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ABSTRACT

An experiment was conducted to determine the mechanism involved
in electron and positive ion emission from metal foils using a pulsed
ruby laser of 0.2 joules output energy. The metals studied, aluminum,
silver, gold, beryllium, copper, and stainless steel, were placed in
a vacuum chanmber at = lO—? torr. The surface temperature was calcu~
lated from the measured electron current density using the Richardson
equation. The total number of electrons emitted was between 7 X 10+°
and 0.2 x 10*° electrons per laser burst, while the number of positive
ions was Between 0.2 and 0.01 of these values. The observed emission
can be explained as thermionic emission using the Richardson-Smith
equations for electrons and positive ions. The rise and decay of the
current pulses are interpfeted as a héat cqnduction process. Effective
positive ion work functions for Al, Be,rand Cu were found to be 5.3,
5.1, and 7.25 electron volts, respectively. The charged particle
current densities are expressed as exponential functions of the input

laser beam power.
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1. TINTRODUCTION

A number of papers concerning the interaction of high intensity
light beams with various solid target materlals have appeared re-
cently.t™ 1 (Linlor 1963; Linlor 1962; Muray 1963; Muray 196k;

Honig and Woolston 1963; Lichtman and Ready 1963; Verber and Adelman
1963; Honig 1963; Ready 1963; Giori, MacKenzie and McKinney 1963;
Lichtman and Ready 1963.) In these experiments the intensitve light
beams were produced by ruby lasers. The energy in the beam varied
from a fraction of a joule to a few joules per pulse, and the peak
power from kilowatts to several megawatts. The following parameters
were investigated in these experiments:

1. The total numbers of the electrons and ions emitted by the

metals, semiconductors, and dielectrics

2. The dependence of the output currents on the laser beam

power

3. The time correlation of the laser pulse with the electron

and ion output pulses

L, The estimated surface température, using various theories

to explain the electron and ion emission mechanism

2. EXPERIMENTAL PROCEDURE

This experiment was conducted to determine the mechanism involved
in electron and positive ion emission from metal folls using a pulsed
ruby laser of about 0.2 joules output energy. The metals so studied
were aluminum, silver, gold, beryllium, copper, and stainless steel.
The foils, each 0.00l-inch thick, were placed in a high vacuum chamber

with @ quartz window so that the laser beam could be focused at the



foil surface. The pressure in the chamber was approximately 1078

mm Hg,
as determined by a nude gauge in the chamber near the foils. A schem-
atic diagram of the experimental setup is shown in Fig. 1.
The study consisted of the following investigations:
1. The time correlation of laser pulse, electron output pulse,
positive ion pulse, and pressure rise in the vacuum chamber.
2. A comparison of electron and positive ion current densitieé
and the total numbers of electrons and positive ions emitted
by each metal
3. Estimates of surface temperatures from thermal emission for
each metal
4. An explanation of the electron emission pulse shape for each
metal using the assumption of a spreading gaussian distribu-
tion for the pattern of heat flow inlthe foils
5. Comparison of the relative numbers of electrons and positive
ions emitted at different base pressures
6. Determination of the effective positive ion work function for
Al, Be, and Cu
The experiment consisted of simultaneous oscillographic observa-
tion of the laser beam pulse by light reflected into-a vacuum tube
detector, the electron or positive ion pulse on the collector in the
chamber, and the pressure change in the chamber céused by the reléase
of free atoms and molecules by the laser beam. The use of a dual beam
oscilloscope allowed two time traces to be displayed simultaneously:
one time scale for the two traces of laser light pulSe and eiectron

and positive ion output, and the other, longer time trace for the
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pressure rise readout, which was made through a differential ampli-
fier for easy observation of small pressure changes from the base
pressure. The laser beam emitted by a 1/4 X 2-inch ruby crystal at
liquid nitrogen temperature, silvered at one end, was focused by an
external lens through the window onto the target foils. A one-inch-
diameter stainless steel wire ring, located 1/2 inch from the target
foil and with the plane of the diameter parallel to the foil, served
as the collector. The collector was made positive or negative with
respect to the grounded target foil, the charge depending on whether
it was desired to collect electrons or positive ions. The collection
pulse was the voltage developed across a 1 megohm resistor to ground;
it was detected on an oscilloscope with a 1 megohm input resistance.

In the experimental technique, a positive or negative potential
was applied to the collector, and the focused laser beam was aimed at
the target foil. An oscilloscope photograph was then taken of the
collection pulse, the laser pulse as shown by the detector, and the
pressure change in the chamber. The trigger for the oscilloscope was
the laser pulse itself. The laser and collection pulses were dis-
played at 50 microseconds per centimeter, while the pressure rise was
recorded at 0.2 seconds per centimeter. A typical oscilloscope photo-
graph is shown in Fig. 2.

It was observed that in every case the maximum of the electron
output coincided with the end of the laser burst, leading one to the
conclusion that the time integral of the photon pulse is the important
guantity rather than the magnitude of the laser pulse. This can be

interpreted to indicate that the local thermal emission of the foil,
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rather than the photoelectric effect, is occurxring. The pulse length
of the laser pulse varied with the capacitor bank voltage, those with
higher voltages being shorter. If the electron output were all ther-
mal emission, one would expect that the maximum electron output would
also be delayed approximately the sawe time as the pulse length; that
is, the output electron maximum should ccour at the end of the laser
pulse in every case. Such 1s seen to be the case in Fig. 3, where
the pulse length of the laser can be compared with the delsy from the
start of the laser pulse to the maximum electron output and also with
the delay of the observed maximum positive lon output.

It was concluded that the maximum surface temperature T of the
metal foil in the focused beam spot was that calculable from the

Richardson eguation,

e

J = AT2 é—ﬁ—
where j = current density, @ = electron work function, k = Boltzmann
constant, and A = 120 amp/cmE. The physical constants used are listed
in Appendix A. The beam spot size of the focused beam which was ascer-
tained by burning paint off a sheet of paper, was found to be 1.7 .
Using the Richardson equation, the maximum temperatures of the sur-
faces of the foils were determined as listed in Table i.

Two other considerations indicated that the emission was primarily
thermal rather than photoelectric. First, the photoelectric work func-
tions of the metals studled were all considerably higher than the
guantum energy of the laser, which for 69H30A is 1.78 electron volts.

Any photbelectric emission would be simultaneous with the laser pulse,
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but in this case a definite time delay was cobserved between the laser
pulse and the electron or positive ion emission.

Secondly, an attempt was made to explain electron output decay
from the maximum value using the nssumption of a gaussian temperature
distribution of full width at one-half maximum of laser beam size.

It was assumed that the gaussian would decay to larger widths with
time as indicated by the calculated thermal diffusivity for the metals,
and from that, changes in the current output with time could be cal-
culated. The results of this calculation are shown in Fig. 4, and

the striking agreement with experiment in the cases of copper, gold,
silver, aluminum, and beryllium can be seen. Appendix B is the dis-
cussion of the gaussian treatment.

Accompanying the first few laser bursts after a metal foil had
been installed in the chamber and baked, a rather large pressure rise
was observed. After several bursts the pressure rise decreased, until
there was none observable with a burst. These first few bursts are
thought to clean the gas monolayer from the foil, a process equiva-
lent to baking a vacuum system to outgas it. Moreover, on bursts
where the pressure rise was observed, the electron output pulse was
higher than when there was no observable pressure rise. If the elec-
tron output pulse from the oscilloscope photograph is éraphically
integrated to get the ? Vdat and this is divided by the resistance
of the circuit and multiplied by the number of electrons per coulomb,
one cbtains the number of electrons released in a given laser burst.
If the increase in the number of electrons released per laser burst

when a pressure rise is observed is plotted against the observed

-6 -



this experiment is plotted versus capacitor voltage to the laser flash
light, Ve. For the relationship between laser input voltage and ocutput
power and energy, see Fig. 6) The relationship between the additional
number‘of electrons AN observed accompanying a burst when a pressure

rise is observed and the number of electrons observed for zero pressure

TR R 7
[
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rise is plotted in Fig. G

for
When the pressure rise no longer accompanied a lasér burst, it was
concluded that the gas monolayer had been cleared from the surface and
that any electrons or positive ions that were collected were from the
metals themselves and not from gases lodged on the surface of the
metal. Dats was taken by making a laser burst on the foil every 100
seconds, varying the input voltage to the laser with each succeséive
burst. This was done for both polarities on the collector so that
electrons as weil as positive ions could be collected for each foil
as a function of laser voltage with zero pressure rise. Taking, K the
results from these runs, the maximum amplitude of the current from
the foil could be calculated; from this value, when divided by the
area of the laser spot, fhe maximum current densities from each metal
could be calculated as a function of laser input voltage.
Graphs of current density vs flash lamp capacitor bahk voltage are
shown in Figs. 8 and 9 for = 1078 mm Hg Dbase pressure and
=5 X 10_6 mm Hg base pressure, respectively. The decreased elec-

tron current density at higher pressure (lO m) might be interpreted

as electron loss mechanisms in the chamber. Two possibilities are:



1. Dissociative recombination,

0" + e —20 + energy

2

The recombination coefficient in this process is of the order of 10°°

and is energy dependent.

2. Dissociative attachment of electrons to O2 molecules accord-

ing to the equation

O +e+3eV—>0 +0 + energy
A quantitative calculation for this process cannot be done because the
concentration that is time and position dependent is not known.

If the electron or positive ion output pulse shape is integrated,
the total number of electrons or positive ions emitted by the foils
can be obtained as a function of flash tube capacitor bank voltage.
The resulting graphs of numbers of electrons and positive ions emitted
as a function of the capacitor voltage are shown in Figs. 10, 11, 12,
and 13. The numbers of particles in Figs. 10 and 12 were obtained

™% Hg, and those of Figs. 11 and 13 are for = 5 X 107° m Hg.

at = 10
It is valuable to investigate the ratio of the number of electrons
emitted at a base pressure of 10°® mm Hg to the number of electrons
emitted at 10 2 mm Hg. As can be seen from Fig. 1L, the ratio is
never as high as cne except in the case of aluminum. This finding
further supports the conclusion that one is actually measuring elec-
trons from the foil rather than from the gas monolayer. If the meas-
ured output were coming from the gas on the surface, then when the

° mm Hg, the output would be expected

vacuum was degraded to 5 X 10~
to be higher than that obtained at high vacuum. The metals that were
investigated all had a ratio very near to one except the stainless

steel, which was approximately 1000 times lower for low vacuum than

for high vacuum.



The ratio N+/N_ at high vacuum was also analyzed and is plotted
in Pig. 15. It was. found that in the case of Be and Cu the ratio N+/N_
is approximately 0.01, while that of aluminum is approximately O.2.

Using the ratio of the number of positive ions to the number of
electrons at lO_8 mm Hg and the Richgrdson—Smith equation12 (Smith 1930),
ore can calculate the effective positive jon work functions for several
of the metais. This was done by computing the ratio A+/A_ of the

constants in the Richardson equation

-0 e
jo- A_T2 . kT
and the Richardson-Smith equation
'®+e
. _ a2 KT
Jy A+T e
to obtain
; M _(@4;@_)“?
L. e TRT
J_
Then, using the experimentally determired value of j+/j_ Lo determine

®+ when ¢  is known, the results oflthese calculations yield for
Al, Be, and Cu the effective positive ion work functions of 5.3, 5.1,
and 7.25 electron volts, respectively.

It was possible to obtain the &xperimental curves for electron cur-
rent density vs input laser beam power and the positive ion current

density vs input power. These are shown in Figs. 16 and 17.

-9 -



From these curves one can determine the actual equations of charged
particle current density vs input power. These equations are tabu-~
lated in Table II; it is seen that they are exponential in form, and
further, that all the metals except gold have the same exponent for
the electron current densities. In the case of very high input power,
these simple exponential equations have to be modified by taking into
account the space change limitations in the outcoming changed par-

ticle beams.
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TABIE T

Surface temperature computed

‘ Metal from Richardson equation
Al 1630k
Ag 1900°K
Au 1940k
Be 1430k
Cu 1890%

Stainless Steel 1830%



TABLE II

Metal Electrons Ions

n J=5.2%x1077 e>% p(xw) 3= T.4 x 1078 &3 27 p(xy)
Ag j =2.05 x1077 &3"3 p(xw)

s.s. J = 1.16 x 1077 e2"° p(kw)

Cu J =054 x 1077 "% p(kW) J = 0.733 x 1078 %2 p(kW)
Be J =0.1% x 1077 &35 p(xw)

Au J =2.6 X107*2 8% p(xw)



Physical Constants Used in This Experiment

APPENDIX A

3 K c [ 0 ) ° ve/k
Metal Y 7 N PR
/ Cal } Cal gn cm” \ ilelectron e}
!\cm secoq> % <gm OC)E(pm%) (ﬁe%) %\ volts/) ( KJ
Al i 1.01 f 0.277 | 2.7 135 3.6 4.178 x 10%
Ag % 0.992 1 0.076 10.5 % 1.2k | bk 5.106 x 10*
Au % 0.703 g o.o31hé19.3 ? 1.16 4.6 5.338 x 10*
Be 3» 0.35 % 0.505 i 1.85 % 0.37 ] 3.5 4.062 x 104
Cu % 0.858 i 0.093 % 8.92 E 1.03 .6 5.338 x 10*
s.S. E 0.107 é 0.157 i 7.75 ? 0.088 4.3 4.990 x 10%*
K thermal conductivity
C ﬁeat capacity
p density
k thermsl diffusivity = ﬁ%
¢ work function (electron volts)
%? work function (%K)
k Boltzmann constant




APPENDIX B

The Spreading Gaussian Approximation

Assume the beam spot has a gaussian temperature distribution and
that at any point in time the average temperature of the spot is re-
presented by one-half of the maximum height of the gaussian and the
width of the spot is the full width at one-half maximum. Then in two
dimensions

<% > = bkt (l)

where t 1is the time, k is the thermal diffusivity, and r is the
distance from the gaussian center. The temperature T(r,t) will be

given by

T(r,t) = —— e (2)
8nkt
where TO is a constant.

The full width at one-half maximum is given by
d =2.36 <r>=bh.72\/kt

and the actuél beam spot diameter d = 1.L42 mm.

Then, using Eq. (2), one can consider the time and space develop-
ment of the diffusion in the case where the incident spot radius is
r s, as shown below, and at successive times the spot size grows as the
foil heats up but the temperature decreases over the spot. Consider the

following notation:



o

A = nr® at
o) o)

A = wr at
o o)

A = nre at
o 0

A = 2mr dr at
1 o)

A = 2nr dr at
1 o

A = 2x(r + br)ér at
2 o)

t =1
1 2
Temperature T at time %
00 o
Temperature T at time t
10 1
Temperature T at time t
20 2
Temperature T at time t
11 1
Temperature T at time t
21 2
Temperature T at time %
12 2

Thus the temperature of the

at time tﬂ

and radius from center rm

growiﬁg beam spot segment with an ares A.n

will be given as Tn(t{)rm)

by the expression

2
. -(ro+m6rm)

Ty = Ttyry) = P o Srl(EHOE) (3)

~d Brw(t  + Lot)

where 5%t can be arbitrarily chosen as a suitably small increment of

time, and r, = d is the initial spot radius. Using Eq. (1), dr. is

2

then calculated as the radius that the beam spot will spread in a time

increment ot:
Lkt kot




Using the actual spot size as found in the experiment, to can now
be calculated. In this case to is interpreted to be the time that

it would take a point source of temperature to grow to the beam spot

4
op 2:05 >: 0%

size. Using roo= 0.71 mm yields a value for to ec.
From Eq. (3), using the previously calculated peak surface temper-

atures from the Richardson equation and the values found for T t .,

o}

dr and &%, to can be calculated. Then at any time ti the total

current emitted is given by

i(ty) = Z j(Tij)AJ.

J

where Tij is defined by Eq. (3). The result of this calculation is

shown in Fig. 4.
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FIG. 2--Typical oscilloscope photograph

This picture shows on top trace the collected
electron current waveform as a-function of the
time (horizontal speed 50 psec/cm); on the

second trace the light intensity of the laser

beam as function of the time is shown (50 usec/cm),
and on the bottom trace the pressure rise is
depicted vs time. (Here the horizontal speed

is 200 msec/cm.)
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