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The United Aircraft Research Laboratories are engaged in a program to investigate 
the use of a dense, mirror confined, laser produced plasma as the target for a neutral 
injection beam with the goal of creating ·and sustaining a high temperature, high 
density, steady state, mirror confined plasma. The program is a direct extension of 
the UARL investigations of the capture and confinement of laser produced plasmas in a 
minimum-B mirror field. On the basis of the results obtained in this program, a laser 
produced plasma can be captured and mirror confined to produce a target plasma which 
will provide collisional trapping of injected neutrals for more than sufficient time 
to allow buildup to a steady state determined by the balance between collisional 
ionization of the injected beam and the plasma scattering losses. The laser produced 
target plasma is compatible with a high vacuum environment, minimizing charge exchange 
losses during the trapping process, and, since it is·formed and maintained at high 
density, insures collisional equilibrium within the confined plasma despite the 
anisotropic energy and particle input from the neutral beam. 

In this report period, experimental studies aimed at improving the reproduci
bility of the dense, laser produced plasmas have been performed. Efforts in this area 
have been concerned with the positioning of the target particle more accurately in the 
laser focal region and with preventing the premature displacement of the particle from 
the focal region. To address this latter problem, the single beam laser system of the 
previous experiments has been modified to permit the simultaneous irradiation of the 
lithium hydride pellet by two opposed laser beams. In addition, the diagnostic 
capabilities of the present experiment have been augmented so that more detailed 
measurements of the plasma lifetime, density, and energy can be made. A 4 mm 
microwave interferometer has been installed to follow the plasma decay from higher 
densities. The measured density decay histories have been analysed to give estimates 
of the plasma lifetime and energy. Independent measures of the time dependence of 
the plasma radius have been obtained from both microwave interferometry and optical 
streak photography. To measure the energy distribution of the ions which escape 
through the mirror loss cones, an electrostatic ion energy analyser has been developed. 
These improvements to the present experiment are described in Section II. During 
this report period, the theoretical effort in support of the experimental program 
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has dealt with the solution of the rate equations and Fokker-Planck equations which 

describe the confined plasmas in the Laser Initiated Target Experiment (LITE). The 

rate.equation analysis of the plasma heating and evolution to steady state with 

neutral injection using the LITE parameters indicates that a 0.5 Ampere current of 

10 keV neutrals with intensity 5 mA/cm2 at the target will balance the Coulomb decay 

and charge exchange losses with the neutral background and will sustain a plasma of 

density 2:,1012 cm-3. In addition, self-consistent Fokker-Planck calculations (now 

including the effects of charge exchange with the background neutrals) have been 

performed to give the time evolution of the particle energies, density, and plasma 

potential and are presented in Section III. The design of the neutral beam line for 
the charge exchange heating and neutral injection experiments has been completed. 

To accommodate the energetic neutral flux while maintaining the necessary high vacuum 

conditions, a self-consistent calculation, including recycling of the neutral flux 

from the walls, has shown the need for an enlarged experiment chamber to provide 
more effective pumping. The criteria on which the designs of the experiment chamber 

and the neutral beam line are based, are discussed in Sections IV-A and IV-B. In 

addition, plans have been developed to automate the operation of the _LITE facility 
to increase the experimental control capability and to permit the acquisition and 

reduction of the larger volumes of data which will result from the additional 
diagnostics. This system is described in Section IV-c • 
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II. EXPERIMENTAL RESULTS 

A. Plasma Production 

In the current series of experiments, primary emphasis has been given to the 
improvement in the reproducibility of the fully ionized, high energy plasma production 
by laser irradiation of 40-100 ~m diameter LiH particles. As previously noted in 
Ref. 1, a low power, 10-40 nsec risetime prepulse followed by a fast risetime (1-2 nsec), 
high power pulse is required to generate fully ionized plasmas of < 1 keV average 
energy using target particles of< 60 ~m diameter. As the particl~ size is.increased, 
however, the ionization drops, although the energy of the plasma produced remains high. 
Increasing the amplitude of the prepulse results in full ionization but a decrease in 
the average plasma energy. Some improvement in plasma energy is obtained by simply 
increasing the laser pulse energy and peak power, but the efficiency of laser energy 
absorption by the plasma decreases sharply and the improvement is terminated at high. 
laser amplifier gains(> 50 joule laser pulse energies) by a spontaneous laser oscilla
tion resulting from fo~using lens and target particle feedback. This spontaneous 
oscillation produces a relatively low power pulse, but the resultant particle blow-off 
is sufficient to drive the suspended particle out of the suspension system well before 
the high power ionizing and heating pulse arrives. While the threshold for this 
spontaneous oscillation can be raised by suing additional polarizing elements in the 
laser system, the higher laser pulse energies that can be thus attained do not 
appear necessary. The experimental data shows that pulse energies of < 50 joules 
should be adequate to produce high energy· plasmas even· for particles as large as 
100 ~m diameter. 

Small variations of the laser focusing conditions yielded effects similar to 
those described above. B,y displacing the particle 1-2 mm along the beam axis on 
either side of the region of apparent minimum focus and by using a higher power 
initial prepulse to vaporize the particle, complete ionization of the particle could 
be obtained with somewhat greater reproducibility than at the minimum focus, but, the 
resulting plasma energy was law, most probably because the maximum radiation intensity 
was reduced. Surprisingly, however, as the target particle was moved further away 
from the lens, a second region within which fully ionized, high energy plasmas could 
be generated was found at an axial displacement of ~ 8 mm from the initial apparent 
flcus. Since this axial displacement is a rather large fraction of the nominal 20 em 
focal length of the lens, a more detailed study was made of the intensity distribu
tion in the focal regi'on. Magnified iffiages of the time-integrated intensity in 
several different planes in the focal region indicated that, rather than a sharply 
focused beam, a region of nearly constant intensity existed over an axial distance of 
several millimeters, but the apparent sharp ~ocus at two points separated by ~ 8 mm 
did not show up in these tests. Lens aberrations and dynamic motion of the focal 
spot due to time varying divergence of the laser beam are likely causes of such a 
complex focus, and further· investigation of this phenomena is planned. However, even 
with the complex focal region, high energy, fully ionized plasma could be generated 
and, since the characteristics of the focal region do not appear to change radically 
from shot to shot, it appears likely that the cause of the poor reproducibility of 
the plasma lies elsewhere. 
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In the present experiments, as described in Ref. 1, a He-Ne sensing beam is 
used to trigger the laser when the orbiting suspended target particle enters the 
focal region. However, apparently identical positioning of the particle in the 
sensing beam resul~s in greatly different plasma energy and/or ionization from shot 
to shot. This and other evidence suggested that the lack of reproduciblity of high 
energy plasmas with full ionization may result from significant motion of the target 
particle on a nanosecond time scale. Tests have indicated t~at a 50 1-Lm transverse 
displacement of the particle from the center of the focused beam is sufficient to 
substantially reduce the plasma energy and ionization obtained. To produce this 
displacement in 1-10 nsec requi~es a velocity of only 5 x 105- 5 x 106 em/sec, which 
velocity could easily be imparted to the unvaporized solid LiH as a reaction to the 
expansion of hot vapor or plasma produced by one-direction illumination of the 
particle. It had been anticipated that this problem might arise with large target 
particles, and such motion can be minimized or eliminated by irradiating the target .. 
particle simultaneously on two sides with beams of equal intensity. Provision is 
being made for such illumination in the apparatus currently under design and con
struction for the LITE neutral beam injection experiment, and experiments to evaluate 
the.effects of two direction illumination are underway in the present apparatus. The 
present system is not well adapted to the use of two-direction illumination with 
beams of equal intensity because of the mechanical difficulty of installing a lens 
of the same focal length opposite to the existing lens. Therefore, a system using 
unequal focal lengths (60 em focal length lens in addition to the existing 20 em 
focal length lens) has been installed on the system. In any opposed two lens system, 
the direct beam path for each lens becomes a return path towards the laser for the 
opposing beam, and procedures to ensure that the return beams do not reenter the laser 
chain are crucial. Therefore, as a necessary preliminary to plasma production experi
ments with the two beams, tests are in progress to determine a geometry that is 
suitable both for plasma production and minimum feedback into the laser system. 
Simple geometric misalignment of the axes of the two beams is not adequate in this 

. system since the beam apertures are too large for the maximum available angle to move 
the return beams out of the direct beam apertures. This limitation may also exist in 
the new apparatus because of geometric constraints. An alternative, which has been 
successfully used by others, is to set the separation of the two lenses at slightly 
less than the sum of the two focal distances. In this case, each return beam is 
divergent, and given sufficient distance, the intensity of the return beams at the 
laser will be too low to cause damage. In addition, the beam mirrors can be oriented 
in such a way that the return beam polarization is rotated 90 degrees relative to 
the input beam, offering the possibility of discrimination of the direct and return 
beams by means of a polarizing element that can withstand the very high beam intensi
ties; e.g., a stack of optically flat plates set at the Brewster angle for the direct 
beam. This procedure introduces significant operating difficulties, so the simpler 
misalignment and lens separation techniques are being investigated first, in the 

• expectation that these will adequately reduce the feedback without significantly 
compromising the target particle irradiation. 

To ensure the precise initial positioning of the particle, development of the 
feedback system described in Ref. 1 has been continued. As noted in Ref. 1, the key 
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to the system is the detection of an optical image of the target particle to give 
position and velocity signals which can be processed to produce· feedback voltages on 
the suspension plates in order to damp the motion of the particle and position it in 
the laser ·focal region. A vidicon camera and a photosensitive semiconductor surface 
were considered as possible detectors, but further investigation showed that a much 
better possibility was the image-dissector tube or· a. variation of this concept. In 
this approach, either an optical or electronic image of the ~article is swept across 
a slit behind which a high gain photomultiplier is located. The phase of the photo
multiplier signal relative to a fixed clock pulse provides a one-dimensional position 
and, by differentiation, velocity signal for feedback control. The advantage of this 
system is the improved signal to noise ratio in comparison· to the semiconductor 
device and a better frequency response than that attainable with the vidicon camera. 
Preliminary experiments, using a vibrating mirror to sweep the optical image yielded 
acceptable photomultiplier signals using only a 150 watt Xe arc lamp to illuminate 
particles of < 50 ~m diameter. A more complete breadboard system using optical 
imaging is under construction, and the possibility of using a commercially available 
camera tube which does the same job using an electronic image is being investigated. 
The basic advantages of the camera tube derive from the absence of mechanical 
vibrating or rotating components. As a result, the camera tube offers faster and 
programmable scan rates yielding potentially greater resolving power and more precise 
control of the suspended particle. In addition, since the optical image of the 
particle on the tube photocathode varies only with the actual particle position 
(i.e., is not scanned), the system would be less sensitive to angular misalignments of 
the image transfer optics. Because of price and delivery constraints, study of the 
camera tube system is presently limited to analytical investigations, and the experi
mental work is concentrated on the mechanical optical device since the essential 
characteristics of the image dissector concept combined with the overall feedback 
control system can be evaluated more quickly with the mechanical scan. 

B. Plasma Confinement and Diagnostics 

An effort is being made to improve the diagnostics of the confined plasma and the 
interpretation of the resultant data. A 4 mm microwave interferometer has been added 
to augment the existing 6 mm microwave system, thus permitting the density decay to be 
followed from higher densities. In addition, an analytic model has been employed to 
reduce the phase shift and transmission measurements taken with the interferometer to 
give the electron density as a function of time. Further analysis of these density 
profiles has produced estimates of the plasma lifetime and energy. Streak photography 
diagnostics have been used to measure the time evolution of the radius of the mirror 
confined plasma. The size estimates obtained by this method can be checked against 
the size determination made with the microwave interferometers to produce a more 
reliable.measure of the plasma transverse dimensions. An ion energy analyser has been 
developed to measure the energ.y spectrum of the ions which escape out the mirror loss 
cones. In the course of its development, the analyser has been used to measure the 
energy distribution of the plasma ions in a free expansion plasma, and in future 
experiments will be used to examine the confined plasma decay. 
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l. Microwave Diagnostic of Plasma Density Decay 

The primary diagnostic used to examine the decay of the magnetically confined, 
laser produced plasma has been a microwave beam directed between two horns located 
on opposite sides of the plasma as illustrated in Fig. 1. The microwave horns are 
equipped with f/4 dielectric lenses which focus the beam 20 em from the horns at 
the center of the magnetic field. The intensity distribution at this location is 
observed to have approximately a cosine squared distribution- with a 3 em FWEM (full 
width at half maximum) in the E-plane and a 4 em FWHM in the H-plane for 6 mm 
(50 GC, 3 x 1013 electrons/cc critical density) radiation. The focus of the micro
wave beam is not sharp because the 5 em diameter horn aperture subtends less than 
one Fresnel zone as viewed from the magnet center. In the present work, a more 
tightly focused beam of 4 mm (75 GC) microwave radiation with a cut-off density of 
7 x lol3 electrons/cm3 was us.ed to follow the plasma development. The intensity 
distribution in the focal region was not remeasured for the 4 mm radiation, but 
the size of the 4 mm beam focal region was inferred from observations of the trans
mission between the horns (Fig. 2) as a function of wire size for different diameter 
wires positioned along the magnetic field axis and passing through the center of the 
field. The comparison of these results with the transmission calculated on the basis 
of an assumed reduction in spot size proportional to wavelength shows good agreement 
(Fig. 2). 

The presence of plasma in the focused microwave beam alters the magnitude and 
phase of radiation reaching the receiving horn so that the capture and decay of a 
magnetically confined plasma can be followed (Ref. 1) by an interferometric determina
tion of the phase of the microwave radiation coupled with a simultaneous measurement 
of the amplitude of the transmitted signal. When plasma of sufficient density and 
spatial extent(-4 em as seen from Fig. 2) is confined in the magnetic field, trans
mission to the receiving horn is cut off. As the density drops, the microwave 
interferometer will have an output I of the form: 

cp 

14> = 1 +·T + 2 .j'T sin (4>0 + ~4»} 

where T is the transmitted signal, cp is the initial phase of the interferometer, 
and tJ. cp is the phase shift introduced 

0
by propagation through the plasma. The phase 

shift, tJ. cp can be expressed as : 

where ~ is the real part of the complex index o~efraction and is functionally 
dependent upon the electron density. Plots of net, the effective density-length 
product, versus time have been presented previously (Ref. 1). But, unless there is 
some knowledge of the plasma geometry, the plasma density, ne, cannot be determined 
from the microwave measurement. In the present report, a model of the plasma 
geometry is adopte~and the electron density is calculated explicitly from the 
microwave data. As discussed in Ref. 1, photographs of plasma luminosity and probes 
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in the mirror fans indicate that the plasma is confined with a geometry conforming 
to the vacuum field lines and.ultimately fills a volume~ 6 em wide at the mid-
plane and extending 20 em along the axis toward each mirror. In the central region 
illuminated by the microwave beam, this geometry can, to first order, be represented 
by a homogeneous plasma. cylinder whose axis is the mirror axis. This situation, 
illustrated in Fig. 3, has been analyzed by Heald & Wharton {Ref. 2). In the ray 
optics solution {Ref. 2) the transmission between the horns is governed by refraction 
and is a function of D, the cylinder diameter, R, the distanc·e from the plasma to the 
receiving horn, and ~' the index of refraction of the plasma. As can readily be 
justified, the contributions to the transmission loss from absorption in the plasma 
and Fresnel reflection at the plasma boundaries can be igriored in the ray optics 
analysis for the experimental conditions of interest. Since the collision frequency 
is much less than the microwave frequency (v/w < lo-5), ·absorption is negligible in 
these experiments. Above the critical density, Fresnel reflection is the dominant. 
effect, but for lower densities refraction or reflection could be ·dominant, depending 
on geometry. The calculated transmission loss due to refraction for a 6 em diameter 
plasma cylinder, 20 em from the receiving horn {typical of the experimental conditions) 
is shown in Fig. 4 and compared with the maxinrum Fresnel reflection loss for the same 
case. It is seen that over the entire electron density range from zero density to 
critical density, the refraction effect is dominant and reflection can be ignored. 
In the model, the phase shift, 6~, is assumed to be that of the central ray •. Under 
these conditions, from the ray optics analysis, given values of T and 6~ uniquely 
defined a cylindrical plasma of diameter, D, 

6 cp ± ~- 327TBT 
V 1 >..6cp (I-T) 

0 = ----------
4,./). 

(1) 

where R is the distance from the plasma to the receiving horn and A is the wavelength 
of the microwave radiation. 

This analysis must be applied with due regard for the limiting assumptions 
involved. In particular, it should be pointed out that when the transmission is 
very small, the radiation reaching the receiving horn originates from a small region 
{only paraxial rays are transmitted} and the assumption of ray optics is invalid 
because this region is not large compared to a wavelength. When the transmission 
is.nea~ly unity, small angle approximations which are contained i~ the derivation of 
the expression for the transmission {Ref. 2).are violated. 

Phase shift data derived from the 4 mm microwave interferometer are shown in 
Fig. 5 for the decay of magnetically confined plasmas produced by laser irradiation 
of small {45 micron diameter} and large {65-75 micron diameter} particles, and as 
with the 6 mm data reported earlier {Ref. 1), the large particles exhibit longer 
cut-off times but faster decay rates. The homogeneous cylinder analysis was applied 
to the 4 mm microwave data to deduce the behavior of the plasma density. First the 
effective cylinder diameter for the two particle sizes was calculated using Eq. 1 and 
the results are shown in Fig. 6. For the reasons just discussed, the value of the 
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plasma diameter, D, calculated from Eq. 1 has physical meaning only when the 
. transmitted signal is in the mid ·range from 15-95 percent. For the 4o micron 
particle of Fig. 6, this covers the time regime from 5 to 110 microseconds, while 
for the larger particle, the corresponding time period is from 90 to 190 microseconds. 
The calculated plasma cylinder diameter for the small particle case is in good 
agreement with the t~e history of the plasma luminosity as observed by streak 
photography shown in Fig •. 11. )'or times less than 90 microseconds, the calculated 
cylinder diameters for the larger particle case are too small to be physically real 
and are inconsistent with the opaque object size required to give the observed 
transmission (See Fig. 2). However, as indicated, this is probably due to ray 
optics model becoming invalid for very small transmission. The calculation of 
diffraction from plasma cylinders using geometrical and physical optics solutions 
has been investigated by Lunow and Tutter (Ref. 3),and this subject will be treated 
in a later report. 

The reduction of the.microwave phase shift data of Fig. 5 to give the electron 
density of Fig. 7 required a determination of the plasma diameter which extended 
beyond the regime wh~re the calculated diameters of Fig. 6 had physical meaning. In 
the high transmission regime, it was assumed that when the transmission exceeded 
95% the plasma diameter·, n, remained constant for the remainder of the decay. In 
the low transmission regime, T < 15%, the calculated values of D as shown in Fig. 5 
where used. For the small particle case this makes little difference since the low 
transmission regime is so brief (~ 5 microseconds). Fbr the ~arge particle case, 
however, the low transmission regime extends to 100 microseconds. Since the 
calculated values of D in this regime are too small by as much as a factor of two to 
be physically real, the densities shown for the 70 micron particle in Fig. 7 may be 
too large by as much as this same factor of two for times less than 100 microseconds . 

The density decay shown in Fig. 7 supports the conclusion made earlier on the. 
basis of phase shifts observations, namely, that the plasma formed from the larger 
particle is initially confined at higher densities than the plasma formed from the 
smaller particle and that the large particle plasma decays much more rapidly, 
dropping to the lowest observable density in 1/4 to 1/5 of time required by the 
small particle plasma. To the extent that the homogeneous plasma cylinder analysis 
employed is valid, it appears that the plasma is initially confined with a transverse 
dimension of the order of 1.5-3 em and grows to a transverse dimension of 6-8 em in 
about 100 microseconds for small particle plasmas and in a time about twice as long 
for the large particle plasmas. 

2. Inferred Plasma Energy 

The 4 mm microwave data described above and the resultant time history of the 
electron density decay can be used to obtain an estimate of the values of nT and 
energy for the plasma ions. If it is assumed that the Post-Rosenbluth (Ref. 4) 
dispersion relation for the convective loss cone modes applies to the LITE plasmas, 
the formulism of Baldwin and Callen (Ref. 5) gives 
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( 2) 

where the amplification factor A is a measure of the anomalous loss rate due to 

enchanced ion scattering. Thus, a plot of l/n2 dn/dt versus- [w /w (1 + w 2/w 2 )3/2]-1 

will give (1/n~ 
1 

. 
1 

as the intercept on the l/n2 an/at axi~eanaethe slg~e aie 

high density gi~e~s~lg~asure of the amplification factor, A. Using the experimental 

value of B = .7 x 104 gauss, the several long lifetime plasmas considered give 

extrapolated values of (nT)c which fall in the range .3 x 109 < nT < 1.3 x 109 sec cm/3 

(see e.g., Fig. 8). Using this range of nT values in the equation, nT ~ .49 x 101~3 2 

sec cm'"'3 (E in keV), obtained from Refs. 6 and 7 for a hydrogen plasma in a mirror 

ratio R = 2 magnetic field, gave ion energies in the range 150 eV < E< 400 eV. 

The above estimate is based upon the assumption that there is only a single ion 

spec1es present in the.plasma. However, recent multi-species Fokker-Planck calcula

tions by Futch (Ref. 9) for a LiH plasma in a mirror ratio R = 4 containment field 
indicate the prese~ce of a significant lithium ion fraction throughout the lifetime 

of the plasma. Futch's calculations indicate.th~t ne/nH+ = 2, s~ that l/n2 dn/dt for 
If would be a factor of two larger than that md1cat.ed oy the m1crowave data, 
resulting in an nf (for H+) value a factor of two smaller than that measured by the 

interferometer. From Futch's calculations (Ref. 9), the following nT relation for 

a H+ plasma with initial ene~~y of 500 eV in a mirror ratio R = 2 system is obtained 

as (nT)H+ ~ 1.6 x 109 sec em- • Using this nT value, and assuming that nT scales as 

the 3/2 power of the initial plasma energy, the values of (nT)H+ in the range 
.15 x 109 < (nT)H+ <:: • 7 x lo9 sec cm-3 give plasma energies in the range 100 eV < E 

< 300 eV. 

The values of energy quoted above vary by an amount less than the uncertainties 

introduced by the models·used in interpreting the microwave data and in obtaining the 

nT values• Perhaps the greatest uncertainty arises from the fact that the values pf 

l/n2 dn/dt which are we:i,.ghted most heavily in the extrapolation procedure are the 

values at high density. For the reasons discussed in the previous section, it is 

precisely these values of density that are subject to the greatest amount of uncer

tainty. In addition, the numerical value of the constant correlating nT with the 

3/2 power of energy is subject to some uncertainty. Hence we conclude only that the 

time decay of the plasmas examined is consistent with plasma energies in the several 
hundred eV range. 

3. Ion Energy Analysis 

An electrostatic ion energy analyser (Ref. 9) has been constructed and installed 

on the magnetic field axis outside the mirror throat to measure the energy spectrum 

of the plasma ions scattering out of the confinement region. The analyser is · 

located 100 em from the midplane of the magnetic field in order to reduce the effect 

of the fringe magnetic field on the orbits in the analyser, so that the orbits of 
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the ions after entering the analyser depend only on their charge and energy. The 
electrostatic deflection plates in the analyser are inclined at an angle of 45° 
to the trajectory of the ions as they enter and the energy of an ion collected at a 
particular location is given by 

E = zevx 
2d (3) 

where V is the voltage between tne plates, d is the separation of the plates and x 
is t~e distance between the entrance aperture and the collector. The collectors in 
the analyser cover an energy from .5 ZeV to 1.5 ZeV~ Figure 9 shows the response of 
the four .collectors as a function of energy. 

The analyser has been checked by using it to measure the energy distribution of 
the ions in freely expanding laser produced plasmas. In this case the velocity of an 
ion can be determined by its time of flight to the analyser. Fbr example, a collector 
spaced so as to collect ~ ions at the energy E would also collect Li+ ions at energy 
E, Li2+ ions at 2E and Li3+ ions at 3E. Since all these ions have different veloci
ties they would arrive at the collector at different times. By measuring the time 
at which current is collected, the energy of ions entering the collector can be 
determined. 

This feature of the response of the analyser to a free expansion plasma in 
principle allows the energy distribution of each ion species to be determined inde
pendently. For the free expansion plasmas studied, the.Li ions and H ions have 
about the same velocity distribution, in accord with the collisional nature of the 
plasma expansion even beyond the time the plasma expansion achieves the asymtotic 
form (see e.g., Refs. 10 and 11). As a result, the average energy of the Li ions 
is about seven times the energy of the H ions in the free plasma expansion. Although 
the analyser only covers an energy range of 3:1 in energy for a particular charge 
state, the peak energy of both the H+ and Li3+ ions which differ by a factor of 7 
can be detected with the same voltage on the plates since the energy range covered for 
Li3+ is.3 times the range covered for~. While the shapes of the energy distributions 
for both the hydrogen and lithium ions cannot be determined simultaneously, the total 
ion current collected by a Faraday cup detector positioned at the same distance from 
the plasma origin as the analyser can be measured along with either the H or Li ion 
spectrum in a given experiment. Analysis of many shots shoWs that the velocity 
distribution of any given ion species is the same as the velocity distribution 
determined from the total ion current and therefore, while there is a variation in 
velocity distribution from shot to shot, the velocity distribution of all ion 
species is the same in any given· shot. 

4. Streak Photography 

streak photographs of the confined laser produced plasma have been made in 
order to determine the time dependence of the luminosity and the radius of the.plasma. 
While microwave interferometer measurements of the decaying plasma indicate that the 
plasma radius increases with time, the microwave measurements are limited to times 
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after the plasma density has fallen below the cut-off density. The streak photo
graphs enable the temporal behavior of the plasma radius to be followed at earlier 
times when the plasma density is much greater. The emitted light from the plasma is 
most likely due to. excitation of neutrals by the plasma electrons, and a measure of 
the neutral density time history can be inferred from the time dependence of the 
plasma luminosity. The decay rate of the confined plasma obtained in Fig. r is 
characteristic of many observed and suggests that charge exc?ange on an increasing 
neutral density is strongly affecting the lifetime of the plasma. While it is 
difficult to determine the absolute neutral density from light intensity, an increas
ing light intensity during the plasma decay would support this suggestion. 

Figure 10 is a print of a streak photograph of the laser plasma. The slit was 
oriented perpendicular to the magnetic field axis with the imate of the suspended 
LiH particle in the center of the .slit. The film was moving at the rate of one 
slit width (.030") every 12 ~sec. The apparently stopped image of the slit appearing 
at the bottom of the picture is due to the intense light of a few nanoseconds dura-

. tion emitted when the laser pulse irradiates the particle. The luminosity of the 
plasma as a function of time and radius is determined by densitometer scans across 
the image. Assuming that the optical density of the film is proportional to the 
logarithm of the illumination, and that the plasma is cylindrically symmetric in 
the plane imaged on the slit (the magnetic field mid-plane) and made up of concentric 
zones of constant luminosity, the densitometer data is unfolded to determine the 
intensity of light from a given element of plasma volume. 

Figure 11 is a plot of the luminosity of the plasma as a function of radius at 
three different times during the decay of the plasma. The radius at which the 
luminosity decreases to half the peak value is seen to increase from 1 ern after the 
initial capture of the plasma to over 2 em at 100 ~sec. If the emitted light is 
proportional to electron density, as it would be if it resulted from excitation of 
neutral gas, the curves reflect the radial distribution of electron density. The 
diameter of the plasma determined by this method is in good agreement with that 
deduced from the microwave interferometer data at the times during the decay when 
both diagnostics give useful data. 

Although the electron density is decreasing rapidly during the decay, the total 
light intensity from the plasma changes relatively little during the first 100 ~sec 
of the decay. The total intensity at the times 10, 50, and 100 ~sec are in the 
ratio ~f 1:1.25:0.68, respectively. The fact that the light intensity does not 
decrease rapidly ·and in fact actually peaks during the decay is in accord with the 
assumption that most of the plasma light does .indeed result from excitation of 
background neutrals by plasma electrons rather than recombination of ions within the 
plasma whose decay would result in a rnonatomically decreasing light emission. The 
background neutrals, either returning to the plasma from recombination of plasma ions 
when they hit the vacuum chamber walls or from outgassing of the walls by decaying 
plasma ions, would increase as the plasma decayed, and the emitted light, proportional 
to the product of the electron density and the neutral density, could be expected to 
peak at some time during the decay. 
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III. CHARGE EXCHANGE CAlCULATIONS 

A. Neutral Injection in LITE 

Calculations have been carried out to determine the values of neutral beam 
current and intensity required to overcome losses by charge exchange with the neutral 
background in the LITE investigations. Since charge exchang~ of plasma ions with 
the neutral beam and with the neutral background gases contribute to the neutral 
background population, the neutral and plasma densities must be calculated self
consistently. Using methods described in Ref. 1, the approach to steady state with 
neutral injection was examined for input parameters characteristic of the LITE 
experiment. The methods are based on a model of the experiment summarized in the 
following paragraph. 

The mirror confined plasma is located at the center of the minimum-B magnetic 
field produced by the UARL baseball coil. Its assumed shape conforms with the 
double-fan shape observed in photographs of the experimental plasma, and the long 
axis of the plasma is perpendicular to the neutral beam axis. The volume and 
surface area of the plasma were estimated from dimensions scaled from the photographs. 
The vacuum chamber is subdivided into two vacuum regions, the inner region, between 
the plasma and the baseball coil; and an outer region, between the baseball coil and 
the vacuum chamber wall. In the outer region, the vacuum background consists only 
of cold E2 molecules produced by outgassing of the chamber walls, impact desorption 
by plasma loss cone ions at the vacuum chamber wall and the flow of cold neutrals from 
the inner region. Cold neutrals are pumped from the outer region by titanium getter 
material coated on the vacuum chamber wall and by molecular flow into the inner 
region. In the inner region, adjacent to the ·plasma, the vacuum background consists 
of fast, intermediate and slow neutrals. The fast neutrals result from the scattering, 
if any, of beam atoms at apertures in the vacuum chamber as well as charge exchange 
of the plasma ions with the neutral beam atoms, with the cold neutrals streaming 
down the beam line and with the vacuum background neutrals. Intermediate, or 
Franck~ondon neutrals are produced by H2 ionization processes that leave the 
resulting H2+ in excited repulsive states. Such states dissociate into a proton 
and an atom with kinetic energies of the order of 10 eV. It is assumed that the 
fast and intermediate neutrals in this region remain in the inner region and are 
lost by ionization or charge exchange in the plasma or by adsorption on titanium 
getter surfaces. Cold neutrals are produced by collisions of the fast and inter
mediat~· neutrals with the inner walls of the baseball coil, by outgassing of these 
walls and by impact desorption by a small fraction of the loss cone ions intercepted 
by the baseball coil. The cold neutrals are removed by adsorption on getter surfaces 
of the baseball coil, by flow to the outer region, or they are ionized in the plasma. 
This model of the plasma and vacuum system was formulated as a set of rate equations 
for the plasma ion and background neutral densities presented in Ref. 1. Values of 
the parameters chosen as representative of the LITE experiment are listed in Table I. 
The chief parameters differing from those published in the Ref. 1 are the volumes and 
surface areas of the plasma and vacuum regions. The larger plasma dimensions corres
pond more closely with the photographic observations of the confined plasma size, 
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and the larger volume and p~ing surface area of the vacuum chamber better approxi
mates those of the LITE design. The volume and surface area of the inner vacuum 
region have been increased as a result of.assuming that the interface between the 
innder and outer vacuum regions is located midway between the mirror and outer en
velopes of the baseball winding, rather than coinciding with the inner envelope. 

The calculated time dependences of the plasma and cold peutral densities are 
shown in Fig. 12, for a 10 keV neutral beam with a.current of 0.5 Ampere equivalent. 
The decay of the plasma agrees with the Fokker-Planck results for the first milli
second. Ions escaping from the plasma as a result of being scattered into the loss 
cones strike the outer vacuum c~hmber.wall, producing a rapid buildup of cold 
neutrals. Upon streaming into the mirror vacuum region, they produce a buildup of 
the cold ne~tral density exterior to the plasma, N • N

0 
reaches a peak value of 

3 x 1o10cm- at 0.4 msec while the neutral density
0
in the plasma volume, n0 , reaches 

its maximum value of 109 cm-3 at 1.5 msec. The plasma interior is, therefore, well
shielded from the neutral background and the maximum charge exchange loss rate occurs 
near 1 msec. The burst of cold neutrals is pumped by adsorption on getter surfaces 
and the background density N

0 
is restored to about 109 cm-3 within 10 msec. Over 

the next 100 msec, the. plasma energy is raised to 10 keV by charge exchange with 
the neutral beam. The contribution of this charge exchange process to the neutral 
background is about three times the initial cold neutral density. Plasma losses, 
both scattering into the loss cones and charge exchange are balanced by ionization 
of the neutral beam at the steady state density of 1.5 x 1012 cm-3. The initial 
value N

0
{0) of the cold neutral density is the value in. the absence of plasma and 

is the minimum assumed attainable with getter pumping balancing outgassing sources 
of neutrals. Figure 13 shows the effects of varying N

0
{0). A small increase in the 

steady state plasma density resulted from reducing N0 {o) to 3 x 107 cm-3, at the same 
injection beam current of 0.5 AmPere. On the other hand, with N

0
{0) = 3 x 108 cm-3, 

no steady state was possible at that beam current. The effects of varying the beam 
current are shown in Fig. 14. At N0 {0) = 108 cm-3, there is no steady state for a 
neutral beam current of 0.25 Ampere, but the plasma steady state density more than 
doubles. when the beam current is increased to 1.0 Ampere equivalent. 

These results suggested that for LITE, the neutral beam system should be 
capable.of a neutral injection current at the plasma in excess of 0.5 gmpere equivalent 
and that the vacuum system should be.designed optimally for N0 {0) = 10 cm-3. Steady 
state densities of the plasma and background neutrals are shown in Fig. 15 for a range 
of be~ currents between 0.4 and 10 Amperes equivalent. The projected area of the 
plasma in the beam direction is estimated at 100 emF. The beam intensities at the 
target plasma are, therefore, 5 mA/cm2 and 10 mA/cm2 for beam currents of 0.5A and 
l.OA respectively, In the right half of the same figure the corresponding steady 
state densities of cold neutrals N

0 
and n

0
, the cold neutral density Nv in the outer 

vacuum region, and the fast neutral background density Nf adjacent to the plasma are 
plotted as a function of beam current. For beam currents in the range from 1.0 to 10 
Amperes, N

0 
varies as the product of the beam current and plasma density, while n0 

varies as the beam current. Hence the plasma self shielding factor (n
0 /N

0 ) is nearly 
inversely proportional to the plasma density and decreases with beam current as· the 
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plasma density rises. N
0 

exceeds Nv because, in the steady state, the chief source 

of neutrals is charge exchange between the plasma and the neutral beam, thus leading 

to a buildup of cold neutrals in ~he inner vacuum region. All three cold neutral 

densities are equal to N
0

(0) = 10 at the lower critical current (~ 0.35 A) where 

the plasma steady state density vanishes. The fast neutral density Nf is proportional 

to the product of the plasma density and beam current. Jn.the calculation it was 

assumed, conservatively, that charge exchange with a fast ba~kground neutral leads 

to the loss of a plasma ion. As a result, the rapidly increasing fast neutral density 

comes to dominate the plasma loss at high beam currents as indicated in Fig. 15. If 

at. the other extreme, charge exchange with fast neutrals were assumed instead merely 

to replace one fast ion with another, the steady state.plasma density would increase 

linearly with beam current above 1.0 Ampere. More reali9tically, the curve should 

lie between these two extremes. 

B. Fokker-Planck Calculations 

The GAIN code for Fokker-Planck calculations of the plasma development has been 

augmented to permit the self-consistent calculation of the neutral background buildup 

and plasma charge exchange losses considered in the previous section~ A subroutine 

was added to the GAIN program for the solution of rate equations for the neutral 

background densities. N0 , Nf, Nfc' and Nv· The rate equation for the cold neutral 
density N

0 
in the mirror vacuum region is 

dNo lJ. .lc Vfc Sr --=- + ao- + 
dt V1 V1 4V1 (4) 

SFVO VoSI 
+ 4VI (Nv- No) - bo 4VI No 

in which 1 is an equivalent leak rate for outgassing and related to the base pressure 
density byi 

N0 (0) 

where b· is the sticking probability of cold neutrals. The second term in the cold 
0 

neutral rate equation accounts for loss cone ions intercepted by the baseball coil 

and converted to H2 in the inner vacuum region. Cold neutrals produced by collisions 

of intermediate and fast neutrals with the baseball coil ~re accounted for by the 

third and fourth terms. The fifth term corresponds to the streaming of cold neutrals 

between. the inner and outer vacuum regions. The last two terms represent destruction 

of cold neutrals by getter pumping or charge exchange with the plasma. In the rate 

equation for the density, Nfc' of intermediate energy or Franck-condon neutrals, 

dNfc 
dt 

= v0 s 
4Vr 

(6) 

the first term is the source, based on the assumption that all H2 production by 

charge exchange or ionization of cold neutrals leads to dissociation and Franck

Condon neutrals. Pfc and P are the escape probabilities of Franck-condon and cold 

neutrals, respectively. Th~ factor ( 1 + Pfc)/2 allows for the possibility of 

15 



N921514-20 C00-2277-3 

ionization of the Franck-condon neutrals in the plasma. The second term represents 
the rate of conversion of Franck-condon neutrals to cold molecular hydrogen at the 
magnet walls. The ~ast term accounts for ionization or charge exchange of those 
Franck-condon neutrals incident on the plasma. Fast neutrals originate by charge 
exchange with the neutral beam and neutral background, charge exchange with cold 
neutrals streaming down the beam line, and scattering, if any, of fast beam atoms 
at aper.tures in. the vacuum chamber, and are lost by sticking_ to getter surfaces of 
the magnet walls. The rate equation for the fast neutral density Nf is 

dNf 
dt 

= 

in which I is the current of fast particles in the neutral beam, I is the current 
of slow neutrals streaming directly from the source, a is the fra8tion of fast 
beam atoms scattered by apertures, and bf is the stickTng probability of fast neutrals. 
The cold neutral density N in the outer vacuum region is goyerned by the rate equation 

dNv 
dt 

v . 

(8) 

where L is the equivalent. leak rate due to outgassing of the vacuum chamber walls, 
while vl is a sum of terms representing scattering of plasma ions into the mirror 
loss cone~ and the ejection by the plasma potential of cold ions produced by charge 
exchange and ionization of background neutrals. The densities n , n and n of 

o fc f . 
cold neutrals, Franck-condons, and fast neutrals in the plasma volume are approxl-
mated b;Y 

. . -1 

n0(t)= N0(t) {1+ ;0~ [2crieven +nv(2cr1i+crH21 )]} (9) 

(10) 

and (11) 

In these equations for the neutral densities, the electron velocity v and ion 
velocity v are the root .. mean-square velocities of the Fokker-Planck v~locity distri
butions. The charge exchange cross section a is obtained from the formula for 
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proton-hydrogen atom charge exchange suggested by Riviere (Ref. 12) 

. u. = 
. CX· 

-14 ( )2 .6937 X 10· 1-.155 log10Ei 

I + 1112 X I 0 14E · !. 3 
, I 

C00-2277-3 

( 12) 

but evaluated at the plasma ion mean energy E (in eV). The cross section for 
charge exchange with molecular hydrogen is esiimated as c:r~1·= 5 x 1o-l6 cm2 from 
data published in a review paper by Tawara and Russek (Re~ 13). The ionization 
crqss sections were approximated by the formulas of Ref. 12, namely 

Uie = 
6.513 X 10-14. I 

(13.59) 2 X 
( 13) 

and (14). 

2 . 
where y = -.8712 (log

10 
E;) + 8.156 log

10
Ei - 34.832. The effective cross section 

for ionization of the neutral beam by plasma electrons and ions is the combination 

( 15) 

Charge exchange losses are accounted for by adding to the Fokker-Planck equation 
for the ion distribution fUnction, g(v,t), a term of the form 

.. (.d9.t} =- vg (v;t) ·{a-ex (v) (nf + "fc) + a-H2 (v)no} Of ex 
( 16) 

In this·formula, vis the ion speed in each velocity group, while CT {v) is the 
velocity dependent cross section evaluated from Riviere's formula a~xthe energy 
E. = ~mr2. An analytical fit will be made to the data in Ref. 13 for the cross 
s~ction·c:rE2(v) for H+-H2 charge exchange. Fbr the present~ c:rH2(v) is estimated as 

c:rH21. = 5 x lo-16 emF. This model of the plasma interaction with the neutral back
ground _parallels that described in Ref. 1 but, in addition, permits the determination 
of the effects of charge exchange on the distribution fUnction. 

Using the modified GAIN code with constant c:r (v) = 5 x lo-16 cm2 , self-consistent 
calculations including the effects of charge exch~e with the background neutrals were 
carried out to obtain the time evolution of the plasma potential, particle energies, 
and density for a mirror confined hydrogen plasma. For these calculations, the 
values of parameters chosen were those listed in Table I, with the following important 
exceptions, To approximate the conditions of the current experiment, the volume of 
the outer vacuum region V was chosen as 7.1 x 104 cm-3. ·The initial plasma energy v . 
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was 150 eV, the fast neutral beam current was zero, and the sticking probabilities of 
cold neutrals, b

0 
and bv, were assumed to be zero. Shewn in Fig. 16 are density 

decay curves for three initial values of plasma densities, n(O) = lol3, 1014 and 
lol5 cm-3. For the est~ted volume of mirror confined plasma in the present experi
ment, the density of 1014 cm-3 corresponds to 3.8 x 1016 electrons. (For reference, 
a LiH solid particle 60 ~ in diameter contains about 2.5 x 1016 electrons.) Cold 
neutrals are generated in· the outer vacuum region by ions es~aping from loss cones 
of the mirror confined plasma. These neutrals stream back into the inner vacuum 
region to charge exchange with the remaining plasma. In the absence of getter 
pumping, the density of cold neutrals surrounding the plasma should be larger, the 
larger the initial plasma density. For that reason, the curve for the initial 
plasma densi~ of lol5· cm-3 shows an acceleration of density decay by charge exchange 
after 3 x 10 sec and crosses the n(O) = 1014 cm-3 curve at 4.4 x 10-4 sec and the 
n(O) = lol3 cm-3 curve at 5.5 x 10-4 sec. Similarly, the n(O) = 1014 cm-3 crosses . 
the 1013 cm-3 curve at 1.35 x 10-3 sec. The dashed curve in Fig. 16 shows the decay 
of the n(O) = lol4 cm-3 plasma density without charge exchange. Comparison with the 
corresponding solid curve suggests that, in this cas~ charge exchange losses are . 
comparable with the scattering losses between 5 x 10 sec and 6 x 10-4 sec. Although 

I 

more than ninety percent of the escaping plasma ions which contribute to the neutral 
background buildup have escaped through the loss cones before 10-4 seconds, charge 
exchange is, in effect, delayed by plasma self-shielding and by the time required 
for streaming from the outer vacuum region to the inner region adjacent to the 
plasma. The n(O) = 1014 cm-3 plasma is effectively self-shielded (i.e., n0 ~ 0.1 N0 ) 

for t < 3 x 10:4 sec, while the streaming time can be estimated as the e-folding time 
for the increase in N

0
, viz. 4 Vv/SFvo = 2.5 x 10-4 sec·. These estimates are con

sistent with the time 5 x 10-4 sec for the beginning of charge exchange in the 
n(O) = 1014 cm-3 case. For the n(o) = 1015 cm-3 case, the same estimate for the 
streaming time applies, while the shielding factor n0 /N0 is inversely proportional 
to plasma density at high density. Yet, charge exchange effects are apparent 
earlier in the decay of the n(O) = 1015 cm-3 plasma because the density of cold 
neutrals contributed by escaping plasma ions is about ten times as large. In Fig. 17 
the time behavior of the plasma potential and the mean energies of ions and electrons 
is shown for the n(O) = 1014 cm-3 plasma. Fbr t ~ 10~ sec, these curves are identical 
with curves calculated for no charge exchange. When charge exchange losses become 
compara?le with, or exceed, scattering losses for ions, the plasma potential drops 
to allow an increase in electron losses, preserving quasi-neutrality of the plasma. 
As charge exchange losses increase further the plasma potential drops precipitously. 
Since ~ost of the electrons with kinetic energies greater than le~l are lost, the mean 
energy of the electrons decreases rapidly with_the plasma potential. At the same time, 
the ion energy is reduced by collisions with the colder electrons. Thus, charge 
exchange has an indirect but powerful effect on the energy of the decaying plasma. 
This reduction in plasma energy produces increased scattering losses, but by this time 
the charge exchange losses dominate the plasma decay. 
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IV. DEVELOPMENT OF LITE FACILITY 

· While the technique for plasma production is being studied in the existing 
system, a new facility which will constitute the Laser Initiated Target Experiment 
(LITE) is being developed. A major component of the new system is the energetic 
neutral beam line which will heat and sustain the target plasma in quasi-equilibrium 
for one second. In order to maintain the high vacuum conditions necessary during 
injection, a greatly enlarged experiment chamber which permits more effective pumping 
has been incorporated in the design. The specifications for the vacuum conditions, 
pumping requirements and performance of beam components have been reported previously 
(Ref. 1). The design of the beam line and experiment chamber has now been completed 
and is described in Sections IV.A and IV.B. In addition, when the experiment becomes 
operational, plans have been made to incorporate into the LITE facility a mini
computer which will serve both to control the operation of the experiment and process 
the resulting diagnostic data. The development of this integrated system is described 
in SeGtion IV.C. The present plan for bringing the LITE facility to operational 
status is laid out in three phases. The first phase will involve target plasma 
production experiments in the new experiment chamber under ultra-high vacuum condi
tions to reduce the effects of background neutrals on the plasma density decay. 
While these target production studies are being carried out in the new chamber, the 
various operational functions and diagnostics will be integrated into the computer 
controlled system. At the same time, the energetic neutral beam line will be set up 
as a separate experiment for optimization studies. The final stage is the integra
tion of the two experiments into the complete LITE facility, with the end of the 
1974 calendar year as the target date for completion of this third phase. 

A. High Vacuum Experiment Chamber 

In order to demonstrate mirror confinement of a plasma in collisional equili
brium sustained by neutral injection, the particle losses by charge exchange with 
background neutrals must be comparable with or smaller than losses by Coulomb 
scattering. In the presence of neutral beam injection, background neutrals arise 
not only from the residual gas in the vacuum system, but in addition are introduced 
by charge exchange of the energetic beam with the confined plasma. This process 
leads to randomly directed fast atoms bombarding the wall of the vacuum chamber 
which, depending on wall conditions, produces secondary neutrals. Ac.ti ve gettering 
on the surfaces of the vacuum chamber is necessary to pump both the primary and 
secondary neutrals. However, the gettering process is not 100% effective, and some 
neutral flux recycling will occur. In order to minimize the effect of the recycled 
neutrals on the confined plasma, the distance between the confined plasma and the 
reflecting wall can be made large so that the intensity of both the primary flux on 
the wall and the return flux to ... the plasma is attenuated geometrically by the inverse 
square of the distance of separation. To this end, a new, greatly enlarged ~xperiment 
chamber has been designed as shown in the engineering drawing, Fig. 18. 

The cylindrical vacuum vessel, with external nominal dimensions of 120 em 
diameter by 240 em overall length, is divided axially into three sections of 

19 



N921514-20 C00-2277-3 

approximately equal length. The center section functions as the experiment region 
in which the baseball seam coil is mounted as shown in the top view in Fig. 18. 
The magnetic axis is aligned along the axis of the cylinder so that energetic ions 
escaping through the mirror loss cones are channeled along the field lines to the 
remote walls of the two end chambers. 

To provide operational and diagnostic access, the center section is equipped 
with 48 access ports divided into three rings of 16 ports each arranged at 22.5° 
intervals around the circumference. The ports in the upper and lower rings are 
tilted at 21.5° with respect to the center plane so that the axes of the ports 
point radially toward the center of the magnet. Thus, the center of the confinement 
region is accessible by line of sight through six pairs of these ports in addition to 
the end chambers aligned with the mirror axis. These ports will be used for the 
laser and neutral beam line and for visual, optical and microwave monitoring of the· 
plasma. Those ports that do not possess line of sight will be used for such functions 
as mounting of the ·magnet and diagnostic instruments, particle suspension apparatus, 
and electrical and liquid nitrogen leads, etc. 

The two symmetric end chambers along with thg center section enclose the 
experiment region with a total volume of 2.5 x 10 cm3. The two end ·sections, with 
getter elements inserted through the end plates, are lined with liquid nitrogen 
dewars and function primarily as getter pumps with > 105 cm2 of active surface at 
LN temperature to provide a pumping speed in excess of 106 liters/sec for hydrogen 
gas. Calculations based on a self-consistent model for. neutral particle recycling 
in the presence of energetic neutral injection have been carried out for the design 
parameters of the experiment chamber and are described in Section III. The results 
displayed in Fi~ 15 show that a steady state 10 keV mirror confined plasma at a 
density of ~ 10 cm-3 can be maintained in the LITE facility with a minimum energetic 
neutral beam current of 0.35 amps at 10 keV over the 100 c~ cross sectional area of 
the target plasma. Increasing the injected beam current results initially ina very 
rapid increase of the equilibrium density and the relation becomes linear at a beam 
current· of 1 Ampere equivalent. Further increases in beam current result in 
diminishing rates of increase in the equilibrium density while the density of re-· 
cycled ·background neutrals continues to rise as the limit on the pumping capacity 
of the system is reached. This result confirms the need for a large experiment 
chamber in order to minimize the effect of recycled neutrals on the equilibrium 
plasma. 

At this reporting time, the construction of the experiment chamber as shown in 
the design drawing, Fig. 18 has been released for fabrication with delivery expected 
in April. Bids on the construction of the associated dewars will be solicited from 

. . 
vendors qualified in constructing cyrogenic systems in the near future for delivery at 
about the same time. This schedule is laid out to permit the transfer of the target 
plasma production experiment in May with a return to operational status in June. 
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B. Energetic Neutral Beam Line 

The development of an energetic neutral beam line for the LITE facility has· 
evolved during the past two years from preliminary studies to a completed state-of
the-art design that is expected to meet the calculated beam requirements for sustain
ing a stably confined plasma in the mirror field. The various considerations in the 
design of the beam line have been discussed in previous progress reports and this 
final design was evolved from an assessment of the advantages, limitations and 
prospects for improvement of both the individual components and of the overall beam 
line. The conclusions drawn from this assessment are summarized in the following. 

While much of the current emphasis in ion beam development has been directed 
towards achieving high current, our studies (Ref. 14) have shown that the critical 
parameters are the beam intensity per unit area and the beam purity defined as the 
ratio of the energetic flux to the streaming thermal flux. In order to sustain a 
plasma in steady state, the rate of ionization of the energetic neutrals must 
balance the loss of hot ions by charge exchange with the background neutrals in a 
th~ layer at the surface of the plasma. The interior of the plasma is then shielded 
from the background gas, and the equilibrium density is determined by Coulomb 
scattering losses. Consequently, the beam requirements in terms of beam intensity 
and purity are relatively independent of the size of the sy.stem and the minimum 
requirements are 3 x 1016 particle/emF of energetic neutrals with a beam purity of 
~ 103. The problem in the generation of an intense energetic neutral beam for 
mirror systems, therefore, has two aspects. Firstly, it is concerned with the 
extraction of ion beams of high intensity and secondly with the neutralization 
of the ions while maintaining high purity. 

In any ion source, the maximum ion current intensity that can be extracted is 
limited by the rate with which ions arrive at the surface from the space charge 
neutral interior region. This current is commonly referred to as the ion saturation 
current and is given by . . ( k T )1/2 

J saturation = nv = n m~ ( 17) 

The potential applied to accelerate and extract the ions away from the plasma is 
developed across a sheath whose thickness t is determined by the condition that the 
·space charge limited ion current extracted by the applied potential from the plasma 
surface as given by Child-Langmuir's law, 

. . ( e )1/2( )112 ~2 
J space charoe = t Eo ~ -t 

1
2 

( 18) 

equal the ion saturation current arriving at the plasma surface. Since the plasma 
surface is free to move, it will adjust itself so that this condition is satisfied, 
and the shape of the surface will be determined by the sheath thickness in relation 
to the size of the aperture opening. Consequently, while the total current that 
can be extracted from any ion source is determined only by the properties of the 
plasma and the transparency of .the extraction apertures, the intensity of the 
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extracted beam on a remote target is critically dependent on properly shaping the 
plasma surface to conform to the Pierce geometry for extracting a parallel beam 
(Ref. 15). Most state-of-the-art ion sources operate at conditions which correspond 
to this optimum condition arrived at by trial and error. The performance of a number 
of these sources measured in terms of beam current per unit extraction surface 
delivered within a beam divergence half angle of ± 1° is plotted in Fig. 19 and 
compared with the theoretical limit given by Child-Langmuir's law. It can be seen 
that the performances of these sources are comparable and generally fall about an 
order of magnitude below the theoretical limit. For small angles, the beam intensity 
scales inversely as the square of the beam divergence and the order of magnitude 
discrepancy between the actual gerformance and the theoretical limit can be accounted 
for by a beam divergence of ± 3 . Such a beam divergence arises from a number of 
residual effects such as beam spreading due to the thermal energy of the ions and 
misalignment of the extraction electrodes. It is therefore reasonable to conclude 
that the development of individual ion sources has essentially reached a saturation 
point. More intense beams can be obtained only by superposition of several sources 
onto the same target area. For injection into LITE with extraction at 20 kV (to 
provide for dissociative recombination neutralization to form a 10 keV beam), the 
potential capability of an individual source to deliver a beam intensity of 
- 1o2 mA/cm2 should be more than adequate to sustain the plasma in equilibrium 
provided stable confinement is achieved. Therefore, the primary consideration in the 
choice of a source for the LITE facility is one of proven performance and reliability. 
On that basis, a source of the classic duoplasmatron type will be used. 

For injection into a confinement magnetic field, the energetic ions must be 
converted to neutrals in a charge exchange vapor cell. From atomic cross section 
considerations a vapor line density of- lol5 cm-2 is required. Such a line density 
constitutes an intense source of streaming thermal flux and must be properly dealt 
with in order to meet the beam purity requirement. For a simple vapor cell, the 
gas molecules will be isotropically distributed in velocity space and the intensity 
of streaming flux at a distance L from an aperture of area A is attenuated by the 
inverse square geometric· effect to 

( 19). 

where n· is the density in the vapor cell. The basic technique for reducing the 
intensi~y of this streaming flux is to impart to the gas molecules a velocity 
component directed away from the direction of the beam line thus permitting the 
trappiDg or pumping of these free streaming molecules. This can be accomplished by 
a variety of means and the performance of two systems that have been tried are 
shown in Fig. 20 in comparison with the effusion flux from a simple vapor cell. 
The most simple system collimates the vapor by causing a transition from viscous 
flow to free molecular flow to occur in fine capillaries. The vapor efflux then 
has its velocity vector oriented primarily along the axis of the capillary which 
is directed across the ion beam. Such a system was used in the cross beam neutralizer 
developed by Goodman and Hunt (Ref. 16) which achieved about a factor of four reduction 
in streaming flux. By tilting the axis further toward the upstream direction, an 
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order of magnitude reduction has been claimed. A more elaborate system is the 
molecular bat device examined by Batzer (Ref. 17). This is an axial fan which 
functions as a velocity selector that imparts transverse momentum to all gas molecules 
whose velocity is less than the bat velocity defined as the ratio of the length of 
the fan blade in the direction of the streaming flux to the time for it to sweep 
out the pitch angle between adjacent blades. The effectiveness of such a system 
is strongly dependent on the ratio of the bat velocity to th~ thermal velocity of 
the vapor as is apparent in Fig. 20. For water vapor at room temperature, a value 
of 2.5 for this ratio can be attained according to the design by Batzer; and, in 
principle, suppression of the effusion flux by two orders -of magnitude appears 
achievable. 

In order to attain a line density of~ 1015 cm--2 in a reasonable space, a 
vapor density in the range of lol3-lol4 cm-3 will be required. Referring to Fig. 
20, the effusion flux from a simple water vapor cell is > lol4jcrnF-sec per cm2 of 
limiting aperture. For an energetic neutral beam intensity of 10 mA/cm2, this vapor 
flux constitutes an impurity of < 0.16%. According to the kinetic calculations, 
this is marginally satisfactory whereas 
provide an additional margin of safety. 
with a neutralizer using the cross beam 
line density of~ lo15 cm-2. 

the use of the cross beam neutralizer will 
Accordingly, the system has been designed 

over a 30 em length giving a neutralizing 

The final design of the beam line coupled to the experiment chambeJ is shown 
in Fig. 21 together with its supporting structures. The beam line consists of an 
ion source of the duoplasmatron type closely coupled to the cross beam neutralizer 
tank. This region is pumped by three large diffusion pumps in parallel, in addition 
to cryopumping of the neutralizing water vapor on liquid nitrogen dewars. A deflec
tion magnet removes the .unneutralized portion of the beam before the beam enters the 
drift tube region that serves to isolate the source from the experiment chamber by 
differential pumping. The drift tube also has provisions for pumping by three 
diffusion pumps in parallel, although only a single unit will be used initially. 
The 120 em diameter by 240 em long experiment chamber is shown in the center of the 
figure followed by the dump tank. The' latter has been designed to fUnction as a 
test chamber for the beam line during initial operations, and ample diagnostic 
access has been provided for. The drift tube, experiment chamber and beam dump are 
lined with dewars for getter pumping at LN surface temperature to achieve a back
ground vacuum of < 3 x lo-9 Torr in the confinement region. The system is presently 
under construction and delivery is expected in April. 

c. Diagnostic Data Handling System 

The operation of the LITE facility requires quick, accurate control of the 
experiment and the handling of large quantities of diagnostic data in relatively 
short times, with an additional requirement for the rapid reduction of the data to 
a form that is readily digestible by the experimenter. The requirements of speed, 
accuracy and data volume dictate that the operation of the experimentsl facility and 
the diagnostics be monitored and controlled by an on-line computer. The operational 
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tasks to be performed by the computer in initiating each run include active control 
of the feedback particle suspension system, monitoring and controlling the neutral 
beam injection, and the overall timing of the various components of the experiment 
such as turning on the magnetic field and firing the laser. Control of the particle 
syspension system involves changing the parameters of the feedback system as the 
particle is captured and then dynamically stabilized at the laser focus. In addition, 
the data from each of the diagnostics will be recorded and ~educed by the computer 
system. Since several different diagnostics will be operated simultaneously the 
total data output rate during the experiment will be much too large to be acquired 
directly by the computer core memory. For example the microwave interferometer, 
ion energy analyser, and curren~ collectors require that 10 to 12 separate outputs be 
individually monitored on microsecond time scales. In order to handle data at this 
rate the data acquisition system provides for temporary storage of the diagnostic 
output in fast transient recorders. Each of these recorders can digitize and store 
incoming signals at the rate of one number every 0.1 ~sec. After the data is 
acquired by the recorders, the computer will transfer the contents of the recorders 
to its memory so that the data can be permanently retained on magnetic tape, and at 
the option of the experimenter certain of the data will be processed immediately and 
displayed so that adjustments of machine parameters and diagnostics can be made. 

The computer system chosen for the LITE experiment is a PDP ll-40 with 16 K 
fast core memory and a 2.4 M word disk memory. The speed of the PDP 11-40 central 
processor allows it to interact with the experiment in real time and function inside 
the feedback loop of the particle suspension system. The large disk memory permits 
the fast exchange of programs in core as the tasks to be performed by the computer 
change during the course of the experiment. Although this system in itself is 
capable of handling rather complicated data reduction programs, it will also be 
connected directly to the UARL Univac lllO central computer. This will enable the 
PDP ll-40 to transfer data directly to the central computer for permanent storage 
on magnetic tape or further reduction and output on fast line.printers. 
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PLASMA DIAMETER VS TIME 
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LUMINOSITY OF PLASMA VS RADIUS AT DIFFERENT TIMES DURING DECAY 
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APPROACH TO STEADY STATE WITH NEUTRAL INJECTION 
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