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I Introduction Laser radiation 

The development of a space-based transmission 
system that will utilize high-power lasers as trans- 
mitters will require not only efficient laser systems 
but also efficient converter systems to convert the 
laser energy into a more useful form such as electric- 
ity. The characteristics desirable for such a converter 
are as follows: 
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, 1. Wavelength independence 
2. High energy-conversion efficiency 
3. High power density 
4. High power-to-weight ratio 
5. Reliable and maintenance-free operation 
6. Not excessively expensive to manufacture 

Wavelength independence is desirable so that any 
available laser may be utilized. Visible wavelengths 
are more desirable than infrared because of their bet- 
ter transmission and conversion properties. Smaller 
beam divergence of visible wavelengths is important 
in reducing the size of the transmitting and receiving 
optics, whereas the larger photon energy is more eas- 
ily matched to proposed photovoltaic receivers. High 
energy-conversion efficiency and high power density 
operation are closely related. The need for high 
energy-conversion efficiency is required since trans- 
mitted energy that is not converted to a useful form 
will be converted to heat which must be rejected from 
the system. High power-to-weight ratio will mini- 
mize the system weight for a given power capacity, 
which, in turn, will minimize launch weight and cost. 
Characteristics 5 and 6 are self-evident. Three con- 
cepts that may satisfy these converter characteris- 
tics are optical rectification, laser-driven magneto- 
hydrodynamics (MHD) , and reverse free-electron 
laser. These devices are shown in figure 1. 

Although optical rectification (ref. 1) and the re- 
verse free-electron laser offer the potential of meet- 
ing the above characteristics, the technology base 
for these two concepts is extremely limited. The 
laser-driven magnetohydrodynamic generator, on the 
other hand, has available for its development a wealth 
of experimental and theoretical data on MHD gener- 
ating systems and laser-plasma interaction phenom- 
ena. Coupling of the two concepts is straightforward 
and development would proceed at a fairly rapid 
pace. 

Over the past few years, experiments have been 
carried out at the Langley Research Center in order 
to assess the potential of a laser-driven MHD gener- 
ator as a power converter. These experiments were 

ically, and, in particular, the absorption of laser en- 
ergy by the plasma as well as the extraction of the 

b designed to study the laser-plasma interaction specif- 
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(a) Optical rectification. 

(b) Laser-driven MHD. 
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( c )  Reverse free-electron laser. 

Figure 1. Three concepts for laser converters. 

energy from the flowing plasma by use of an MHD 
generator. 

Plasma Heating With a Laser 
Heating of a plasma by absorption of laser energy 

occurs by inverse bremsstrahlung whereby the laser 
radiation is absorbed by free electrons. The electrons 
will then transfer energy to ions and neutral atoms 
by collisions. The absorption coefficient cy for inverse 
bremsstrahlung is given by (ref. 2) 

where Zi is the ionic charge, ne is the electron 
density in ~ m - ~ ,  A is the high-frequency screening 



parameter, Te is the electron temperature in eV, v is 
the laser frequency, and vp is the plasma frequency. 
Coupling of the laser energy into the plasma is most 
efficient if the electron density of the plasma is such 
that vp is close to v so that the absorption depth 
a-' is a minimum. For plasmas of interest in MHD 
systems, electron densities are in the range from 10I6 
to 1017 cmP3. The corresponding absorption depths 
(for Te = 1.0 eV) are 200 cm and 2 cm, respectively. 
If the electron density of the plasma reaches a density 
for which vp = v, the absorption coefficient becomes 
infinite and the laser beam does not penetrate into 
the plasma. The critical density nc is given by (ref. 3) 

nc = (1.24 x 10-8)v2 (2) 

For the 10.6-pm radiation produced by the 
C02 laser, this critical density is approx- 
imately 1019 ~ m - ~ .  This situation results in a laser- 
supported detonation (LSD) wave propagating from 
the plasma surface along the laser beam toward the 
laser. These waves move at supersonic speeds and 
ionize and heat the medium through which they are 
propagating. 

The energy absorbed by the free electrons can 
be dissipated in several ways: (1) expansion of the 
plasma volume; (2) heating of the electrons, ions, 
and neutral atoms; (3) inelastic collision resulting in 
excitation and ionization of the ions and atoms; (4) 
diffusion of electrons out of the plasma; (5) attach- 
ment of electrons to atoms to form negative ions; 
and (6) radiative losses such as bremsstrahlung and 
radiative recombination. The relative importance of 
these various processes depends on the plasma pa- 
rameters, and in many cases some of the processes are 
negligible. For efficient MHD power generation, the 
important processes are expansion of the plasma vol- 
ume and heating of the electrons which, at the pres- 
sure and temperatures applicable here (ne x 10I6 to 
1017 ~ m - ~ ,  Te x 0.5 to 1.0 eV), are shown to dom- 
inate; the other processes represent energy losses, 
with radiative recombination being the major loss 
mechanism (ref. 4). 

The increase in electron temperature due to ab- 
sorption of laser energy ATe/Te is given by (ref. 5) 

- exp ($)I 1 L dt (3) 
9 0  

where ni is the ion density in ~ m - ~ ,  g f f  is the free- 
free gaunt factor, Te is in eV, h is Planck's constant, 
q is the cross section of the laser beam in cm2, t~ is 

the laser pulse length in seconds, and L is the laser 
intensity. 

If the plasma exists for an adequate length of 
time, the electrons will transfer energy to the ions 
by collision, and for a Coulomb-dominated plasma, 
equilibrium is reached in a time teq given (in seconds) 
by (ref. 6) 

where A, is the atomic weight of the particle, the 
subscript i refers to the field (heavier) particle, and 
the subscript e refers to electrons. For electrons 
Ze = 1 and in the plasmas investigated here, only 
single ionization occurred with the result that Zi was 
also equal to 1. 

Experiments With a Large CO2 Laser 

k s e r .  The laser used in the first experiments 
was a large pulsed C02 system consisting of an os- 
cillator and an amplifier. The system was a conven- 
tional transverse electric, atmospheric (TEA) pres- 
sure design with an unstable resonator operated on 
a He:N2:C02 (8:l:l) mixture with a repetition rate 
of 1 Hz. The peak energy output was 100 J with a 
pulse width of 80 nsec full width at half maximum 
(F WHM) intensity. 

Test chamber. Figure 2 is a schematic of the 
experimental arrangement. The laser beam was fo- 
cused by a germanium (Ge) lens to a rectangular 
spot 1 cm by 2 cm at the center of the test cham- 
ber. The test chamber was a 5-cm inside-diameter 
(I.D.) Corning Pyrex T-shaped tube with germa- 
nium windows. The test chamber was normally filled 
with argon gas, generally at atmospheric pressure but 
with some tests conducted at a lower pressure. The 
spectrograph was a 0.5-m Czerny-Turner mount that 
could be equipped with a photomultiplier tube and 
used as a monochromator. The streak camera was 
used to measure the velocity of the LSD wave p rop  
agating from the focal point of the lens toward the 
laser. For this measurement, the test chamber walls 
were completely covered with black tape except for 
a 1-mm-wide horizontal slit. An image of this slit 
was formed on the photocathode of the streak cam- 
era. When the camera was triggered, the slit image 
was deflected in the vertical direction as a function of 
time. The resulting data are illustrated in figure 3. 
The slope of the line gives the velocity of the LSD 
wave (i.e., A X / A T ) .  Measured values of the velocity 
were typically between lo6 and lo7 cm/sec. (Sound 
velocity in hydrogen is 1.284 x lo5 cm/sec.) 
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Figure 2. Schematic of experimental arrangement. 
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Figure 3. Measurement of LSD wave velocity. 

The emission from the plasma was recorded using 
the 0.5-m spectrograph. The spectrum, in the visible 
region, was recorded on film, and the wavelength of 
the emission lines was determined by comparison to 
the mercury spectrum. The spectrum was dominated 
by singly and doubly ionized argon lines that appear 
in this type of plasma at temperatures between 1 and 
2 eV. The LSD wave was initiated when ionization 
in the plasma (created in the test chamber) became 
sufficient so that the plasma frequency vp was equal 
to the laser frequency v. For the 10.6-pm C02 
radiation, this occurs at ne x 10'' crnv3. 

Although this system worked well and produced 
consistent results, it was not the most convenient 
for studying plasma heating by lasers since the 
plasma is produced and heated by the laser simulta- 
neously. Consequently, this system was replaced by a 

system consisting of a shock tube to produce a dense, 
low-temperature plasma that was then heated by a 
smaller C02 laser. This arrangement allowed sep- 
aration of the heating phenomena from the actual 
production phase of the plasma. 

Experiments With a Shock Tube and Laser 

Laser. The laser used in this investigation was 
a small, pulsed, commercial TEA C02 laser with a 
stable resonator operated at atmospheric pressure. 
The pulse width and energy per pulse could be varied 
by varying the gas mixture, which was typically 
He:N2:C02 (8:l:l). The laser output energy was 1 J 
with a pulse width of 80 nsec (FWHM). 

Shock tube. The plasma was produced in a 
T-type, electromagnetic shock tube. The side arm 
of the tube (fig. 4) was commercial glass tubing 
with a 2.5-cm inside diameter. The distance from 
the electrodes to the observation area was 50 cm. 
Hydrogen was used as the fill gas at pressures in 
the range from 1 to 5 torr. The discharge was 
powered by a 12.5-pF capacitor, which could be 
charged to 20 kV but was normally operated at 
12.5 kV (976 J). The system had a ringing frequency 
of 50 kHz. The shock tube was connected to an 
aluminum housing (fig. 5) that had eight observation 
ports, an adjustable reflector, and a pumping port 
through which the s stem could be evacuated (base 
pressure 1.0 x 10- torr) and the gas introduced. 
The observation windows were quartz, except for 
those through which the laser beam passed which 
were NaC1. 
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Figure 4. T-type electromagnetic shock tube. 

Experiment setup. A general schematic of the ex- 
perimental arrangement is shown in figure 5. The 
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laser beam was focused by a germanium lens (20-cm 
focal length) to a spot size 1 mm by 2 mm at the 
tube axis. The laser output power was monitored by 
a gold-doped germanium detector (Au-Ge detector), 
and the laser energy transmitted through the plasma 
was measured with a calorimeter. Two monochroma- 
tors were used for spectroscopic measurements. Both 
instruments were 25-cm focal-length Ebert mount 
with 1200 lines per millimeter gratings. Both instru- 
ments were equipped with S-20 phototubes and were 
calibrated for absolute intensity using a standard car- 
bon arc according to Lochte-Holtgreven and Richter 
(ref. 7).  The wavelength drives were calibrated using 
a low-pressure mercury lamp. One of the monochro- 
mators measured the absolute intensity of the hydro- 
gen alpha (Ha) line, whereas the other measured the 
absolute intensity of a 100-8, band of adjacent con- 
tinuum. A scanning Fabry-Perot interferometer was 
also used to scan the profile of a silicon (Si) impurity 
line (4130.9 8, Si 11). The interferometer had 5.0-cm- 
diameter mirrors, a free spectral range of 5.69 A, a 
finesse of 20, and a scan time of 0.41 8,/psec. 

Photomultiplier 
tubes 

u, p _ _ _ _ _ _ _ _ _  E ' -J- -~ 
/Prism ~ e a m  Calorimeter splitterd Mirror 1 

Figure 5. Laser-heated plasma. 

Diagnostic Measurements 

Diagnostic measurements of the plasma produced 
by the shock tube without laser heating were made 
spectroscopically. Preliminary measurements of the 
electron density were obtained by scanning the Stark- 
broadened Ha line shot-to-shot while monitoring the 
total intensity of the continuum band. Comparison of 
the measured profile with theoretical profiles (ref. 8) 
established a range of electron densities that could 
be obtained in the shock tube. This also established 
the shot-to-shot reproducibility of the shock tube 
( f 2 0  percent). On each run, the data obtained con- 
sisted of the absolute intensity of Ha, the absolute 
intensity of the adjacent continuum, and the Stark- 
broadened width of the silicon impurity line. These 

data were used as input for computation of the elec- 
tron temperature from the line to continuum ratio, 
the electron density from the absolute continuum in- 
tensity, a second value for electron density from the 
Stark-broadened width of the silicon impurity line, 
and a second value of the electron temperature from 
the absolute intensity of the Ha line. These values 
were then compared with values of ne and Te cal- 
culated from the Saha equation, which is based on 
local thermodynamic equilibrium (LTE), and agreed 
within an experimental uncertainty of f 1 5  percent. 
Figures 6 and 7 show the electron density and the 
electron temperature, respectively, as a function of 
time for a typical run. 

1 
6 1017 
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25 27 29 31 33 35 37 
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Figure 6. Electron density plotted against time for electrc- 
magnetic shock tube. 
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Figure 7. Electron temperature plotted against time for 
electromagnetic shock tube. 

Absorption of the C02 laser beam was investi- 
gated by measurement of the beam energy transmit- 
ted through the plasma. The delay in firing the laser 
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was increased in steps of 1 psec (0.5 psec at peak ab- 
sorption), and five measurements were made at each 
time setting. Figure 8 shows the absorption as a func- 
tion of time and indicates that a dense plasma exists 
in the observation area for times up to 100 psec. Af- 
ter this time, the plasma is low enough in density that 
the absorption depth for the laser radiation is much 
larger than the plasma dimension (approximately 3 
to 4 cm). 

Absorption, 6o 1 
percent 

40 t 
2oL 0 20 

40 60 80 100 
Time, psec 

Figure 8. Absorption of C02 laser radiation by shock-tube 
plasma plotted against time. 

Validity of Spectroscopic Measurements 
The validity for the methods used to obtain the 

most probable electron density and electron temper- 
ature depends on the establishment of local thermo- 
dynamic equilibrium in the plasma, a condition re- 
quiring that the collision rates exceed the radiative 
rates in the plasma. Conditions for the establishment 
of LTE in transient plasmas are given by McWhiter 
(ref. 9) for electron density and by Griem (ref. 8) for 
ionization relaxation times. 

The optically thick condition is satisfied if (ref. 8) 

where n is the density of the ion stage of the atom 
from which the spectral line originates, d is the 
plasma dimension in cm, f is the absorption oscil- 
lator strength, A is the atomic weight, and A' is the 
wavelength of the resonance line in cm. The opti- 
cally thick condition is met in a 2-cm-long plasma for 
both hydrogen and silicon at densities greater than 

~ m - ~ .  

In order for LTE to exist in an optically thick and 
collision-dominated plasma, the requirement for the 
electron density is given as (ref. 8) 

ne 2 (1.6 x lo2) x 3 Te 1/2 [cm-3] (6) 

where x is the excitation energy of the resonance line 
in eV and Te is in eV. If the plasma is optically thin, 
the density must be an order of magnitude higher. 
The ionization relaxation time 7 (the time required 
for the ionization to reach a steady-state value) must 
be shorter than the plasma lifetime. The expression 
for r is (ref. 8) 

(1.5 x 1 0 7 ) N + ~ T J / 2  
f ne( N +  + N ) (  13.6)3/2 

7 =  

(7) 
where N and N +  are the neutral and ion densities, 
respectively. The ionization relaxation times are of 
the order of sec. According to equation (6), a 
density of ne = (2 x cm-3 is required for LTE 
to be established. Measured densities were generally 
in the 1017 cm-3 range so that the criterion for LTE 
was easily met. 

Plasma Heating by Laser 
Measurements of electron temperature and elec- 

tron density were obtained continuously as a func- 
tion of time on each run. This allowed measure- 
ments to be made before and after the laser was fired. 
The time delay between firing the shock tube and 
firing the laser was varied over a time span of ap- 
proximately 150 psec corresponding to the lifetime 
of the plasma. This time increment (delay) was nor- 
mally 5 psec when the plasma was decaying slowly 
and 1 psec when the change was rapid. Figure 9 
shows a typical signal from the two monochromators 
with the laser being fired near the peak of the emis- 
sion. The rapid change in intensity and the electrical 
noise generated when the laser was fired prevented 
any accurate measurements over the time interval of 
several microseconds. Consequently, the detailed be- 
havior of the plasma during the period of absorption 
is not known. For the data presented, the measure- 
ments show an increase in electron temperature of 
16 percent. 

The measured increase in the plasma tempera- 
ture was compared with values calculated from equa- 
tion (3). The measured temperature increase was less 
than that expected assuming all the absorbed energy 
was utilized in heating the plasma. The remaining 
absorbed energy was assumed to go into expansion 
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Figure 9. Total line and continuum emission plotted against 
time with laser heating. 

of the gas (ref. lo), and no attempt was made to 
investigate this assumption. 

Experiments With an MHD Generator 
Power may be extracted from a moving plasma 

by use of an MHD generator. This concept has ex- 
isted since the time of Faraday, and considerable 
research and development have been carried out in 
this area with the result that several large terres- 
trial systems are now in operation around the world 
(ref. 11). The concept of using an MHD system as a 
laser-to-electrical power converter is attractive since 
high absorption of the laser beam by a plasma (ap- 
proximately 100 percent) can be achieved as demon- 
strated here (refs. 12  and 13) and the MHD generator 
exhibits a high conversion efficiency (approximately 
70 percent) (ref. 14). 

An MHD generator consists of a conductor mov- 
ing through a fixed magnetic field. In these sys- 
tems the conductor is a high-temperature ionized gas 
(plasma) or a liquid metal. Electrical current I is ex- 
tracted from the flowing plasma by electrodes. Fig- 
ure 10 is a schematic of the simple MHD generator 
used in the experiments reported herein. Power out- 
put was determined by measuring the voltage across 
a 1-MR resistor ( R )  on an oscilloscope. The voltage 
is just the IR  product, and since R was known the 
current I could be determined. The power was then 
calculated as 12R. 

In order to determine if the laser energy ab- 
I sorbed by the plasma could be efficiently extracted as 

Electrodes 4 
Figure 10. Simple MHD generator used in experiments. 

electrical energy, a simplified Hall-type MHD gener- 
ator was constructed and installed on the T-tube in 
place of the end assembly. The magnetic field was 
supplied by a permanent magnet with a field strength 
of 4.5 kilogauss between the pole faces. Figure 11 
shows the MHD generator arrangement. The gen- 
erator was constructed from 2-cm outside-diameter 
(O.D.) quartz tubing that was 12 cm long. The elec- 
trodes were constructed of aluminum and were 1.5 cm 
wide and 5 cm long. The power equation for such a 
Hall generator is given by (ref. 15) 

p=- p2 uV2B2 K(1- K) 
1 + p2 

where p is the ratio of the electron mean free path to 
the Larmor radius, u is the plasma conductivity, V is 
the flow velocity, B is the magnetic field, and K is the 
ratio of load to open-circuit voltage. If the plasma is 
in the Coulomb-dominated regime, u is proportional 
to T 3 / 2  (refs. 6 and 14), so that increasing the tem- 
perature increases the power output of the generator. 
If the laser energy is deposited in a short time, the 
rapidly heated gas also expands, thus increasing V 
and, consequently, the generator output. 

During the course of the investigation, the delay 
time between the arrival of the initial shock wave at  
the entrance to the MHD generator and the firing of 
the laser was increased in l-psec steps. Several runs 
were made at early delay times (less than the time for 
the shock wave to travel the length of the tube), and 
average values of the power (extracted from plasmas 
not heated by the laser) were determined. 

For delay times of 25 to 50 psec, absorption 
up to 100 percent was observed (see fig. 8), but 
little change in the generator output was observed. 
However, for delay times greater than 50 psec, less 
absorption occurred, but a significant increase in the 
generator output was observed. Figure 12 shows the 
generator output with and without laser heating at 
90-psec delay (maximum measured extraction). At 
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Figure 11. T-tube experimental arrangement of MHD 
generator. 

this time, the electron temperature had fallen to 
5000 K and the electron density to approximately 
1015 ~ m - ~ .  The absorption of the laser beam was 
approximately 25 percent, which was still adequate 
to heat the plasma and increase its electron density. 
The extraction efficiency is defined as the ratio of 
the power output of the generator due to the laser 
heating (i.e., integrated power out with laser divided 
by integrated power out without laser) to the laser 
power absorbed. The highest value obtained (at 
90-psec delay) was 56 percent. Figure 13 shows the 
extraction efficiency as a function of delay time. The 
error bars represent the shot-to-shot variation in the 
experiment. 
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Figure 12. Output of MHD generator both with and without 
laser heating. 

Results and Discussion 
Although the experiments conducted were not ex- 

haustive, the results (to be described below) strongly 

I Error bar 
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Figure 13. Conversion efficiency plotted against delay time. 

suggest that a laser-driven MHD converter system is 
a viable option for space power transmission. These 
results are in agreement with previous studies by the 
author (ref. 16). 

The experiment with the CO2 laser, which both 
produced a plasma and heated it, suggests that 
pulsed laser-driven MHD generators operating with 
LSD waves are a definite possibility. It demonstrates 
that the plasma electron density can reach a crit- 
ical value resulting in the formation and backward 
propagation of an LSD wave at a velocity between 
lo6 and lo7 cm/sec. Peak electron temperatures of 
1 to 2 eV were estimated for this plasma based on 
the emission spectrum. These values of T, and ne 
suggest that a very efficient laser-driven MHD con- 
verter system could be based on this concept. In 
fact, this system has been studied theoretically by 
Maxwell and Myrabo (ref. 17) who concluded that 
efficiencies approaching 50 percent are possible. 

The experiments with the laser-heated shock-tube 
plasma demonstrated conclusively that absorption of 
the laser beam by a plasma can be very efficient 
(>90 percent) and that, under certain conditions, 
extraction of this energy by an MHD generator is 
very efficient with values up to 56 percent measured 
in these experiments. 

The low extraction efficiency measured during the 
initial phase of the plasma flow is not understood. 
Absorption of the laser beam may have introduced 
turbulence into the flow. If this is the case, some 
limit will be imposed on the amount of energy per 
unit volume that can be added to the flow. This 
restriction certainly would apply to a pulsed system 
and also present a limitation to a continuous system. 

Concluding Remarks 
Experiments have been made to study the ab- 

sorption of laser radiation by a plasma and the 
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conversion of this absorbed energy to electrical power 
by a magnetohydrodynamic (MHD) generator. The 
large amount of absorption observed in this experi- 
ment, along with the high extraction efficiency mea- 
sured with the MHD generator, suggests that these 
methods have considerable potential as a laser-to- 
electricity converter. Such a system would have 
several advantages: 

1. Wavelength independence 
2. High energy-conversion efficiency 
3. High power density 
4. High power-to-weight ratio 
5. Reliable and maintenance-free operation 
The results of these experiments strongly suggest 

that further research be carried out in this area in 
order to ascertain fully the potential of these laser- 
driven MHD systems. 

NASA Langley Research Center 
Hampton, Virginia 23665-5225 
February 8, 1988 
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