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ABSTRACT

A high energy laser with a pulse width of 30 nsecs (FWHM)

irradiated an aluminum target at an angle 30° from the target's

normal. The power density at the target's surface was varied

between 10 8 and 10 10W/cm 2
. Measurements were made of the

reflective and transmissive characteristics of the ablated

surface particles, and from the measured data, an absorption

coefficient was inferred. At intensities greater than 10 9W/cm 2

the transmitted beam showed a cutoff approximately 25 nsecs

after the start of the laser pulse, indicative of the formation

of an overdense plasma. All reflection measurements showed

that the scattering was primarily specular. At intensities

between 10 8 and 10 9W/cm 2
, the reflected beam exhibited a

narrow pulse attributable to thermal damage at the target

surface. At intensities of 10 9W/cm 2 or greater, the reflected

beam also indicated a sharp decrease in amplitude attributed

to absorption in the newly- formed plasma. The value of the

absorption coefficient was calculated to be 0.545.
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I . INTRODUCTION

By focusing a giant pulse Q-switched laser onto an

opaque solid material, a hot dense plasma may be formed. The

initial energy in the pulse vaporizes and ionizes the surface

atoms, while the remaining energy may continue to heat, and

further ionize, the ablated particles.

Considerable attention has recently been directed toward

laser energy deposition in a solid material and the resultant

plasma. The effective target dam^TP is of interest in the

first case, while the second case has significance for the

possible occurrence of nuclear fusion by compression.

Basov and Krokhin (Ref. 1) were the first to consider

the possible use of lasers to achieve thermonuclear fusion.

They were followed by Dawson (Ref. 2) , and in much more detail

by Hertzberg et a_l. (Ref. 3) . Brueckner and Jorna (Ref. 4)

gave a detailed analysis of the present state of the art of

laser-driven fusion with respect to D-T pellet compression.

In both cases, however, whether they require the enormous

intensities for thermonuclear fusion, or the lesser intensities

for material damage studies, the coupling of the incident

energy into the irradiated material and the subsequent plasma

is of prime importance.

Laser irradiances incident upon a solid target will

deposit a fraction of the energy into heating of the target





surface, while the remaining energy is reflected, or absorbed

by the resultant plasma. The temperature rise of the solid

at the surface can be predicted by using the heat equation

for a semi-infinite solid;

2(1-R)F
T = —°~ (Dt/ir)

3
* (1)

where R is the surface reflectivity, F is the laser irradiance,

K is the thermal conductivity, D is the thermal diffusivity,

and t is the laser pulse time.

The thermionic emission of electrons and ions from the

surface material may be estimated by using Richardson's

equation;

J = AT 2exp(-t})/kT) (2)

where A is a constant, T is the electron or ion temperature,

<j> is the ion or electron work function, k is Boltzmann's

constant, and J is the electron or ion current. Therefore,

the amount of thermal electron or ionic emission increases

rapidly with increasing temperature, and from Eqn. (1) , the

temperature is proportional to the incident laser irradiance.

When the laser irradiance is above a certain threshold, a

very dense, hot, ionized plasma is formed; and unique

phenomena not observed during thermionic and ionic emission

processes occur. These phenomena are associated with the

transmission, absorption, and reflection of electromagnetic

waves, in or at the boundary of, the laser-produced plasma.

The degree of ionization is given by the Langmuir-

Saha equation;





i/i = (g/g )exp (4.-UAT (3)

where i, i
Q

are respectively the ion and neutral molecule

fluxes, g, g are the statistical weights of the ionic and

neutral states, <j> is the electron work function, and I is the

ionization potential. Thus, at high laser irradiances the

material ejected from the solid surface is almost fully

ionized, while at lower irradiances a fraction of neutral

molecules is ejected. Ready (Ref. 5) described an experiment

in which a ruby laser with an irradiance of 10 9W/cm 2 vaporized

a thin aluminum target. Through the analysis of charge

collection data, the ionization efficiency was determined

to be 1%. Brooks (Ref. 6) from measurements of his charge

collection data in a similar experiment, determined the

ionization efficiency to be 10%.

Thus, thermal electrons, ions, and neutral molecules

are the cardinal particulates encountered with the laser

irradiances of interest. The purpose of this thesis is to

examine the interaction of the laser photons with the target

and the vaporized electrons, ions and neutral molecules. In

particular, an attempt will be made to establish a time

profile of the laser flux from the time it irradiates the

target until its extinction. In addition, a spatial profile

will be developed for the particle distribution and the

direction of the scattered laser flux.
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II. THEORY

Using the equation for the temperature rise of a semi-

infinite solid, Eqn. (1) , one finds that the threshold for

thermionic emission for an aluminum target is 2 x 10 8W/cm 2
.

Above this threshold, up to 10 9W/cm 2
, the electrons and ions

interact as independant particles. In this power density

regime, the stream of ablated particles is essentially trans-

parent to 1.06 u radiation, and thus no appreciable scattering

or absorption of the incident radiation should occur. Except

for losses due to the initial heating of the material, the

laser pulse should not undergo any spatial or temporal changes

in passing through the stream of particles. Also, the

specularly reflected pulse, after accounting for changes of

reflectivity due to the temperature rise at the surface of the

target, should show no spatial or temporal deviations from

the incident laser pulse.

At power densities greater than 10 9W/cm 2
, collective

behavior of the much denser ions and electrons, instead of

their independent behavior, becomes dominant. The absorptive

and reflective processes no longer are negligible. It is at

this threshold that the vaporized material becomes a hot,

dense, ionized, hydromagnetically turbulent plasma.

The precise mechanisms for formation of the plasma are

not generally understood. However, a theoretical parameter

which measures the degree to which collective effects dominate

11





individual particle effects is given by the Coulomb Cutoff

Parameter defined as;

where Xc is,

A = X A_ (4)
c d

X
c

= 1/4ttR
c

2N (cgs)

and A^, the Debye length, is,

Xd = (kT/M^U/w ) (cgs) (5)

If an ionized gas is not to recombine, then the average

kinetic energy, <kT> , must be greater than the average potential

energy, <q 2 /R>. Rc is defined as that distance at which the

average kinetic energy is equal to the average potential

G TlG jT Cj ^ ^ CjT/

R = qVkT. (cgs) (6)

w is the plasma frequency and is defined as;

^.

Wp = (4iTNq
2 /M) 2 (cgs) (7)

where N is the average density, and M is the mass of the

particle of interest.

After substituting Eqns. (5) , (6) , and (7) into Eqn. (4) ,

we find that for electrons:

A = 1.23 x 10 7 T
E

/2 /N
E

Js

where TE is the electron temperature in degrees Kelvin, and

N£ is the electron density per cubic meter. For a plasma,

12





A is much greater than one. At intensities of 10 9W/cm2 or

greater, sufficient electron densities and temperatures are

achieved to satisfy this inequalii and collective particle

behavior dominates.

Once the plasma is formed, it rapidly expands. Smith

and Fowler (Ref. 7) indicate that the plasma propagates up

the laser beam to a point where the laser intensity is just

sufficient to overcome the losses. The principle loss

mechanism is bremsstrahlung due to electrons accelerating in

the fields of ions. The electron-electron interactions are

negligible. Dawson (Ref. 8) derived the total radiation

emitted per unit volume and it is given by;

P^ = (16Tr*z 2 e 6N„/3c 3Mc.hj (kTp/M„) . (8)
X Ei Ei Ei Ei

He later showed that for laboratory size plasmas this radiation

loss is small. Therefore, according to Smith and Fowler, the

plasma would expand initially up the laser beam until the

radiation loss rate equalled energy input. As the plasma

expanded up the beam it would effectively shield the target

from the laser irradiance either by absorption or refraction

due to the large density gradients at the leading plasma edge.

Brooks (Ref. 6) irradiated an aluminum target at a power

density of 10 9W/cm 2
, sufficient to create plasma. The

radiation was incident at an angle 30° from the target normal.

Probe instruments indicated the creation of two plasma fronts.

The earlier, smaller disturbance propagated in the specular

13





direction 30° from the target normal at a speed of 1.1 x

10 8 cm/sec. The later disturbance, identified as the main

plasma, propagated initially in the specular direction at a

speed of 1.1 x 10 7 cm/sec. At times after the expiration of

the laser pulse, the main plasma propagated in a direction

normal to the target. Brooks' measurements apparently

contradict those of Smith and Fowler. However, Brooks was

not able to make measurements in the path of the beam due to

the obvious laser influence on the probes. Thus, a critical

density gradient in the incident direction might have existed

that was undetectable by Brooks. However, as will be discussed

later, a large density gradient does not need to be anti-

parallel to the incident laser beam to effectively shield the

target. Theoretically, density gradients in the specular

direction could shield the target and account for cutoff of

the laser beam. In any event, a model will be proposed later

to match the theory of Smith and Fowler to the findings of

Brooks.

The target shielding mechanisms are reflection and

absorption. The threshold for these mechanisms to become

dominant is a function of the particle densities in the plasma.

Complete cutoff of electromagnetic radiation at a specific

wavelength will occur when the radiation frequency is equal to

the plasma frequency; that is, when,

w T = w = (4TTNq 2 /M) 2
.

ii p
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The critical density for electrons with electromagnetic

radiation at 1.06 u is on the order of 10 21 particles per

cubic cm.

Dawson et a^. (Ref . 9) showed the effect of a density

gradient upon the absorption coefficient prior to cutoff of

the electromagnetic radiation. The absorption coefficient

for a plasma is given by;

K = w
p

2
/co)T(co

2 -w
p

2 )^ (9)

where t is the electron-ion collision time and is given by;

3

T = 2.4 x 10* T^ 2 /N Z. (10)
E E

N£ is the electron density per cm 3
, Z is the nuclear charge,

and TE is the electron temperature in electron volts. As to

approaches w , the absorption coefficient becomes quite large.

This is physically reasonable since as the electromagnetic

wave frequency becomes close to resonance with the plasma

frequency, the wave is more likely to be absorbed.

Dawson calculated the total absorption coefficient by

integrating from a point outside the plasma to point R where

aw = cj . R is defined as the density fall-off distance and

is illustrated in Fig. (1). Dawson's integral to be evaluated

is;

K
T

= 2

R

wv
2 (x) dx

P — (11)

CWT (x) (U
2 -W 2

)
2

*

15





The integral was multiplied by 2 to account for the reflected

beam. Assuming a linear density gradient, the solution to

Eqn. (11) is;

I^ - 32_ R (12)T 15 cx(R)

and the fraction of energy reflected is;

IR/I = expC-KT ) . (13)

Therefore, considerable absorption will take place if R is

greater than cx/2. If one assumes an electron temperature of

3 eV and an average ionic charge of 3 in the early plasma,

then R must be greater than 6.1 x 10 llf /NF in order to have

appreciable absorption.

For the case of a finite density gradient, absorption

may take place in a laboratory plasma with densities of the

order of 10 21 /cm 3
. However, if the gradient approaches a

discontinuity such that R approaches zero, almost total

reflection would be predicted.

Dawson's calculations were based upon normal incidence.

Shearer (Ref. 10) included the effect of oblique incidence

on the absorption of an electromagnetic wave. His analysis

was similar to that of Dawson. Shearer's total absorption

coefficient is given by;

K — KoNc
2
cos

5
6

^T " 15 VN
E

where K is;
o

16





K
Q

m ,C4/3C2/TrME ).

,SeVciZ/CkTE ) V 2 LnA

In Eqn. (14) , N_ is the critical density at which u_ «= w rC Li p

and is the angle between the incident electromagnetic wave

and the plasma density gradient vector.

By examining Eqn. (14) , one can see the angular effect

on the total absorption coefficient. For maximum absorption,

the angle between the incident wave and the plasma density

gradient vector should be kept less than 30°.

Also, the effect of the density gradient itself can

be seen. Like Dawson's analytical results, if the density

gradient is very large, then almost all of the incident wave

will be reflected. Table (1) shows the fraction of energy

reflected for various density gradients as calculated from

Eqn. (14) when applied to aluminum.

TABLE 1. VNE (cm-") IR/IQ

10 26 0.99

10 25 0.91

lO 24 0.40

10 23 0.00

Basov et al. (Ref . 11) experimentally showed the

reduction of the reflection coefficient of a solid as a

function of laser flux intensities. A sharp reduction occurred

at intensities of 10 9W/cm 2
. Their findings are shown in

Fig. (2) . They attributed the sharp reduction to the formation

of a transition layer in the surface material, consisting of

17





a plasma in hydrodynamic motion with, a length comparable to

that of the mean free path of a photon in the layer. Their

result also implies the effect of a density gradient on the

amount of reflected radiation.

In summary, at radiation densities of 10
eW/cm 2 or greater,

the energy absorption at the target is sufficient for heating

a surface layer of thickness about 10" 1

* to 10~ 5 cm, the mean

free path of a laser photon, which is on the same order as

the 1.06 u radiation wavelength. At power densities of

10 9W/cm 2 or greater, a dense plasma in a state of hydrodynamic

motion is formed which effectively shields the target. The

shielding of the target is a function of the reflection and

absorption from the transition layer of the plasma. Reflection

and absorption are functions of the length of the layer and

the particle density distributions. The density distributions

are related to the material parameters of the target and the

incident photon flux.

18





III. EXPERIMENTAL ARRANGEMENT

A. LASER

The laser used in this invC~ jiy^L-ion was a Korad K-1500

Q-switched Neodymium doped-glass laser system. The system

consisted of an oscillator (K-l) which generated the giant

25-30 nsec pulse (full width at half maximum) after Q-

switching through a Pockels Cell. The output beam is then

expanded by expansion optics from the 1.27 cm diameter of

the K-l laser rod to the 1.90 cr -i
,
A.=. Tneter of the amplifier

(K-2) rod. The arrangement of the laser components is

illustrated in Fig. 3. The output pulse energy of the laser

can be varied from 3.0 to 12.0 joules by varying the control

voltages to the flashlamps of the K-l and K-2 heads. A more

detailed description of the laser system can be obtained in

Ref. (12).

B. LASER MONITORING TECHNIQUES

In order to monitor the laser beam, a Korad KD-1 photodiode

was used. Approximately 8% of the laser beam was reflected

from a glass slide beam splitter to a magnesium oxide diffusion

block. The beam then passed through 0.1% neutral density

filter to the KD-1 photodiode.

The KD-1 photodiode provided two signals: one propor-

tional to the laser energy, another proportional to the laser

pulse power. The photodiode energy signal was calibrated

using a Korad KJ-3 calorimeter. The calorimeter was used to

19





provide an absolute measure of the laser energy against which

the voltage on a Tektronix 7904 storage oscilloscope which

displayed the energy signal could be calibrated. The power

output was read on a Tektronix 7904 oscilloscope.

C. VACUUM CHAMBER

A schematic of the vacuum chamber is given in Fig. (4)

.

The target used was a 1 mm thick aluminum alloy plate. The

beam entered the chamber entrance window and was incident on

the target at an angle 30° to the target's normal. A 0.048

cm diameter hole was drilled through the target to allow

passage of some of the incident radiation prior to cutoff.

The target was mounted on a .635 cm backing plate with a 0.95

cm diameter hole drilled through it.

The power densities at the target were altered by varying

the laser energy or changing the focusing lens. The target

was located 27 cm from the focusing lens. The focal lengths

of the lenses used throughout the experiment were 28, 31, and

40 cm. These focal lengths gave spot sizes of .004, .048,

and .306 cm 2 respectively. Therefore, by varying the laser

energy and the focusing lenses, the power densities at the

target could range from 10 8 to 10 10W/cm 2
.

D. TRANSMISSION AND DETECTION SIGNAL ARRANGEMENT

The schematic for the signal detection system is shown

in Fig. (5). Both the reflected and transmitted signals were

detected by an ITT photocell similar in performance to

the KD-1 photodiode. Since only one detector was available,

20





the reflection and transmission signals could not be detected

simultaneously. Other detectors exhibited an unsatisfactory

fall-off time which was critical in this experiment.

The transmitted, or reflected signal, after exiting the

vacuum chamber, was reflected from a glass slide beam splitter

to a magnesium oxide diffusion block. The transmitted signal

would exit the chamber via window no. 3, while the reflected

signal would exit the chamber through windows no. 2, 5, or 6.

The signals would then pass through a 1.06 u line filter in

order to eliminate detection of plasma radiation at other

wavelengths. The line filter was mounted at the entrance to

the ITT photocell. The power output was displayed on a

Tektronix 7704 oscilloscope triggered by the output signal

of the KD-1 photodiode.

In order to eliminate detection of unwanted multiple

reflection signals in the desired transmitted laser signal, a

collimating cone surrounded the beam after it passed through

the target hole. Similarly a circular plate with a 1.90 cm

diameter hole was inserted inside the chamber windows to

eliminate unwanted multiple reflection signals from the

reflection laser signal.

The chamber was evacuated to a pressure of 3 x 10~ 6

Torr with an oil diffusion pump. The vacuum pressures were

measured with an ionization guage.

21





IV, TRANSMISSION EXPERIMENTS

Prior to measurement of laser transmission as a function

of power density at the target, absorptive and reflective

energy losses through the glass slide beam splitter, entrance

window, and the focusing lenses were determined. This was

accomplished by inserting a Hadron thermopyle directly in the

path of the laser beam, but behind each of the components

being considered. The output of the thermopyle, which was

proportional to energy, was sent directly to a milli-

microvoltmeter which was linJced to a HR-96 X-Y recorder.

The output of the recorder was compared to the energy output

of the KD- 1 photcdicde as read en the storage oscilloscope.

The losses through the entrance window and beam splitter were

determined to be 12% of the initial laser energy. Losses

through the various lenses averaged 3% giving a total loss of

15% of the initial laser energy.

The laser energy, as read on the storage oscilloscope,

was multiplied by a factor of 0.85 in determining the power

density at the target surface. The power density was

calculated by;

P
D

= 0.85 E
L
/A

s
t
p

where E is the initial laser energy, Ac is the area of the
L D

focused spot size on the target, and tp
is the half width of

the laser pulse. As indicated in Sec. Ill, the power density

22





could be varied by changing either the laser energy or the

area of the focal spot. Near the end of the experiments the

adjustability of laser energy was lost due to an apparently

failing flashlamp in the K-2 amplifier. Consequently, only

the focusing lens could alter the power density and as a

result, the range of power densities became a series of steps,

instead of a smooth curve. However, power densities above

and below the plasma threshold were obtainable.

The laser and transmitted power signals as functions of

time were read on adjacent oscilloscopes as depicted in Fig.

(5) . While attempting to establish a true time relationship

between the laser and transmitted pulses, a 70 nsec delay was

discovered in the slower oscilloscope on which the transmitted

signal was to be read. This was verified, after including

geometrical and cable delays, by simultaneously observing the

laser pulse on both of the oscilloscopes. Further verification

was obtained by double exposing two laser pulses, one detected

with the KD-1 photodiode, and the other detected with the ITT

photodiode. The double exposure showed only the 12 nsec built-

in cable delay.

However, the start of the pulse on the slower oscilloscope

appeared to begin earlier with increasing laser power.

Although a t for the pulse on the slower oscilloscope could

be calculated from previous measurements at nearly constant

power, it could not be relied upon at other laser powers.

Consequently, t for the transmitted pulse, and also in later
o
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reflection measurevents , was determined to be the beginning

of the pulse as observed on the oscilloscope.

The initial series of measurements was made while the

chamber was at atmospheric pressure. The power density at

the target was varied from 10 8 to 10 10W/cm 2
. In all cases,

cutoff of the transmission pulse prior to expiration of the

laser pulse was observed. This indicated that at power

densities as low as 10 8W/cm 2
, a plasma was being formed and

the laser energy was being absorbed or reflected.

The threshold for breakdown of air at atmospheric

pressure is given by Ready CRef. 5) at 10 1:1 W/cm 2
. The

diffraction-limited spot size for the lenses in use was

calculated to be on the order of 10~ 3 cm. Therefore, even

after passage through the 0.050 cm hole, sufficient intensities

were obtained at the focal spot behind the target to cause

air breakdown. Air breakdown was apparently the mechanism

causing the cutoff of the laser radiation. This was verified

by not focusing the laser beam and noting the perfect matching

between the laser beam and the transmitted beam.

To avoid the problem of air breakdown, the chamber was

evacuated to a pressure of 3 x 10~ 6 Torr. Measurements were

then taken of the transmission pulse covering the range from

10 8 up to 10 10W/cm 2
. Fig. (6) compares several transmission

pulses as a function of time for several power densities.

The duration of the laser pulse was from 70-80 nsecs. The data

depicted in Fig. (6) are representative of many other measure-

ments taken during the experiment.
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Cutoff is shown to occui' -cxtly at those power densities

greater than 10 9W/cm 2
, At desxsi - - below this, cutoff does

not occur and is consistent wiida the theory presented in

section II,

Figs. C7)-(13) compare the !
':' ry of the laser pulse and

the transmitted pulse as a function of time. The amplitudes

of the transmission pulse are not drawn to scale and serve

only to compare the time history of the two pulses. The

absorption and reflection phenomena become predominant between

20 and 30 nsecs after the beginning of the laser pulse. The

decrease in the time required to reach onset as power increases

is consistent with the time dependence upon (P-J
-2 from the

heat equation for semi-infinite solids (Eqn. 1) . Using Eqn.

(1) and rearranging, an estimate of the time required for the

absorption and reflection phenomena to occur can be made.

After inserting the ionization temperature for aluminum of

60,000° Kelvin, and a power density of 1.1 x 10 9 W/cm 2
, the

required time is estimated as 9 nsecs. This is in good

agreement with Fig. (8). However, at higher power densities,

the time becomes too short to be measured due to the (PD )

2

dependence.

To summarize the transmission experiment, a cutoff of the

laser radiation was observed to occur at power densities great-

er than 10 9 W/cm 2
. This indicates that an overdense plasma

(density greater than 10 21 /cm 3 for 1.06 y radiation) is being

formed. Since the cutoff is complete, the overdense plasma
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exists for as least as long p,s the laser pulse. In addition,

the formation of the overdense plasma begins to occur 20 - 30

nsecs after the laser pulse depending upon the power density

at the target.
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V, REFLECTION AND ABSORPTION

In order to first establish the primary direction of the

reflected (scattered) radiation, measurements were taken at

0°, 30 Cspecular) and 75° from the target normal. This

corresponds to window nos. 2, 5, and 6 in Fig. (4). Measure-

ments were taken below and above the experimentally determined

plasma threshold. Table (2) summarizes the results.

TABLE 2. Angle Threshold Signal Strength

0.25 V

0.65

1. 40

4.60

0.16

0.40

The results indicate that approximately 80% of the scattered

laser radiation is in the specular direction. In addition,

there is approximately 3 times more radiation scattered below

threshold, than above. This is consistent with the results

of Basov et al_. (Ref . 11) and will be treated in more detail

later.

Measurements were then taken of the scattered radiation

solely in the specular direction at power densities ranging

from 10 8 to 10 10W/cm 2
. Fig. (15) gives the time history of

27

Angle Threshold

above

below

30 (specular) above

30 (specular) below

75 above

75 below





a typical laser pulse. Fig, (161 giyes a comparison of a

typical reflected pulse above anc '^elow plasma threshold. In

all cases, the reflected pulse wat from 4 •*- 6 nsecs narrower

at half maximum and in several cases appeared to exhibit cutoff,

The narrow width and evidences of uutoff indicated formation

of an overdense plasma below plasma threshold similar to the

air breakdown problem associated with the transmission exper-

iment. To check this possible interpretation adequacy of the

vacuum 3 x 10" 6 Torr maintained in the chamber to completely

eliminate air breakdown was considered.

Ready (Ref. 5) describes gas breakdown as occurring in

two stages. The first stage consists of pre-ionization of

the gas molecules while the second stage consists of a

cascade, or avalanche, of ionization. It is during this

latter phase that the heavy absorptive, or cutoff phenomenon

occurs. However, at operating pressures of 10" 3 Torr and

below, the avalanche ionization will not occur and the cutoff

phenomenon will not be observed.

The initial ionization phase is considered to occur

primarily by multiphoton absorption. Bystrova et al. (Ref.

13) , Voronov et eQ. (Ref. 14) , and Delone et al. (Ref. 15)

conducted experiments of multiphoton absorption of laser light

at pressures of 10
-1

*, 10
-lt

, and 10~ 5 Torr respectively. In

particular, Voronov conducted an experiment using a ruby laser

with fiu equal to 1.73 eV, and H
2
molecules with an ionization

potential of 15.43 eV at an operating pressure of lO
-1

* Torr.
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Since the Nd laser, with Rw equal to 1.18 eV and N 2 molecules

(prime constituent of air) with an ionization potential of

15.43 eV, were close to the parameters used by Voronov et al.

,

a rough comparison with their data was made to obtain an

estimate of the magnitude of the multiphoton absorption process

in the current experiment. The results indicated that the

magnitude of multiphoton absorption is negligible and, there-

fore, some other mechanism must be causing the narrowing of

the reflected pulse.

Figs. (16) - (21) illustrate the time histories of

reflected laser pulses. The narrowing and cutoff of the

reflected pulses can be readily observed. In addition, a

marked decrease in amplitudes of the reflected pulses above

plasma threshold can be seen in Fig. (16) . This was previously

observed in the specular portion of the experiment. Finally,

the peaks of the reflected pulses above plasma threshold

correspond to the peaks of the previously measured transmitted

pulses. The peaks of the transmitted pulses signified the

beginning of the reflective and absorptive processes in the

plasma. Therefore, it appears that, perhaps, the absorptive

phenomena become dominant since the reflected and transmitted

pulses have passed their maxima. However, the peak of the

reflected pulse below plasma threshold, when the reflection

can be assumed to entirely from the metal, also falls into

this range. More will be said about this later.
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VI, DISCUSSION

The observed cutoff of the transmitted laser radiation

at power densities greater than 10 9 W/cra 2 verifies the

formation of an overdense plasma somewhere in the path of

the laser beam. The data show that the reflective and absorp-

tive processes commence between 20 to 30 nsecs after the

beginning of the laser pulse depending upon the incident flux.

The threshold of 10 9W/cm 2 for plasma formation agrees with

theory, while the time for the absorptive and reflective

processes to occur at 10 9W/cm 2 agrees with that predicted by

the heat equation for a semi-infinite solid. The time has an

inverse square dependence upon power density and therefore

could not be resolved by the detectors at higher powers.

However, Figs. (8) - (13) indicate earlier onsets of absorption

or reflection for increasing power densities as predicted by

the heat equation. Fig. (14) is a plot of the time to cutoff,

t i as a function of the reciprocal of the power density

squared.

However, there are two results that require further

examination before any conclusions can be inferred. The first

of these is associated with the narrowing and eventual

disappearance of the reflected pulse, while the second is

associated with the direction of the critical density gradient

and the measured reflection data.
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The narrowing of the Jfe&iected pulse at power densities

below plasma threshold may bse? &,t -.i.uuted to the reduction of

the reflection coefficient eA^oiiiueiitally determined by

Basov et auU (Ref . 11} , At power densities greater than

10 9W/cm 2
, the reflection coefficriei fe continues to drop. The

continued reduction of the reflection coefficient at power

densities greater than 10 9W/cm 2 has been attributed to the

formation of a transition layer consisting of a dense plasma.

The dependence of the reflec+^on coefficient upon the power

density is given for aluminum in Fig. (2) . At lower power

densities, the value of the reflection coefficient is close

to the reflection coefficient for non-disturbed surfaces. For

aluminum, the value is about 0.80. As the power density

increases, the reflection coefficient decreases due to

thermally-induced damage to the aluminum target.

Fig. (18) shows the reflected signal for a power density

of 7.4 x 10 8W/cm 2
. According to Basov et al . , this would

correspond to a reflection coefficient of approximately 0.50

as compared to the reflection coefficient of 0.80 for an

undisturbed surface. The rise time of the laser pulse is

35 nsecs while the rise time of the reflected pulse is about

22 nsecs. If the pulse in Fig. (17) were allowed to rise the

full 35 nsecs, its amplitude would almost double, and its

half width would approach that of the laser pulse. The full

35 nsec rise time resembling the laser pulse would correspond

to a lower power density and the reflection coefficient for
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an undisturbed surface. Therefore, the narrowing of the

reflected pulse below threshold is apparently attributable

to the reduction of the reflection coefficient due to thermal

damage, previously determined by Basov et al.

The further reduction of amplitude and eventual disappear-

ance of the reflected pulse above plasma threshold may be due

to absorption in the plasma, or redirection of the laser beam

away from the detector by the rapidly expanding plasma. In

the first case, Basov et a_l. showed that the reflection

coefficient continues to decrease at power densities greater

than 10 9W/cm 2
. The reduction of the reflection coefficient

was attributed to the formation of a transition layer

consisting of a dense absorbing plasma. The length of the

transition layer was predicted to be on the order of a mean

free path of a photon in a solid, or approximately 10
-1

* to

10" 5 cm. Additionally, Dawson (Ref. 9) predicted an absorption

coefficient of unity if the density fall-off distance was on

the order of ct/2 where x is the electron-ion collision time.

The measured reflection signal from a plasma in this

experiment averaged 40 mV according to Figs. (16), (20), and

(21) . The measured reflection signal below plasma threshold

was 80 mV. However, between 7.4 x 10 8 W/cm 2 and 10 9W/cm 2
,

taken as plasma threshold, the reflection coefficient decreases

approximately 15%. Taking this into consideration and since

the reflection of the signal below plasma threshold can be

assumed to be entirely from the solid target, the 40 mV signal

implies that 42% of the energy is absorbed in the plasma,
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scattered at other angles, or scattered at other frequencies.

Ignoring the last two, this value is in close agreement with

the observations of Basov, illustrated in Fig. (2) . The

fraction of reflected energy after plasma formation is,

therefore, 58%. Since IR/Io
= exp(-K

T ), KT = 0.545.

Basov' s model produced a continuous curve for the

reflection coefficient as a function of power density from

10 7 to 10 xl W/cm 2
. The model does not appear realistic in

that a discontinuity should arise during the transition from

the solid state to the gaseous plasma state. Nevertheless,

the Basov mode will continue to be used as a means to estimate

the absorption coefficient.

To obtain an estimate of the characteristic density

fail-off length, Dawson's (Ref. 2) formula may be used;

r = 15. ex (R)K
32

where j, the electron-ion collision time is

2.4 x 10
4
TV

t = — "A

N
E

Brooks estimated that 1.7 x 10 19 atoms were ejected from the

target surface per laser shot. Assuming a 10% ionization

efficiency and an average ionic charge of 3, this yields a

total of 5.1 x 10 18 electrons. The volume of the crater was

measured with an electron microscope after 50 shots and was

found to be 0.014 cm 3
. This gives an electron density of

1.8 x 10 21 /cm 3
. Therefore,
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3 -

R = 2.18 x 10~ 7 T /2
£

For T„ = 3 eV, R = 1.1 x 10
_6

cm
E

For T_ = 30 eV, R = 3.5 x 10~ 5 cm.
ri

The latter result for T_ equal to 30 eV corresponds to

Basov's theory that the transition layer of the plasma is

on the order of the mean free path of a laser photon. Also,

the 42% reduction in the amount of reflected light above

plasma threshold is consistent with Basov's experiment and

with Dawson's theory.

In addition, Lubin et a_l. (Re 16) derived an equation

for the skin depth of a solid by using an absorption coeffi-

cient that was a function of the electron collision time, an

effective plasma frequency, and the laser frequency. The

resulting equation was;

4ttK
t

For KT = 0.54 5, the skin depth would be approximately 1.5 x

10" 5 cm, or on the order of the mean free path of a photon

as predicted by Basov, and the value of the calculated density

fall-off distance for an electron temperature of 30 eV from

the data in this experiment.

As indicated earlier, however, disappearance of the

reflected pulse could be attributed to redirection of the

reflected beam by the rapidly expanding plasma front. Since

34





the reflection of the beam was determined to be primarily

specular, the 1.90 cm diameter collimator was removed from

the chamber in order to determine if the beam was being

redirected out of the collimator. The measurements taken

after removal duplicated the original measurements and the

disappearance phenomenon was again observed.

In an effort to determine if the reflected beam was

being redirected out of the exit window and into the chamber

wall, Hadron laser footprint paper was attached inside the

chamber to the exit window. After 20 laser shots, the paper

was examined, but no burn pattern was observed so the

experiment was abandoned.

Since the experiment with the footprint paper was

uninformative, an attempt was made to analyze the motion of the

plasma from the data of Brooks to determine if the reflected

beam was being redirected into the chamber wall.

Brooks determined that the speed of the early plasma was

1.1 x 10 8 cm/sec. This was an asymptotic solution and therefore

the speed of the early plasma would be somewhat greater nearer

the target. Since the speed of the early plasma was one

order of magnitude greater than the speed of the main plasma,

the early plasma was considered to be the primary mechanism

associated with the reflection or redirection of the laser

light.

If the early plasma propagated as a slab in a direction

along the target normal, its critical density layer would

have to travel 2 cm in order to walk the reflected beam out
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of the exit window and intc- chamber wall. Total disappear-

ance of the laser pulse occu :'. < ^proximately 20 nsecs after

plasma formation. This was d^&acmined by matching the reflected

pulse to the transmitted pulse. Brooks' density contours for

the early plasma show an underdense plasma 2 cm along the

normal to the target after 25 nsecs. Nowhere in his density

contours is there evidence of an overdense reflecting plasma

at a position 2 cm along the normal to the target when the

disappearance of the reflected pulse was observed. Therefore,

a plasma with a critical density layer propagating as a slab

normal to the target surface could not be the mechanism

causing the disappearance of tht. *i collected pulse.

The development of a critical density layer propagating

in the direction of the laser beam could effectively direct

the beam away from the target wall and toward the back-

scattered direction. Brooks' density contours for the early

plasma do not show any critical density layers. A critical

density layer could be propagating up the laser beam as

indicated by Smith and Fowler or it could remain within a

few mean free paths of the laser photons in the solid target.

Brooks' density mapping taken 10 nsecs after plasma formation

was the earliest he could obtain. This mapping indicates an

underdense contour slightly off perpendicular to the incident

beam. At 20 nsecs this density contour appears to have moved

more toward the perpendicular direction. By crudely extrap-

olating back to the target, a critical density layer can be

imagined with its plane perpendicular to the laser beam.
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The development of this layer could effectively redirect the

beam out of the window and cause the disappearance of the

laser pulse.

The second phenomenon to be examined is the specular

scattering data and how it relates to a critical density

gradient compatible with the findings of Brooks. The cutoff

of the laser radiation observed during the transmission

measurements is consistent with the theory of Smith and Fowler

(Ref . 7) that the plasma propagates along the laser beam up

to the point where the laser energy is insufficient to over-

come the plasma losses by bremsstrahlung. With the losses

by bremsstrahlung, through electron-ion interactions being

small in laboratory plasmas, complete cutoff of the 30 nsec

pulse would be predicted and was observed as shown in

Figs. (8) - (13)

.

However, Brooks' data show that the early plasma accelerated

in the specular direction. Assuming that the driving force

is a pressure gradient and using the ideal gas law, the

pressure gradient may be written:

VP = kTVN + kNVT . (15)

Wegener (Ref. 17) studied the spontaneous magnetic field

associated with a laser-produced plasma. The source term for

the magnetic field is given by Schwirzke (Ref. 18)

;

Vx _L_ VP - Vx -1 V(NkT) = Vx (*VT + *lVN) (16)
Ne Ne e Ne
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Since the temperature is a scalar, and the density gradient

is a vector, the following vector identity applies;

Vx(aB) = aVxB = VaxB

Using this identity and the fact that the curl of a gradient

is zero, the source term, Eqn. (16) reduces to.:

£ = ^VT xIVN (17)
e N

•* .

**
Since S is known not to be zero, VT and VN cannot be in the

same direction.

The plasma would be accelerated in the direction of the

largest pressure gradient and, as found by Brooks, in the

specular direction. The pressure gradient is the sum of the

temperature and density gradients, and the temperature

gradient is largest in the radial direction as indicated by

Wegener (Ref . 17) . Therefore, the density gradient associated

with this temperature gradient cannot be in the specular

direction. It would be expected, therefore, that the density

gradient connected with the acceleration of the early plasma

would point somewhere between the specular direction and anti-

parallel to the incident beam.

As indicated earlier, Shearer (Ref. 10) showed the effect

of oblique incidence of the laser radiation upon the absorption

coefficient of the plasma. In short, the total absorption

coefficient is proportional to cos 5
8 where 6 is the angle

between the incident wave vector and the density gradient

vector. If the density gradient containing the critical
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density layer is assumed to produce the largest pressure

gradient, then some indication of its direction can be

obtained from the measured reflection data.

The observed absorption coefficient was 0.545. If the

critical density gradient were directed close to specular, the

total absorption coefficient would have been reduced 97%

from that of normal incidence. This is inconsistent with the

observed data. If the density gradient were pointed in the

target normal direction, the total absorption coefficient

would have been reduced 53%. This would give an absorption

coefficient of about 1.09 for normal incidence. This would

be compatible with anticipated values of the total absorption

coefficient for the characteristic density falloff length of

10~ 5 to 10" 6 cm, a critical density of 10 21 /cm 3
, and an assumed

electron temperature of 30eV.
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VII. SUMMARY AND CONCLUSIONS

The cutoff of the transmitted laser radiation at power

densities greater than 10 9W/cm 2 verifies the formation of an

overdense plasma with a critical density layer somewhere in

the path of the incident beam. At this point, the plasma

shields the target from further laser irradiance and the

reflective and absorptive processes become dominant. The

time for these phenomena to occur is approximately 25 nsecs

after the start of the laser pulse.

The narrowing of the reflected laser pulse at power

densities below plasma threshold is due to the large drop in

the value of the reflection coefficient caused by thermal

damage. Ignoring any scattering at other wavelengths, the

42% drop in reflection at power densities greater than 10 9W/cm 2

indicates that absorption in the plasma transition layer may

be occurring. The 42% decrease is consistent with the findings

of Bascv et al_ . , and it yields an absorption coefficient of

0.54 5. Using Dawson's analysis, complementing it with the

analysis of Lubin et al. , and inserting the value of the

observed absorption coefficient, the density fall-off distance

is on the order of 10
-5

cm. This is consistent with the theory

of Basov et al^. that the length of the transition layer is

on the order of the mean free path of a photon.

The narrowing and eventual disappearance of the reflected

pulse may be due to the redirection of the scattered beam into
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the vacuum chamber wall ry ^e rapidly expanding plasma.

However, analysis of the dc Brooks shows that only a

critical density layer at the : «• get surface and perpendicular

to the incident beam could be responsible for redirecting the

beam. Since Brooks' data wa t.-.v^n 10 nsecs after the plasma

formation, only a crude extrapolation back to the target

surface permitted this as a possibility.

The direction of the critical density gradient appears

to be directed along the target normal in the early stages of

the plasma formation. This was based upon the idea that the

largest pressure gradient was along the specular direction

and could not be parallel to tne critical density gradient.

It was assumed that the critical density gradient was

associated with the largest pressure gradient.

By using the results of Shearer (Ref. 10) for oblique

incidence, a critical density gradient normal to the target

was consistent with the observed absorption coefficient and

the resultant density fall-off distance. The direction of

the critical density gradient is also compatible with the

data indicating that most of the radiation was scattered

in the specular direction.
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VIII. RECOMMENDATIONS REGARDING FURTHER RESEARCH

When calculating the observed absorption coefficient,

reflection at wave lengths other than 1.06 u was ignored. In

order to obtain a better estimate of the amount of incident

energy deposited in the plasma, measurements should be taken

to observe other frequencies. This could be done crudely

through band pass filters or more precisely through spectral

measurements.

The plasma density characteristics close to the target

in the region of interest have been inferred from reflection

and transmission measurements. However, measurements of

currents in the target generated by the inhomogenaous blow-

off of the electrons and ions could resolve the density

characteristics in the region too close for an electric probe.

Also, high-speed photography could be employed to obtain a

better understanding of the plasma propagation in the direction

of the laser beam.

Due to the availability of only one fast detector,

comparison of the reflected and transmitted signals was done

at slightly different power densities. Another detector with

an optical delay line would allow simultaneous comparison of

the two signals.

Additionally, all measurements were made to explain two-

dimensional plasma characteristics. A three-dimensional

analysis is required to fully understand the development of
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the plasma and the corresponding reflection and absorption

characteristics. This also could be accomplished by using

high-speed photography, or electronic probes.

As far as the conclusions about the direction of the

critical density gradient are concerned, more could be said

if the plasma temperature, TE , could be mapped, the way

Brooks mapped the density contours. Such contours may reveal

the relative directions of the temperature and density

gradients in the early plasma.
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Fig. (1) Incident frequency matching the plasma
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Fig. (2) Dependance of the Reflection coefficient
on the flux density for aluminum (Basov, Ref. 11)
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