealized
situation, the current constituted by the reverse motion of

the ions (third peak) will be considerably less than the
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electron current caused by the collection of electrons.
When the target-collector separation distance is long and
the applied field is not very high, the process of the
complete collection of the electrons will be over, long
before the ions are retarded and accelerated back to the
target. For a shorter separation distance, the ions will
start constituting a current signal before the electrons
are completely collected away. In this case, the observed
ion signal (third peak) will be a result of the combined
current produced by the electrons of the decaying edge of
the second peak and the ions. The amplitude of the two
peaks will depend on the reaction time of the applied field
on the ions and the amplitude of the current signals if
obtained independently. This will be discussed later in
this chapter.

b) When the collector is biased negative with re-
spect to the target, the situation of the dynamics of the
charges are reversed. Electrons experience a repulsive
force and are retarded to zero velocity before being
accelerated back towards the target. At the same time the
ions are collected by the collector. At larger electrode
separation distance, the collection of ions and the rapid
acceleration of the electrons towards the target will be
a comparable process in time. The current signal obtained
will be given by the combined motion of the electrons and
ions shown in Fig. 6.la. If, however, the two processes

are not synchronized in time the two peaks may be observable.

6.6 Experiments

To verify the phenomenological model described above
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the following experimental observations were made. The
experimental tube of Fig. 6.3 was employed to detect the
current signals at different distances away from the target.
The current was recorded with a positive bias at the coll-
ector. The tube was in high vacuum. Several readings
(laser bursts) were taken for the current signal observed

at a particular position and the mean value was taken into
consideration. The following results were obtained from
the observations:

a) For target-collector separation distance greater
than 1.3 cm, three well-defined peaks in the current signal
were oObserved. For the same laser intensity and the applied
voltage the recorded current signals at different collectors
are shown in Fig. 6.7. It can be seen that at short dist-
ance (v 1.3 cm) the current corresponding to the second peak
dropped approximately 30% of its peak value before the third
peak started to appear. At larger distance the peak current
of the electron collection signal (second peak) dropped
down to the initial value (zero) and there was a considerable
delay before the occurrence of the third peak. If it 1is
assumed that the model described earlier 1s the actual mech-
anism of the creation of such peaks, 1t must be concluded
that the observed current produced by the motion of the ions
in the opposite direction (third peak in Fig. 1.6c¢c) has an
amplitude which is comparable in ragnitude to the second peak.
The result is in contradiction to the proposed model.

b) The amplitude of the pulses corresponding to the
second and third peaks were plotted against the target coll-
ector separation distance, d. The experirment was done with

a laser beam of peak power of ~ 166 KW and focussed onto an
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estimated area of =~ 10_-3 cm2. Throughout the experiment
the collectors were maintained at a positive potential of
120 volts with respect to the target. The results are
shown in the graph of Fig. 6.8. The results clearly
indicate two different processes of the generation of the
current signals. The third peak shows an inverse—square
law dependence with the distance which is a characteristic
of the current flow by a single species of particles (L49).
Since the second peak is considered to be due to electron
collection from the collector, the current will decrease
with distance as a result of the loss of electron-thermal
energy due to the expansion of the plasma and also probably
due to the loss of electrons by recombination process. An
exact nature of the variation of the electron current pro-
duced from such a transient plasma with the distance of
electron collection could not be predicted because of the

lack of available theory.

6.7 Discussion of the Results

The experimental results of the previous section
can qualitatively be explained by the proposed model of the
generation of the current pulses from the laser—-produced
plasma. But the magnitude.of the third peak which has been
considered to be due to the reverse motion of the ions
appears to be too large to fit the intuitive model, if n.
was taken roughly equal to n, - A plausible answer to the
observed high ion current can be obtained if the contribution
of the secondary ions are taken into consideration. The
possibility of secondary emission by the high energy primary
jons from the ccllector surface has been reported (L7) to

be of considerable importance. Such & possibility of
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secondary emission by high energy ions in the expanding
plasma has also been suggested by Haught et al. (LL). The
radiation from the laser-produced metal plasma can also
produce significant amounts of electron current from the
collector (discussed later in this chapter). Though a
secondary ion emission coefficient is more than an order of
magnitude lower than that for electrons, a considerable
contribution to the ion current can be expected by the
secondary ions.

Thus, considering the ion current to be comparable
to the electron current, a phenomenological picture has been
drawn (Fig. 6.9) to illustrate the mechanism of the pro-
duction of different current peaks at different biasing
conditions. This 1s, however, a general picture, the actual
shape of the signals will depend on other experimental con-
ditions. The reason for the sharp increase of the third
peak with decreasing distance can easily be understood from
this picture. At target-collector separation distance less
than approximately 2 cm, for the present experimental con-
ditions, the second peak is expected to be smoothly added
up with the third peak and a single pulse will be observed.
This is because the ions are much more rapidly accelerated
so that the current due to electron collection and the ion
collection by the target peak more or less at the same time.
With a different tube, current signal obtained at 0.2 cm
away from the target has a single peak, as shown in Fig.
6.10.

The third peak can be further identified as due to
the motion and collection of ions from their time of flight.

Assuming that the delay between the sescond peak and the third
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Peak 1s the relative time the ions take to reach the

target being accelerated from the zero initial velocity

from near the collector, the time of flight can be plotted

against the distance. The graph is shown in Fig. 6.11.

The points fit a straight line. From this straight line

the peak ion velocity attained was estimated to be v 3.k

x 10" cm/sec. If a Ta ion of mass ~ 1.2 x lO—-22 gm with

zero initial velocity is accelerated with a potential of

120 volts, the maximum velocity acquired will be %.1.8 X

107 cm/sec. The agreement between the observed value of

the ion velocity and the calculated value is considered to

be excellent. This puts more weight to the idea that the

third peak is originated from the reverse motion of the ions.
Since the second peak has been identified as due

to the diffusion of electrons to the positively-biased

collector, an estimate of the electron temperature can be

made from the current-voltage characteristics of this peak.

The experiment was done with a tube having a tantalum target

and a circular disc collector held at a distance of 2.5L4 cm.

The intensity of the laser beam was estimated to be ~ 1.5 x

108 watt/cmg. The amplitudes of the second peak were plotted

against the various values of the applied voltage in a semi-

log graph. The curve obtained is shown in Fig. 6.12. It

can be observed that the current increases linearly from a

retarded potential of ~ 9 volts (VR = -9 volts) to an accel-
erating potential of ~ 25 volts. Above 40O volts the current
has been found to saturate. The form of the curve 1s typical

of a Langmuir probe characteristic.
To calculate the temperature from the above results,

the particles in the plasma must be considered in thermo-



n
w

I
O

ol
~

)

o

RELATIVE TIME OF FLIGHT OF. IONS (sec)—»>
3

1 | 1 i 1 1 3 i 1 }

@)

FIG.

2 4 () >4 10
DISTANCE FROM THE TARGET (cm) —=

6.11. DISTANCE VERSUS ION-TIME OF FLIGHT.




_"{l_.

dynamic equilibrium. For such particles the energy dis-
tribution will be Maxwellian and the electron current at

the surface of the probe will be given by,

ie = io exp (- kTi) ceo. (6-3)

where io saturation electron current,

k

Boltzman Constant,

i

T
e

electron temperature,

and VS is the potential of the probe negative with respect
to the bulk of the plasma. If the plasma potential is
denoted by VP (the potential of the probe with respect to
the target at which the current saturates) and the applied
potential by V, then the current in terms of the applied

probe potential, given by Eqn. 6-3, will be:

eV
. - . _ P eV
1n le = 1ln 10 KT + KT
e e
eV
= const. + kTe o e e (6—h)

Thus, from the straight line of 1In i, vs. V plot (Fig. 6.12),
the slope was found and the electron temperature Te was
calculated from Egqn. 6-4. The electron temperature estimated

> °%.  In Ref. 35 the temper-

by this method was ~ 0.7 x 10
ature of a LiH particle when irradiated by high power laser
pulse has been calculated from the hydrodynamical model of
the expansion of the plasma. Maximum temperature of the
order of lOb °k has been predicted from such a calculation.
Temperature calculated by Richards (9) for a metal

> O¢ . The

plasma from the I-V characteristic was ~ 1.5 x 10
value is slightly higher than the temperature calculated

here. The anomaly can be attributed to the fact that in the
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experiment of Ref. 9 the target-collector separation length
vas only 3 mm, so that the contribution of the ion current
due to their reverse motion was not eliminated.

For the calculation of the temperature by the above
method the following conditions must be satisfied:

a) The hotter component of the plasma (usually
electrons) should be collected, so that the distribution at
the sheath edge is approximately Maxwellian.

b) The pPressure inside the tube should be low enough
so that the mean free path is much larger than the probe or
sheath dimensions.

c) The perturbation of the plasma produced by the
presence of the probe should be negligible.

The conditions are roughly applicable to the present
investigation and the method of temperature calculation is
expected to be valid.

It must be considered that original Langmuir probe
theory was developed for a steady plasma where the probe
current was small compared to the conduction current through
the plasma. In such a transient plasma, the concept of
temperature will be of little significance if the bulk of
the plasma has a directional velocity comparable to the
thermal velocity of the electrons. Fron observed results
the directional velocity of the plasma was found to be ~v 3
X lO7 cm/sec, wvhereas for an electron temperature of v lO5 °x
the thermal velocity is found to be roughly an order of
magnitude higher than the plasma jet velocity. Thus it is
thought the estimation of temperature of the electrons in

the laser-prcduced plasma give a valid information of the

state of the electrons.
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ITT. SECONDARY ELECTRON EMISSION

6.8 Introduction

It has been mentioned earlier that when the
collector is biased negative with respect to the target
to draw the ions from the plasma, the current signal shows
a fast initial peak appearing during the laser pulse (Fig.
6.1b) and has an amplitude of several tens of miliampheres.
For ions to constitute such a current signal, they would
require energies of a few thousand electron volts, which
is very unlikely. A possible process for the appearance
of such a current peak could be a secondary electron emission
from the collector and possibly the surrounding glass
envelope. Such electrons will be accelerated towards the
target and give rise to an ion-collection signal at the
collector side. There are two possible mechanisms of such
emission, e.g. (a) the emission of electrons by the inter-
action of the fast moving primary particles with the coll-
ector and the glass surrounding, and (b) the photoelectric
emission of electrons from the collector and the glass wall
by the high energy photons produced by the plasma.

Ready et al. (4T7) has reported that secondary
electron emission from collector surfaces bombarded by the
incident heavy particles is important in producing the ob-
served signals. In that case the current signal would
appear a few microseconds after the laser pulse. The only
possibility of the process (a) to account for the initial
peak in the so-called ion collection current is the bombard-
ment of the collector by the initial electrons pertaining

to the fast initial peak of the electron collector signal.
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The possibility of such a process giving rise to current
of such high magnitude is quite remote, because even the
high energy electrons will lose most of their energy in
traversing against the retarded field. The only other

possible process is the photoelectric emission (b). An

experimental tube was designed to investigate this phen-

Omenon.

6.9 Experiments

The target was a tantalum disc spot welded to one
end of an aluminium cylinder of 2.5 cm diameter and 5 cm
length. The other end of the cylinder was tightly covered
with a quartz window. A tantalum sheet was held in front
of the quartz window so that the metal was partially ex-
posed to the radiation emitted from the laser irradiated
spot. Since quartz has low absorption coefficient at
higher frequencies, most of the light emanating radially
from the target will be transmitted out. Another tantalum
sheet was held parallel to the previous one, so that it
was not exposed to any light emerging from the target. A
schematic diagram of the whole arrangement is shown in Fig.
6.13. The two tantalum sheets formed the electrodes of a
vacuum diode and the target covered with the window was the
source of radiation. Laser light of peak power ~ LOO KW
was focussed onto the target slightly obligquely. The
focussed area was estimated to be of the order of magnitude
of 10—3 cm2. At such power density a visual damage to the
target was expected and the light from the spot was observe-
able. The electrode cl (exposed to the laser-induced 1ight)

W

was biased megative,to the collector c,. The current was

n

recorded acrosc a 1000 resistor. For the sake of comparison
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