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ABSTRACT

Light from a neodymium doped glass laser was focused in

Hydrogen gas at pressures from 20 mlllitorr to 62 atmospheres

in order to produce optical breakdown of the gas. In the

cases where breakdown was experienced, absorption of the

remainder of the laser pulse by the resulting plasma was

studied. It was found that the hydrogen plasma had some

very distinct absorption characteristics; in that, absorp-

tion was very small at pressures slightly exceeding the

threshold for optical breakdown, and very strong at pressures

above one atmosphere. There was strong evidence of a fre-

quency shift greater than 35 angstroms of the laser light

as a result of its transit through the plasma. Photographs

of the forward transmitted laser intensity pulses after

breakdown were compared in time with a similar pulse in

which no breakdown was experienced. An effort was made to

discover evidence of anomalous absorption at the plasma

frequency near the frequency of the laser light. The data

does not conclusively support anomalous absorption in the

pressure range where the plasma frequency is approximately

equal to the laser light frequency. There was evidence of

increased absorption at lower pressures that might be a

result of an anomalous heating mechanism.
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I. INTRODUCTION

The purpose of this study was to investigate the absorp-

tive characteristics of a hydrogen plasma formed by focusing

the light from a giant pulse neodymium laser in the presence

of hydrogen gas. A more specific aim was to find evidence

for the phenomenon of anomalous absorption in which increased

absorption is induced by specific properties of the plasma.

The laser light was focused by a simple double-convex lens

in a pressure cell containing hydrogen gas at pressures

from 20 millitors to 62 atmospheres. In the cases where

breakdown was experienced, absorption of the remainder of

the breakdown producing laser pulse by the resulting plasma

was studied.

A straight-forward experiment was undertaken in which

pressure of the hydrogen gas was varied in order that the

plasma electron frequency equal the laser light frequency.

For a given pressure the density of molecules of a gas can

be calculated. The density of electrons associated with the

neutral molecules is then twice the density of molecules in

the case of hydrogen gas. Thereby, an upper limit of

electron density after molecular disassociation, and ioni-

zation is fixed and quickly determined. The plasma electron

frequency is a function of the square root of the electron

density. A slightly modified form of the ideal gas law

was incorporated to find the pressure necessary to yield





the proper electron density under equilibrium conditions.

Special attention was devoted to pressures near the pressure

predicted by the modified gas law.





II. THEORY

If a deuterium plasma is sufficiently heated to high

temperatures j nuclear fusion is probable and a subsequent

release of energy could be realized. Laser heating provides

a possibility of achieving these temperatures. Instabili-

ties in the plasma provide for increased absorption of

laser radiation and heating of the plasma is thereby

increased.

The primary absorption process for a fully ionized

plasma is due to electron-ion collision. Energy is absorbed

over a distance L by a plasma according to the equation

E = E
o
(l-e~

KL
)

where E is the laser energy, and K is the absorption

coefficient given given by the equation [Ref. 5]
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According to Kaw [Ref. 2] the classical absorption length

of a plasma when the plasma frequency is close to the laser

light frequency is given by

L = 5 x 10
l8

T3/2/n
e

microns





where T is measured in eV and n in cm . In a plasma of
•5 21

temperature 10 eV and density 10 the classical absorption

length is 1500 microns, and a typical plasma radius is

approximately 100 microns. This situation will not allow

sufficient heating to attain thermonuclear temperatures.

As the plasma mentioned above expands in its reaction to

a sudden increase in temperature, it becomes transparent to

the laser light and consequently loses its ability to absorb

more energy from the laser pulse. Another possibility is

that the plasma will reflect the laser light when the laser

light frequency is less than the plasma electron frequency.

Again the plasma temperature is not increased, as there is

no heating.

In a paper by Kaw, and others [Ref. 1], the authors

present evidence of enhanced absorption based on computer

simulations, laboratory experiments with microwaves, and on

experiments involving radio wave propagation in the iono-

sphere. The evidence, according to the authors, establish

the existence of anomalous heating beyond doubt. This

anomalous heating is a result of moderate ion density fluc-

tuations which give rise to strong enhancement of high fre-

quency resistivity at frequencies in the vicinity of the

plasma electron frequency. This enhancement in high

frequency resistivity yields increased absorption.

In two separate works by Dawson, and Oberman [Ref. 3

and 4] a linear theory of high frequency resistivity is

discussed. In this theory the electrons of the plasma are





treated as a fluid and the ions as relatively stationary

potential spikes. A graph is shown where [Fig. 9] the

resistivity of the plasma is a function of the ratio of

the imposed background oscillating electric field to the

plasma frequency. The curve shows that resistivity is a

constant up to frequencies close to the plasma frequency.

There is a slight rise in resistivity at frequencies close

to the plasma frequency, and then a drop in resistivity at

frequencies greater than 1.-4 times the plasma frequency.

This slight rise in resistivity at the plasma frequency is

thought to be a result of the excitation of longitudinal

plasma waves that are caused by an interaction between the

oscillating electron fluid and the ion spike potentials.

The background oscillating electric field drives the elec-

tron fluid in cyclic motion about the ion potentials, which

exert perturbations on the fluid motion. When the frequency

of the background oscillating electric field is close to

the plasma frequency, the perturbations are at the frequen-

cy necessary to excite the natural modes of the electron

fluid. If the ion potential spikes are randomly distributed,

the perturbations will develop destructively interfering

waves, and will be damped away. If the ions are distributed

in order, the perturbations of the oscillating electron

fluid will yield waves that will constructively interfere,

and in this way the waves grow as a result of energy taken

out of the background electric field.





The development of these waves is possible in the case

of the regularly positioned ions in the plasma. The stronger

the regularity, the greater the amount of energy transferred

from the background field to these waves. Reference 2

predicts that the ion correlation can be strong as a result

of an intense electric field near the electron plasma fre-

quency. The authors suggest that the intense electric

fields experienced in the beam of a giant pulsed laser

might be sufficient to obtain strong ion correlation.

The electron plasma frequency is given by the equation

v - JB£ = i
pe 2tt 2tt\

n e
-— = 8.99 x 10 3 n

1/2
me

where n is the electron density in cm
-3

1 h _i
the neodymium laser is 2.81 x 10 sec

The frequency of

These two fre-

quencies are set equal and the expression is solved for

electron density. It was found that the electron density

is given by

n = 9.76 x 10
20

cm" 3

The ideal gas law is used to approximate the pressure of a

gas under equilibrium conditions that has the necessary

density.

P V _
P
o
V
o





At a pressure of one atmosphere, and temperature 273° Kelvin,

2

1

a volume of 22.4 liters of a gas contains 6.023 x 10

molecules. The equation above is modified to include density

information.

P V
P V = o o
T N " T N

o o

P = 1 atm, V = 22.4 ltre, T = 273° K, and N = 6.023 x
O O ' o o

10 . The equation is solved for pressure, and the N/V

term is changed to a density term n. The result is:

P = 4.019 x 10
20

n.

This pressure is in units of atmospheres when n is in units

of cm .

It is assumed that the plasmas produced in this study,

with the neodymium laser operating at average powers of

300 MW, are 100$ ionized within the focal volume of the

lens used. It was further assumed that molecular disasso-

ciation occurred in each case of ionization. Incorporation

of these two assumptions enables the direct substitution of

the electron density in the equation. However, due to

disassociation the pressure must now be reduced by a factor

1/2. When this is done the pressure of the gas is found

to be

10





P = 19.62 atm = 288.4 psia.

The temperature of the room was used for the temperature

of the neutral gas. On the average it was 22° C, and this

value was used in the above calculations. In the experi-

mental technique however, allowances were given for pressure

gauge innaccuracies , and a range of pressures were studied.

In this way it was felt that the 22° C temperature used

above was not critical, but did provide a general region

to be studied.

11





III. EXPERIMENTAL PROCEDURE

A. APPARATUS

A Korad Model K-1500 neodymium laser system was used

throughout the study. Important characteristics of the

system are:

Energy 3 to 9 Joules

Pulse width 22 to 28 nanoseconds

Peak power 250 to 350 Megawatts

Wavelength 1.06 micrometers

Beam diameter 0.75 inch

A pressure cell was designed to contain gas at pressures

from 20 microns of mercury up to 62 atmospheres. The cell

had a center cavity volume of approximately 12 cubic inches

It was outfitted with two inch diameter circular entrance

and exit windows. Two side windows were two by three inch

rectangular openings; top and bottom openings of the same

dimensions were not used as windows, but were blocked off

with plates of brass. All windows were of Pyrex 7913 tem-

pered glass which has a 91% transmission characteristic at

the laser wavelength. The top brass plate was fitted with

the gas supply plumbing. A forepump was used to lower the

pressure from one atmosphere. A supply of nitrogen purged

the whole system. A method was worked out with the nitro-

gen supply and the forepump such that repeated flushings

insured a relatively pure amount of hydrogen gas. Nitrogen

12





was used after the experimenting each day to clean out the

system for safety considerations.

Three photodiode detectors were used in order to monitor

the laser pulse before breakdown, to measure energy of the

plasma radiation, and to monitor the forward transmitted

light after breakdown. The pulse of the laser was detected

before breakdown with a Korad K-Dl photodiode. It provided

laser pulse intensity, and energy information. It also was

a convenient trigger for the three oscilloscopes used. The

forward transmitted light was detected by an ITT F-4000

S-l photodiode which provided transmitted pulse intensity

information. A Tropel Model 330 photodiode was utilized in

order to obtain plasma radiation intensity and energy

information. Figure one shows the relative physical layout

of the system.

A helium neon laser also shown in Figure one provided a

valuable alignment tool, which enabled the cell to be aligned

with the neodymium laser beam. The light from this helium

neon laser was allowed to pass through the system at all

times as its very low power was not a factor in the measure-

ment of the large light intensities experienced throughout

the study. The pressure cell was aligned by placing aluminum

discs with small holes centered in each in the window open-

ings of the entrance and exit ports.. The cell was situated

on an adjustable table that could be adjusted in height and

lateral angle. Adjustments were made such that the light

from the helium neon laser passed through front and rear

13





holes. This procedure was followed rigorously the first

time, and thereafter checked before work was begun, as it was

felt that this alignment was not critical. A double convex

lens of focal length 5.3 cm was mounted in the entrance

window interior to the cell. It was positioned such that

the focal point of the lens was coincident with the center

of the pressure cell.

Knowledge of the power density at the focal volume was

important throughout the study. Two methods were employed

to determine the focal area of the lens, and good agreement

was reached in comparison. However, both methods are not

exact as will be explained later. The first method was

simply to place aluminum foil of thickness 10 J inch at

the focus of the lens, and fire the laser. The resulting

hole diameter was measured and found to be one mm. This

method lacked exactness in that the outer dimensions of

the hole are most probably a result of melting rather than

the "burning" effects at the center. The second method

involved production of a plasma in hydrogen gas as a result

of optical breakdown. The gas was set to a low presure and

the laser fired as the pressure was gradually increased.

One such shot resulted in which the forward transmitted

pulse was similar to the laser pulse except for small dis-

tortions at the top of the pulse. This was taken to be

very close to the threshold of breakdown. The pulse power,

and gas pressure were recorded. The data in reference one

was consulted, and the focal diameter computed with this

14





information. The power density at the focus of the lens

is given by

F = P/A

where P is the power of the laser pulse, and A is the area

of the focal volume in crossection. The pressure of the

hydrogen gas was 2.5 psia, or 0.17 atm. Figure 5-5 of

Ref. 1 was extrapolated for this low pressure, and the

11 2corresponding power density is 8 x 10 W/cm . The power

of the laser shot was 299 MW. When these values are

substituted in the above formula, the result is

A = 37. ^ x 10~ 6
cm

2
.

The focal area is taken to be that of a circle, and the

corrresponding diameter is 0.07 mm. It should be mentioned

here that the sources of the book [Ref. 1] did not agree in

their respective measurements of breakdown threshold in that

each incorporated different techniques for focal spot diameter

measurement. One of these methods involves use of the

equation

d - fe

where D is the focal spot diameter, f is the lens focal

length, and 6 is the laser beam divergence. The Korad laser

15





manual was consulted for the laser beam divergence. The

published divergence is 1.7 x 10 J radians. Using the above

formula, with a focal length of 5.3 cm, and the published

divergence results in a diameter of 0.09 mm, which is in

good agreement with the threshold criteria measurement, a

focal diameter of 0.09 mm was used in computations of power

densities in this study.

The laser pulse monitor was arranged such that it received

a sample of the laser pulse before breakdown with the aid of

a k% beam splitter. Light from the beam splitter was di-

rected to a magnesium oxide diffuser block, and then received

by the detector from the diffuser block. A diffuser block

was necessary in two applications of the experiment in order

to reduce the possibility of detector damage. The K-Dl

detector had an internal integrating circuit. Output from

this circuit was displayed on a Tektronix 564B storage

oscilloscope. The calibration of this arrangement was

carried out by Leslie McKee in a previous work, and his

calibration chart was utilized throughout this study.

A magnesium' oxide diffuser block was also placed directly

in front of the exit window of the cell. The forward trans-

mitted light detector was situated to receive its light

from this diffuser block. A narrow band pass filter of 35

angstrons half-width, centered at the laser wavelength was

placed in front of the detector. Calibration of this arrange-

ment was not needed, as relative measurements of the forward

16





transmitted light were made. Signals from this detector

were fed to a Tektronix 7904 oscilloscope, and photographs

of the resulting wave form were made.

The photodiode placed at the side window was connected

to an integrating circuit, and its signal was also displayed

on the Tektronix 564B storage scope. It was necessary to

operate the oscilloscope in the chop mode in order to pre-

sent two traces (the other from the laser pulse monitor)

simultaneously. This afforded plasma radiation information

in arbitrary energy units. Again calibration of this

arrangement was not accomplished, as relative energies were

considered sufficient. On occasion this detector was also

used to obtain plasma radiation intensity information.

17





IV. DATA

Initially it was necessary to obtain some general infor-

mation concerning absorption characteristics of a hydrogen

plasma as a function of hydrogen gas pressure. The output

from the forward transmitted light detector was connected

to a Tektronix 7904 oscilloscope, and photographs of the

pulse forms were taken. Hydrogen gas pressure in the cell

was reduced to 20 microns of mercury, and the laser fired.

The resulting photograph of the wave form was used as a

"no absorption" standard for comparison.

At this point it is necessary to point out the two

possible methods of pulse comparison. The first involves

taking a picture of the laser pulse before breakdown, and

taking another picture of the same pulse after breakdown.

This method requires two independent oscilloscopes, and a

calibration to compensate for the differences in horizontal

and vertical scales of the two oscilloscopes in order to

make direct comparison between the two pulses. The second

method requires only one oscilloscope; in that a picture

of a given pulse was compared with the picture of a pulse

in which breakdown was not encountered. Both of these

pulse pictures were obtained from an oscilloscope receiving

its signal from the forward transmitted light detector.

The second method was chosen as it was found that

the vertical scale calibration between the two oscilloscopes

was unreliable in that some of the points on the calibration

18





chart were three to five volts from the best straight line

through the points. This would represent an error of 20$

at medium to high intensities. Compensation for slight

deviations in laser energy was accomplished with the use of

a scale factor, E_/E. Where E is the energy of the laser
s s

shot designated as the standard, . and E is the energy of the

shot to be compared. This method was successful in that

errors of only three percent were experienced on the

average.

The pressure in the cell was increased from shot to shot

up to 900 psig. It was assumed that the first shot at the

low pressure of 20 millitorr did not experience breakdown

as no signal was received from the detector at a side win-

dow. The intensities of the higher pressure shots were

measured directly from the photographs at the time of the

standard pulse peak. This time did not in general coincide

with the .peak of the puls.e after breakdown. Time jitter in

the oscilloscope was less than one nanosecond. These

measurements were compared to the standard pulse in the

following way. The measured intensity was divided by the

standard pulse intensity, and this quantity was multiplied

by the scaling factor mentioned above. This equation

I
r

= E
s
/E x I/I

s

yields the relative intensity transmitted through the plasma,

where E /E is the scale factor discussed above, I is the
5
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intensity of the forward scattered pulse at the time of

measurement, and I is the intensity of the laser pulse
5

that did not experience breakdown, measured at the same

pulse time as I. Figure 2 is the result of these

measurements.

It can be seen [Fig. 2] that the absorption at laser

pulse peak time increases rapidly up to 30 psia, and then

is relatively constant up to 415 psia. Measurements beyond

415 psia and up to 915 psia show no significant change from

this constant level.

In another phase of the study, the energy of the plasma

radiation was measured as the pressure of the hydrogen gas

was varied. The signal from the side window was integrated

and displayed on a memory oscilloscope. The height of the

oscilloscope trace from the zero line at time zero was pro-

portional to the energy of the plasma radiation. These

deflections were recorded and scaled in the same way with

the scale factor mentioned before. However, in this case

the standard energy was chosen to be that of the laser pulse

which produced the smallest non-zero oscilloscope trace

deflection. These measurements are shown in Figure 3.

One aspect apparent in comparing the two graphs is the

difference in the trends of each after 30 psia. The energy

plot has a relatively slow decay after 30 psia, whereas the

relative intensity curve remains constant after 30 psia.

If it is assumed that higher absorption would produce

higher plasma radiation energy, then one would question the

20





decrease in plasma radiation energy at higher pressures

while according to Figure 2 the absorption remains constant

in the same pressure range.

A possible explanation is that there is a frequency shift

in the laser light during passage through the plasma. This

light might then be filtered out by the narrow band filter

used on the forward transmitted light detector, and subse-

quent measurements would indicate higher than actual

absorption.

Some evidence for a frequency shift was sought in the

following manner. The pressure cell was filled with hydrogen

at a pressure of 22 psia where the probability for breakdown

was high. Pictures of the breakdown pulse were obtained in

the manner described before, and then again without the

narrow filter in place. The photographs indicated that much

more light was present at the detector when the filter was

not used. The pulse forms had increased in intensity only

during the time of the original pulse. There was no indi-

cation of light at times beyond the original pulse termina-

tion. This excludes the possibility that the increase might

be due to the bremsstrahlung, and hydrogen line radiation

from the plasma. Intensity pulses of the plasma radiation

were photographed and they were much longer in time, and

much reduced in intensity compared to the intensities of

the laser pulse and the forward scattered pulses. There is

a possibility that the filter used simply reduced the

intensity of the center laser wavelength. This filtering

21





should then be constant in percentage regardless of the

Intensity of the incident light. Preliminary measurements

showed that this was not the case, and no predictable

pattern was evident. The half-width of the filter used is

35 angstroms. Frequency shifts as a result of thermal

doppler broadening have been reported [Ref. 6], These were

approximately three angstroms wide, corresponding to tempera-

ture estimates between one and ten ev. The conclusion here

is that evidence for a much larger frequency shift is

present, but not necessarily attributed to thermal

broadening.

In order to discover evidence of anomalous absorption,

the forward scattered light pulses were compared in time

with the very low pressure pulse used as a "no absorption"

standard. Here each pulse was compared with the standard in

corresponding four nanosecond increments. Inherent in

these measurements is the possibility of frequency shift,

and no attempt was undertaken to exclude its possible

effects. Figures four through eight are the result of

these measurements. Straight lines were drawn between points

on the graphs only to aid the reader in keeping track of

a specific intensity profile. In some cases these lines do

not accurately show the trend, as fine structure was observed

in some cases. In general the fine structure of the photo-

graphs and subsequent fine measurements if employed are

damped out by the rather coarse, but accurate measurements

utilized.
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Three characteristics are apparent. In the cases of

low pressure the absorption is weak and with maximum gener-

ally at the laser pulse peak, and a return to 100$ trans-

mission near the end of the laser pulse. At high pressure

apparent absorption is more severe at all times than the

lower pressures, and breakdown characterized by the onset

of absorption, occurs earlier in the laser pulse. Finally

there is some cyclic absorption more apparent in the lower

pressures. The most interesting cases occur in the curves

of 5-3 and 8.7 psia. In these cases apparent absorption

has decreased significantly at times close to the laser

peak. In the curves of 7-3 and 1M.7 psia, as shown in

Figure 5» there is an interesting occurance in that each
1

curve has a significant increase in absorption after a

period of relatively constant absorption. This might be

due to an instability, causing anomalous absorption at

these lower pressures.

Many shots were performed at pressures close to the

pressure predicted in the theory for anomalous absorption.

The resulting curves of relative intensity did not differ

significantly from pressures 100 psi less than, or greater

than the predicted pressure. One such curve is furnished

in Figure seven, in the case of 289 psia.

Hand tracings of some of the forward scattered pulses

are provided in Figures ten through 12. Hand tracing was

necessary as the photographs were too dim for reproduction.

They are arranged in order of increasing pressure. These
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pulses were obtained on separate days, and should be compared

cautiously, as the laser pulse-width was not exactly the

same from day to day. Variations of two to four nanoseconds

were experienced in the laser pulse-width from one day to

the next. Some general characteristics are apparent, and

are discussed. Notice also that the scale factor of the

tracings is decreased by a factor of ten at pressures greater

than one atmosphere. This was necessary in order to more

clearly define the pulses.

Generally the absorption trend is dramatic from low

pressures up to 25 psia. The trend from that point up to

915 psia is relatively stable with a slight decrease in

absorption, as evidenced by the higher peaks of the pulses.

Another characteristic apparent is the rather smooth, and

well defined peaks at low pressures, and again at high

pressures. In comparison the peaks of the pulses in the

range from 22 psia to 35 psia are relatively ragged. At

higher pressures the peaks tend to smooth out, and become

more sharply defined. It must be mentioned that the smoother

peaks at pressures less than 22 psia are somewhat deceiving,

in that a less sensitive scale factor was used at these

pressures. It was, however, necessary as the peaks would

have been off scale if the more sensitive scale factor were

used at the pressures lower than one atmosphere.
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V. RECOMMENDATION

It is necessary that the possibility of frequency shift

of the laser light be explored further, in order that greater

accuracy in absorption may be obtained. The graphs of

Figures two, and five through eight indicate high absorption

at high pressures, yet Figure three indicates appreciably

lower energy of plasma radiation at these pressures. If

a thorough study of frequency shift is undertaken, it might

clarify the apparent discrepancy.

Two other steps in experimental technique are recommen-

ded. A method to detect reflected laser light from the

plasma at 180° should be incorporated. This also might

account for the apparent increased absorption, and in turn

would more thoroughly account for the total energy distribu-

tion of the laser beam. The second step is simply to place

light gathering optics between the plasma radiation detector

and the cell window in order to collect more of the radiation

energy. If the point of breakdown shifts, the plasma might

then be outside of the limited light acceptance angle of

the detector. The resulting signal from the detector would

be misleading if it was assumed that the detector was viewing

the plasma.

In the curve of Figure 3 one notices the scattering of

points at the peak in the range between 20 and 60 psia. This

spread in points might be due to an instability in which

25





absorption characteristics are not readily reproducible

This region of pressures warrants closer study.
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