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increases with ion energy and nt reaches 7 x 10]0 cm”

STATUS OF 2XIIB PLASMA CONFINEMENT EXPERIMENTS
ABSTRACT

This report describes the status of 2XIIB neutral beam injection
experiments with stabilizing plasma. The stream suppressés ion-cyclotron

13 em=3.

fluctuations and permits density buildup to 5 x 10 The ion energy is

13 keV, and electron temperature reaches 140.eV. P]ésma cdnfinement
‘ 3.5 at 13 keV. The nt
energy scaling is consistent with electron drag and ion-ion scattering

losses. Buildup on a streaming plasma in a steady-state magnetic fie1¢ is

described.
. INTRODUCTION.-

The primary objective of the 2XIIB experiment is to investigate scaling
of nt at higher jon energies than could be obtained 1ﬁ 2XI1I. A second
objective is the use of neutra]bbeém injection to sustain the p]asmé density.
These objectives are central elements in mirror reactor concepts.

1 To insure

The 2XII plasma was known to form a suitable target plasma.
that definitive éxperfments could be conduéted even if plasma lifetimes did
not increase with higher ion energy, a'neutra1 beam injecf1on system was
built that could ultimately deliver sufficient current to sustain plasma loss
rates asvrapid as those in 2XII. There were two principal areas of concern

about the prospects of success of the 2XIIB experiment; microinstabilities

and vacuum conditions. During the first 6 months of 2XIIB operation, these

two problems prevented us from achieving our-objectives. Then, with the use

1
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of a stabilizing p]asma stream and minor vacuum system improvements we
obtained the results described in this report.

It had been predictedz’3

that ion-cyclotron microinstabilities would
limit particle confinement in mirror experiments fO'a few tens of micro-
seconds. Several sources of free energy were identified that could drive
ion-cyc]otrdn instabilities: ve]ocity-quce mirror 10ss cone, radial-density
gradieht, and narrow velocity and/or angular distribution of particles.

: A]though an ion-cyﬁ]otrén instability with the characteristics of the

4 lifetimes exceeded 200 ps.

drift loss-cone mode had been observed in 2XII,

There also were quiescent modes of machine operation with even longer

lifetimes and very weak ion-cyclotron oscillations. However, even in the

best confinement runs, loss rates exceeded the classical Coulomb rate.
‘It was thus not possible to predict plasma containment in 2XIIB.

Several facts were clear however. With higher ion energy, achieved by beam

'injection, 2XI1IB would have a steeper radial-density gradient (measured in

gyrofadif), and a narrower angu]ar-distribution function in velocity and

angle. With a higher electron temperature, 2XIIB would have a larger

- velocity-space ambipolar hole. These features increase the free-energy

reservoir that can drive microinstabilities. On the other hand, the shorter

axial length of 2XIIB (measured in gyroradii) reduces the amp]ificatfon

5

factor of the convective ]oss-cone mode® and insures the.sfabi]ity of

negative-energy modes.6
Initial experiments demonstrated that the ion-cyclotron fluctuation
amplitude increased with neutral beam injection, and the density could not be
sustained. Spreading the ion energy distribution by programming the beams at
different energies had little effect. The instability did not cause angular

spreading, suggesting that k, << k,.
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Following a theoretical suggestion by Post7 and expériment indications
from PR6,8 PR7,9 and 2XII, we injected a plasma stream along magnetic field
lines. A priori, it was not obvious that a stream with unknown plasma
characteristics would provide stability because -theory required a rather
specific stream density and temperature. In fact, we find that the stream
does not provide complete stability. Rather, we believe that a low
fluctuation level that persists with stream injection adjusts the stream and:
hot-ion distribution functions, by turbulent diffusion, to mainfain a
marginally stable state.]0

The reduced fluctuation level permitted the plasma density to buiid‘up

with neutral beam injection.]]'

In July 1975, the following parameters were
attained: | |
. Mean ion energy to 13 keV,

. Central densities to 4 x 1013 cmf3,

. Central plasma betas of 0.4, and

e Particle lifetimes increasing with ion energy and reaching

nt =7 x 100 em3.s at 13 keV.
Since July, we have reconfirmed these results with additional measurements
and haVe been able to reach 25% higher density and beta.

This report summarices the present status of 2XIIB experiments and
discusses several topics that have recently been investigated. These include

12 13

measurements of electron temperature, = plasma density profiles,

14 direct observations of turbulent

fluctuation spectral properties,
diffusion, ion energy scaling, and measurements of the plasma stream, 'WE
also describe experiments with 5-ms duration that show no significant

differences in plasma behavior compared to shorter experiments but that do

show the effects of vacuum degradation.
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- the pulsed magnet set,

injection system,

Perhaps our most important new result is the demonstration that the
éfabi]izing plasma stream provides a suitable target plasma in a steady-state
mifror field. The plasma state reached with beam injection with the stream
is 1déntica1 to thaf obtained with a tafget p]asma trapped with pulsed
magnets. Thus, for the ffrst time, a startup ﬁethod for a dc mirror system

has been demonstrated.
* - THE 2XIIB EXPERIMENTAL FACILITY.

This section brief]y describes the hardware associated with the 2XIIB
plasma confinement experiment. The four principal components of 2XIIB are

15 16

the high-vacuum chamber, - the neutral beam.

]7'and the pTasma diagnostics. The 2XIIB device is shown in
Fig. 1, while the plasma diagnostics are shown in Fig. 2.

- The magnet set consists of dc guide coils, trapping gate magﬁets, and a
Yin-Yang éompression magnét{ This minimum-B magnet set provides a centré]
fie]d'of 0.67 T ahd a 2:1 mirror ratio. The 57,000-]1tre'vacuum system

: ‘ «
consists of a nonmetallic central Pyroceram vacuum chamber, two end tanks

for pumping plasma end losses, and two large source tanks for pumping gas

- from the neutral beam 1njectors. “The neutral beam injection system employs ‘a

total of twelve 50-A, 20-keV Lawrence Berkeley Laboratory (LBL) injector

modules, six on each side of the machine. Plasma diagnostics used on 2XIIB
are in most part similar to those used elsewhere. The neutral beams are also

used for diagnostic purposes.

* ’ .
. Reference to a company or product name does not imply approval or recom-

mendation of the product by the University of California or the U.S. Energy
Research and Development Administration to the exclusion of others that may
be suitable.



Fig. 1. The 2XIIB device.
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Magnet System

The trapping and compression magnet sets are enefgized with capacitive
energy-storage systems. The dc solenoids are powered by rectifier power
supplies. .

The pulsed magnets are fabricated from 20-mm2 water-cooled copper
conductor. The compfession coils are wound in a 2-1/2 turn, -4-filar pattern.
The low-inductance fast gate is wound as a 1/4-turn coil and the slow gate as
a single-turn coil. To withstand large forées on the windings, the entire
pulsed magnet is imbedded in a glass-reinforced epoxy structure.

The fast gate rise time is 15 us and that of the compression coil is
500 us. The compression coil isAcrowbarred at peak éurrent, and the current .
then decays with a 10-ms e-folding time constant. The compression coils are
normally operated at 800 kA-turns to produce a pulsed central field of
0.47 T. The dc coils normally operate at O,Z-T_guide field, providing a
total central field equal to 0.67 T. | |

A plot of magnetic field lines at the end of compression is shown in
Fig. 3. The mirror‘ratio is 2:1. In the longitudinal direction, the |

magnetic.field strength can be approximated by the parabola

B(2)/By = 1 + (2/75)%, | - | (1)

where z is in cm. In the radial direction, the magnetic field strength is

approximately (

B(r)/By =1+ (r/55)%," - | | (2)

where r js in cm.
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High-Vacuum Chamber

The high-vacuum chamber surrounding the plasma confinement region fits
inside the pulsed magnet and has a unique design. To avoid distorting the
pulsed magnetic field, it is nonmetallic. A guard vacuum (approximately
10'5 Torr) separates the high-vacuum chamber wall from atmospheric pressure.
The high-vacuum side is fabricated out of Pyroceram panels joined with RTV
silicone rubber and supported on the guard-vacuum side by a glass-reinforced
epoxy structure. A second set of Pyroceram liners shields the RTV seams from
plasma bombardment and provides a surface for titanium deposition. Before
each shot, a fresh surface at least several monolayers thick is deposited on

all the high-vacuum chamber walls.

Neutral Beam System

The 2XIIB neutral beam system was designed with an equivalent current

0 atoms at 20 keV to insure that a hot, dense plasma

capability of 600 A D
could be sustained with no improvement in plasma confinement compared to
2XII. Since an order of magnitude improvement in plasma confinement was
achieved at the higher ion energy of 2XIIB, full current output is not
required for our present experiments.

The characteristics of the 50-A, 20-keV LBL modules are described in the
1iterature.]8’]9 Of particular concern for 2XIIB is the pumping of gas from
the injector. The neutral gas load in equivalent atom current is shown
schematically in Fig. 4. The thermal gas is pumped primarily by two
titanium-gettered expansion chambers, separated from each other and from the
plasma region by baffles with apertures just large enough to pass the

energetic neutrals. These expansion chambers presently keep the gas pressure

from the neutral beam injectors sufficiently low in the plasma containment
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‘end-loss current and energy distribution. In addition, we monitor x-ray,

region for about 5 ms. Although 5 ms is adequate for present experiments,
liquid nitrogen-cooled titanium surfaces will be used to extend this duration

for future experiments.

Plasma Diagnostics

2XIIB plasma diagnostics are shown in Fig. 2. Density is measured with

seven microwave interferometers, a four-position Thomson scattering system,

20

13 channels of neutral beam attenuation,” and a crossed-beam system

employing an absolutely calibrated, 11-channel, charge-exchange analyzer and

21

the neutral beams. Ion energy is measured with the 11-channel charge-

exchange analyzer and a single-channel movable analyzer. Additional .

measurements of ion energy are obtaihed from a diamagnetic loop and from a

neutron detector. Electron temperature is measured by Thomson scatter..

Microinstabilities are detected by high-impedange electrostatic probes and

with microwave beams.z2 An electrostatic end-loss analyzer measures the
23

Ha, and total light emissions. Plasma-stream characteristics are measuhed
with microwave interferometers, movable Langmuir probes, the end-loss .

analyzer, and with several of the diagnostics listed above.
PLASMA CONFINEMENT EXPERIMENTS
" This section describes experimental results on stream-stabilized plasma
with neutral beam injection. We describe

. The effect of the plasma stream on the confined plasma, .

. Measurements that indicate that the bulk of the plasma ions are hot,

1



. Measurements of plasma radial and axial density profiles, and

. Measurements of jon-cyclotron fluctuation characteristics.

Stabiljzation by Streaming Plasma

The effect Qf stream stabilization on plasma parameters is discussed in
this seétioﬁ. The main effect of the plasma stream ﬁ§ to reduce plasma
losses by suppressing ion-cyclotron fluctuations and a]]oWing the density to
buildup. The stream also reduces the e]ectron temperature. The reduced
electron femperature and fluctuation amplitude act together to lower the mean-
jon energy. A1l of these effects are illustrated in Fig. 5.

The data in Fig. 5 were derived from two seriés of shots, one without
streaming plasma and the other with streaming plasma. Electron temperature
vs time measurements were made by changing the firing pime of the Thomson
scattering laser. A]T of the shots .in Fig. 5 were takén with a plasma target
trapped at 0.6 ms and heated by magnetic compression. In all cases, the
neutral beams were fired at the peak of compression 1.1 ms. With the plasma
stream, the neutra] beam current and duration were 200 A and 1.6 ms; and
without plasma stream, 200 A and 1.2 ms, respectively.

Figure 5(a) shows central plasma electron density vs time. These data
were obtained simply by dividing 2-mm microwave 1nterferometer measureménts :
of line density by a mean plasma diameter equal to 14 cm. This diameter is
based on radial profile data described 1at€r (see p. 9). With and without
'streaming plasma, the plasma target densities are comparable. With no

]3'cm'3 for a brief

stream, the neutral beam maintains the density at 1.8 x 10
0.3-ms period. After this, the beam buildup rate cannot keep up with the

p]asma losses due to the increasing amplitude of ion-cyclotron fluctuations.

12
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By contrast, the density with a plasma stream continues to build up until the
neutral beams are shut off.

The mean deuteron ion energy is shown in Fig. 5(b). Without the stream,
the mean ion energy ihcreases rapidly. With streaming plasma, the mean ion
energy rises more slowly to 12 keV within 0.3 ms of beam turn-on. This is
. comparable to but less ‘than the time required for neutral beams to replace
the target plasma by charge(exchange. In spite of the fact that the beam
energy is higher with the stream (17.5 keV) than without (16.3 keV), the mean
ion enefgy is Tower. This reduced ion energy results from lower fluctuation
levels and increased ion cooling by low-energy eiectrons, as illustrated in
Fig. 5(c) and 5(d). _

In Fig. 5(c), the electron temperature with no stream rises rapidly to
250 eV, at which point the density falls too low for reiiab]e Thomson
scattering measurements. With the stream, the electron temperature increases

from 75 eV to about 140 eV in 0.5 ms, and then s@ays relatively ‘constant.
| Figure 5(d) illustrates that the stream lowers the ion-cyclotron

fluctuation amplitude by a factor of 2 to 4. The rf amplitude in this series

of shots is higher than in most of our operation with higher streaming-plasma

input. The large decrease in fluctuation amplitude at 2.2 ms with no stream
occurs when the hot-plasma density drops to a low enough level that the
plasma 15 stabilized by background cold gas, much the same as in 2XII

partially gettered operation.

Evidence that Ions are Hot

Among the first questions considered with stream buildup was whether the

riseAin electron density in Fig. 5(a) or Fig. 6(a) results from'increaseAin

14
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hot-ion or cold-ion density.20

Although the average energy of charge-
exchange flux shown in Fig. 6(b) indicates that the mean ion energy has
increased, it is possible that the Hot atoms detected-are representative
0n1y~of the:tail of an ion distribution with much lower mean energy. -This
possibility is ruled out by absolute measurements of fast-atom charge-
exchange flux, plasma diamagnetism, frequency shift of ion-cyclotron
fluctuations, and absolute measurements of neutronlproduction.

The first direct measurement of the fraction of hot ions is indicated in
Fig. 6(c).. By switching the neutral beams off, we determine that the .
charge-exchange flux consists of a component due to charge exchange off the
beam and a smaller contribution due to background gas. The beam component
originates at the.cénter of the plasma where the analyzer acceptance cone
intersects the neutral beam cross section. The key point of this measuremént
is that pn]y particles above 500 eV are detected by the analyzer; cold ions
are not detected. The change in analyzer signa] when the beams are switched
off is therefore proportional to the product of (1) hot-ion density, (2) ion
angular distribution, (3) neutral beam atom density, (4) éharge-exchange
reaction rate, and (5) analyzer sensitivity. . Since all factors except
density are known, the'beam component of charge-exchange flux provides a
measﬁre»of the hot-ion density. This measurement of hot-ion density is
within 20% of the electron density. The discrépancy is within the
uncertainty of the absb1ute calibration of the fast-atom analyzer. We
therefore conclude that the bulk of the plasma ions are hot.

A second indication of a hot-plasma den;ity is obtained from diamaghetic
loop meaSuremeﬁts shown in Fig. 6(d). The diamagnetic loop measures the

plasma parameter B, equal to thé ratio of plasma energy density to vacuum

magnetic field energy density, averaged over a 2.5-1itre-plasma volume. The

16



maximum value of beta at the plasma center, é, shown in Fig. 6(d) is
calculated from the central electron density and mean ion energy.

A third indication of h1gh beta is a shift of the fluctuation frequency.
'Assum1ng this frequency is the ion-cyclotron frequency, we ca]cu]ate the

plasma beta from the expression
B=1- [w(g)/us =012 i (3)

This .value of beta shown in-ng._G(d) iies between the maximum beta and
average beta measured by the diamagnetic loop.

The fourth indication that the bulk of the plasma is hot is obtained
from a comparison between measured and calculated neutron production rates.
Figure 6(e) shows that .the neutron production rate increases with an n2
dependence. .The measured rate for the‘snot shown in Fig. 6(e) reaches

6.5 x 1010 s

neutrons/s, whereas the ca]cu]ated rate is 1.1 x 10 This 40%
discrepancy is within the accuracy of the calculation, which is 1imi ted by
lack of detailed knowledge of the high-energy tail of the ion distribution
funciion and uncertainty due to spatial averaging over the plasma density

profile.

Measurements of Plasma Density Profiles .

' Measurements of plasma density profiles are necessary to determine
plasma volume, to determine radial and longitudinal density scale lengths, to
interpret microwave line-density measurements, and to calculate the ion
pitch-angle distribution. Horizontal and vertical density profiles at the
plasma midplane (x and y fn Fig. 7) provide a measure of azimuthal symmetry.
The nonsymmetric axial profile due to the stream has been measured by |

injecting a stream from both ends, with diagnostics in one end.

17



Fig. 7. Coordinate system for. density profile measurements .

18
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Density_profi]es %n the horizontal plane are obtained from Thomsbn
scattering measurements of electron density; microwave interferometer
measurements of electron density along two chords, and radial scans of a
collimated fast-atom detector that measures<ion density profi]és. The
vertical profile is measured with a 13-channel neutral beam aftenuation
detector. Radial profile measurements in two orthogonal directions show that
the p]aéma is azimuthally symmetric at 2z =,6 and'that the mean plasma
diameter is 13 to 14 cm. Since the gyroradius for a .14-keV deuferon is
3.5 cm, the plasma radial scale length varies from Rp/ai = 2 at 14-keV mean
ion energy to Rp/ai~= 4 at 3.5-keV mean ion energy.

| Longitudinal density profiles are obtained with 2-mm and 4-mm microwave
interferometers fixed at z = 0, a 4-mm interferometer movable from z = 0 to
130 cm, 4-mm and 3-cm interferometers‘at z =160 cm, and a Langmuir probe at -

z = 160 cm. Axial density measurements indicate that the hot-ion

“distribution along z is determined by the injected neutral beam profile.

This is expected since the characteristic time scale for charge-exchange

replacement of the plasma ions with beam-injected atoms is short‘compared to

classical ion-ion scattering times. The mean hot-plasma axial length

l(~'40 cm) is therefore less than the distance between mirrors (150 cm), and

the velocity-space distribution of ions is anisotropic (high-beté, axial
pinching modifies this conclusion). The plasma density outside the mirrors
that is the source of streaming plasma between the mirrors exceeds the

central plasma density. The bulk of this exterior plasma is held out of the

~mirror confinement region. At the mirror, the streaming density is 20% of

the central density between mirrors.

19



Horizontal Profile

~ Thomson scattering providés a direct measurement of plasma electron
density at x = 0, 4, 6, and 8 cm. These data, shown in Fig. 8, indicate a
radia1'p1asma profile in agreement with that measured by other methods.
A 4-mm microwave interferometer on the plasma diameter and a second
interferomefer on a plasma chord at x = 7 cm providé an estimate of the mean

plasma diameter. A parabolic profile
- n(r)/n(0) =1 - (r/]g.s)z, S ()

shown in Fig. 8, is consistent with this microwave measurement and yields a

mean plasma diameter
¥ = n'](O)/ndJL . A (5)

equal to 14 cm. -

The above tWo measurements of electron density are éompared with a
.meésurement of 17—kev éharge-exchange étoms in Fig. 8. These data are
obtained with a movab]é.detector fhat views the plasma with 3.5-cm resolution
in the x-direction. The measured distribution has been shifted one |

~gyroradius to obtain the guidihg-center distribution of plasma ions shown in

. Fig. 8. These data have been normalized to the central density determined

- from the other methods. The hot-ion distribution can be fit by a Gaussian

profile:
n(r)/n(0) = exp [-(r/7.38)21 . o (6)

This profi1e yie]ds a 13-cm mean plasma diameter.

Vertical Profile

The density profile in the.vertical.(y) direction is measured with a

13-channel array of beam-attenuation detectors spaced on chords every 2 cm.
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The detectors view one of the 12 neutral beams and have 8-mm resolution at
the plasma.. Beam atténuatiqn is primarily by charge exchange and is 50% at a

14 cm'2 for typical 17-keV neutral beam extraction

line density of 4.5 x 10
energy with 13-kéV mean plasma ion energy. The measured line density data is
Abel inverted to give the profile shown in Fig. 8. The curve is a
least-squares fit of a Gaussian function to the measured data. The central
.:,‘dénsity fof this high-density'shot is 5.8 x 1013 cm’3. A central density of

4.8 x 10]3 cm'3

is determined from the y—directed, 2-mm microwave line
dénsity using the measured beam-attenuation profile. This 20% discrepancy
could result from asymmetry in-the 1ow-dénsity'wings of the radial profile,
inaccuracies of atomic cross sections used to reduce the beam-attenuation
data, and uncertainties of the fractions of full-, half-, and third-energy

components of the neutral beam.

- Axial-Density Profile

The axial-density profile is calculated from line-density measurements
through the narrow dimension of the plasma fan. These measurements were made
with a movable, 4-mm microwave interferometer. ~To determine the density‘
profile, we assume the plasma cross section follows a magnetic flux surface
| (és in Fig. 3). The axial density profile is shown in I'ig. 9. Whereas the -
~data for z > 0 has beén measured several times, the data for z < 0 has been
measured only once. For comparison we show the "Holdren" collisional
distribution that is considerably broader than the measured distribution.

The measured distribution is primarily determined by the angular distribution
of the injécted neutral beams. On the'streaming plﬁsma gun side, the plasma
density outside the mirror is higher than in the center. The mirror holds
most of this density out, with only 5% of the external plasma able to

penetrate to the mirror throat.
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Pitch-Angle Distribution

Axial measurements of plaéma density can be used to calculate a
pitch-angle distribution.24 Figure 10 shows the midplane equilibrium angular
distribution in ﬁerms of the variable u = cos 6. This distribution has been
obtained using Hall's formula to invert an ana]ytic fit to the data.
Ignorihg'finite beta, the data is inverted using the vacuum magnetic field -
'prbfile.‘ To estimate the effect Qf.finite beta, the vacuum magnetic field
‘was depressed by the local beta determined from the measured axial-density

profile.

Idn-Cyc]otron Fluctuation Measurements

Ion-cyclotron fluctuations are detected with electrostatic probes

4 25 at the center of the

located beyond the mirrors™ and with miqrowave beams
plasma as shown in Fig. 2. The probe has a 10-kQ series resistance and
detects floating potential oscillations. The probe frequency window extends
from 0.1 to 20 MHz (0.02 < w/wci < 4), and oscillations as weak as 1-V '
peak-to-peék can be detected. A 4-mm microwave receiver detects phase
modulation of a transmitted microwave beam. The phase modulation is caused
by density oscillations within the plasma. This system is most sensitive to
long-wavelength density perturbations. The minimum detectable signal

corresponds to density oscillations of ﬁ7n0 ~ 10'3

for wavelengths in the .
range of k*ai ~ 3.

An example of the envé]ope of rf activity detected by the probe fs shown
in Fig, 11. During stream injection, the rf occurs in periodic bursts,
whereas after the stream shuts off, the rf builds up to a higher level and is

more continuous. This behavior is discussed in more detail below.
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Particle Loss Rate

- The particle loss rate, shown in Fig. 12, increases linearly with the
square of rf intensity. These data are all from the shot shown.in Fig. 11.
The key point made in Fig. 12 is that ion-cyclotron fluctuations, when not

suppressed by the stream, cause rapid loss of plasma.

Frequency Spectra

The frequency spectra of the ion-cyclotron fluctuations detectgd by the
" rf probe are shown in Fig. 13. The two typeS*of f1uctuations referred to
above, bursting with the stream on and continuous with the stream off, are
characterized by their time behavior and sﬁectra] widths. The time-domain
signd]s are recorded dfg1ta11y with trahsient recorders. Fast Fourier |

22 The frequency

transform techniques are used to compute power spectra.
spectra for both bursting and continuous noise are centefed near ion-
'cyclotroh frquency corrected for finite beta as indicated in Fig. 13.
The bursting ihstability rises with a growth rate Y/wci ~ 0.02 and lasts |
~70 jon-cyclotron peribds.
Although the dominant frequency is the ion-cyclotron frequency, there
are'many instances when second and third harmonics are observed. Rélativev

amplitudes of the fundamental and second and third harmonics are shown in

Fig. 14 for such shots.

Wavelength Measurements

'The waveiength of ion-cyc]otroﬁ fluctuations is determined by combining
measurements with the two tips of the ff probe'displaced a distance L. The
phase of the cross-amplitude spectrum22 |

Pip(0) = [P () Ppplw)|1/2 ekt « ~ (7)
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-_determines the oscillation wave number k. This is combined with the
freqdency measurement to calculate the magnitude and direction of the
wave-phase velocity w/k.  Four wave-number measurehents made during the
bursts gave k,a, from 2 to 5. The‘correspondfng phase velocities range from
4,1 x 107 to 2.3 x 107 cm/s. In three of the four measurements, the
wave-phase velocity was in the diréction~6f the ion diamagnetic drift and in
- one case opboéfte. Two measurements of k,a, after the stream shut off gave
k,a, = 3.7 and k,a, = 0.0; In the first measurement, the wave-phase velocity
waé in the direction of the ion diamagnetic drift, and in the secdnd, the

phase velocity was indeterminate.

Ion Velocity-Space Diffusion Coefficient

A direct measurement of the increase in velocity-space ion diffusion
when the stabi]iiing stream plasma is turned off is given in‘Fig. ]5..,Thel
top three traces in Fig. 15 are 17-, 25-, and 39-keV deuteron chérge-exchange
fluxes measured perpendicuiar to the confining magnetic field. For
comparison.with the charge-exchange signa]s,Athe envelope 6f ion-cyciotron
oscillations is shown at the bottom of Fig. 15. A1though the peak amp]itudé
of oscillation does notkchange appreciably when the streaming plasma turns
off at 3.8 ms, there is a large buildup in thézgontihuous level of
: oscillation. |

When the streaming plasma is turned off, the 17-keV signal rapidly
decreases. This is characteristic of all the charge-exchange signals below
17 keV that are not shown in Fig. 15 but lie in the bulk of the ion
distribution tfunction. By contrast, the 25- and 39-keV signals thét are in ..

the tail of the ion distribution after the stream turns off show a rapid
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increase. From}the delay between the maximum signa1 heights in the 25- and

39-keV channels, we estimate an ion diffusion coefficieht of 100 eV/us.

~ Bursting -

The spectral properties of the ion-cyc]otfon-f1uctuations accohpanyihg
7burst1ng.were‘dESCr1bed abqve. These buréts resu]t:iﬁ small decreases in the
central line density (~5%) and larger decreases in the 90° charge-exchange
flux (~ 20%), %ndicating a spread in angular distribution. This spread is
~ confirmed by the hovab]e microwave interferometer that detects an increase of
particle density in the mirror regions during bursﬁing, and by the end-loss
analyzer that detects a large increase in the flux of ionS above 1 kev; The
density of thé.plasma is limited by the bursting when baftic]es lost during .
the bursts'equal bartic]es trapped during the .essentially 1oss-free duiet;
periodé”between bursts. | '

In the July experiments, bursting set iﬁ at a well defined density
threshold of ~3 x 10]3 cm'3 and plasma beta of 0.4. In later experiments,'
where moré parameters have been varied, we find'bursting at densities between
1 to 5 x 10]3 cmf'3 and at plasma betas as low as 0.1. ‘

The repetition frequency of the bursts increases almost linearly with
. beam curreﬁt. Since the buildup rate, in the -absence of losses, is
propoftional'to curreﬁt, this variafion implies tHat the fractionaj
modu]dtion of the density and 90° charge-exchange flux during the bursts is

independent of the beaii current strength, as is observed experimentally.
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Re-aiming the beams to tangential Hnjection at the machine center increased
the repetition rate per unjt current and decreased the percent modulation of
the density and flux.

Thgsé observations suggest that the bursting is a relaxation phenomenon.
40ne possible mechanism inyolves the ratio of stream to hot-plasma density.
If stabilization of the plasma by the ‘stream requires'some,minimum ratio of
stream density to trapped plasma density, and the stream density is source
limited, then it follows that the maximum trapped plasma density should be ‘
'11mited'by the reappearance of the instability. Since the instability growth
.rate s fast compared with plasma buildup time, it appears unlikely that one
6an overshoot the sfabi]ity limit of nh/nsvand obtain relaxation |
oscillations. An a]terhafive explanation involves the‘hypotheses that the
inérease in rf as the limit is approached reduces the stream density by rf
plugging of the mirrors and drives the system more unstable. The instability
eventually limits and dies out as ions turbu]ent]y diffuse into the loss |
cone. With thé decrease of the rf, the stream density can once again .
penetrate the mirror and provide stability. The trapped piasma_density at
thi; time would be below the instability limit set by the normal stream
| density, and buildup would again occur until the limit Was reached and the
cycle repeated.
| The evidence that the bursting in ZXIIB is due to this mechanism is as
follows:
« " In the case of plasma buildup on stream alone, the value of the final

' purst-1imite¢ density béars a direct relationship to the stream density.

. A sudden increase in stream density'produced by firing a second stream

gun after a bursting limit has,beén reaéhed resulted in a rapid density

increase to a burst-limited level almost double the previous value.
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. End-]oss/measurements show that although the flux of energetic ions
increases during the bursts, the current of lower-energy stream
particles decreases, indicating a decreased penetration of the stream

during bursts. '

Characteristics of the Plasma Stream

In this section, we describe characteristics of the 2XIIB plasma stream,
including measurements of the. electrical gun characteristics, electron
temperature, density profi]es,'and end-loss measurements. The locations of
diagnostics used for these purposes are shown in Fig. 16, The streaming

26

plasma gun is a standard deuterium-loaded, titanium-washer gun®" driven by

~either a 20-kV, 2-@ L-C pulse line or by a 3-kV, 0.2-0 L-C pulse line.?’

‘The pictdre which emerges from the measurements described below is that
the streamingigun generates a 10]4 density stagnant reservoir of plasma
outside the mirror with an electron tempereture oi ~70 eV. Ions and
electrons are contained for several transit times between the gun-and the
mirror. The stream density is attenuated in-the mirror throat, a]idwing an
'eiectron temperature in the confinement region between mirrors to exceed that
in the external plasma. . |

ihe current to the streaming plasma gun, the voltage at the gun, and the
resulting eiectrica] power are shown as. functions of time in Fig. 17 for the
20-kV, 1-ms pulse line. The electrical input power is approximately 1 MW,
with a 0.2-T guide field; approximately 0.3 MW of plasma power has been
~ collected by a calorimeter on the other end of the machine, 7-m away. This

streaming gun output power (mainly into electrons) is comparable to the power'

transfer to plasma electrons'by hot ions slowing down.
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To determine if the gun alone could heat electrons, measurements were
made with the streamihg gun firing at the wést mirror with the 0.2-T dc gquide
field. Thomson scattering‘measurements made between the gun and the mirfor
indicate a 70-eV electron temberature and a density of several times
10]3 cm'3. In the dc field alone, without the mirror, Langmuir probe
measurements indicate a lower electron temperature and lower density,
possibly due to poorer plasma containmeht. The density and electron
temperature increase when a mirror is added, and increase still mdre when hot
plasma is present. With hot plasma, the exterior ion containment time is
estimated to be 25 ion sound speed transit times, and the exterior electron
- energy Tifetime to be more than 30 electron transit times.

Langmuir pfobe jon saturation current radié] profiles, made 150 cm froh
the streaming plasma gun with 0.2-T dc guide field, indicate that the
streaming plasma has a 7.5-cm mean diameter. With compression coils and
0.2-T dc guide field, this 7.5-cm mean diameter maps into the shape shown in
Fig. 18. Comparison of line density from an east streaming gun with a west
streaming gun shows that the stream ellipticity exceeds 3.8.

~ The external plasma density is seen in Fig. 16 to decrease rapidly with
the increasing magnetic field in the mirror region. The ions are presumably
ref]ecfed by the mirror. Ion-cyclotron fluctuations (driven by the hot
'plasma) extending into the end region could aid reflection by "rf stoppering”
ions at the external ion resonance zone.

The end-loss analyzer measures the total current through the mirrors'
(end loss plus streaming). Figure 19 shows this current as a function of
Lime. The analyzer current sensitivity has been calculated rather than
experimentally calibrated, and thus is subject to some uncertainty. The

relative current-time dependence, which does not dépend on this calibration,
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‘ ﬁncreaseé with a 0.8-ms rise time and decays with a 0.25-ms time constant
after beam turn-off.

The spread in end-loss ion energy is typicai]y several hundred eV and’
‘the plasma potential is about 400>eV. From the end-loss measurement, we
estimate,thé éentra] density of isotfopic warm plasma to be in the range of
13 em™3

3 to 10 x 10]] cm'3. For a trapped density of 1 x 10 » this

corresponds to approximately 3% to 10% of'the-trapped energetic density.

Vacuum Conditions

Vacuum and firét;wall surface conditions can p]ay dominant roles in
determining plasma characteristics if they are not adequately contro'l]led.:28
This section describes our methods for controlling and monitoring vacuum '
conditiohs,and asseﬁsihg their impact on plasma pafameters. We find that
high-current, long-duration, neutral beam injection results in a
background-gas pressure rise that limits particle lifetimes by charge

exchange.

Neutral beam injection results in charge-exchange current as high as

. 80 A bombarding the vacuum chamber walls. At surfaces 50 cm from.the plasma,

17 2

-s']. For the

13-keV aver&ge jon energy, the corresponding power level is 200 w-cm'z.

this gives a ﬁeak in wall-bombardment flux of 10° " atomsecm

To
put the particle flux in perspective, 2XIIB fluxes are about the same as in-
the Fusidn Engineering Research Facility (FERF) design and an order of
magnitude higher than in mirror reactor designs. This wall bombardment
results in a.buildup of background-gas pressure that depends on the product
of beam current I and the beam duration At, as shown in Fig,<20;

29

The results of a gas-flux calculation™ are shown in Fig. 20. The curve

is a best fit of the calculation to the measurements with two adjustable
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parameters: reflux édefficient and energy. of desorbed species. The -
saturation flux level indicates that for every energetic neutré] thaf strikes’
the vacuum chamber walls, 0.6 neutra]é'feturn, either by reflection or-
desorbtion. The buildup fate is representative of 3-eV atomic deuterium.
The reflux coefficient of an ideal titanium surface is 0.15 for a typical
2XIIB ion energy disfribution with a lé-kev mean ion energy. We theréfore
conc]ude'that‘most of the background neutral flux is gas desorbed from the
walls rather than refiected charge-exchange fluk. In fact, in more recent
experiments the reflux éoefficient has been reduced to 0.3. The density
decays shown in Figs;.S(a) and 6(a) when the beams shut off are both
dpminated by chafge-exchange particle losses. Although the charge-exchange
IOSS rate can be subtracted from ;he measured decay rate, this becomes
imprecise Whén the charge-exchange rate nearly equals the density-decay
‘rate. ,

An example of a shot with a 5-ms duration, high-current beam injection
is showﬁ in Fig. 21. This shotvi11ustr5tes that although the plasma denéity
can be sustained for long durations, the background gas pfessure rises to'
-«10]7 atomS°cm'2-s'].' This pressure risé; due in par; to gas from the
nedtra] beam taﬁks, results in a rapid cooling of the mean ion energy with
beam turn-off.

Background-gas charge-exchaﬁgé rates can be reduced by lowering the
injected beam currént and duration. Howeyer, to rep1aée the target plasma by
the beam requires that IAt > 0.1. This requirement is independent of density
bééause the beam trapping efficieﬁcy is nearly proportional to density until
the plasma becomes very thick. The requirement fhat the plasma be
beam-dominated resu1t$ in a charge-exchange time of 3.5 ms Qnder the best

vacuum conditions. Our longest reported lifetimes of 5 ms were corrected for

a 3.5-ms charge-exchange time.
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In summary, we consider vacuum ;onditions to be our main technical
problem. Although cofd gas does not prevent buildup of hot plasmas in 6ur
 present experiments, it can limit hot-ion lifetimes. - We intend to reduce the
amount of cold background gas by the introduction of smoother first-wa11
surfaces, higher-energy plasmas, and impfovement in the pumping capacity of

the neutral beam tanks.
ENERGY SCALING:

Introduction

This section is concerned with our primary experimental objective:
scaling of confinement time with ion energy. Energy density confinement time

‘nwi
TE ~ T\ ae - (8)
A d(nFﬁ)/dt '
is‘the most important.containment‘time,lbut is difficult to measure. Only
the diamagnetic loop directiy measurgs,enefgy density. Diamagnetic loop flux -
changés in 2XIIB are only a few parts in 103 with even the highest energy
densities because the Toop is wound outside the large vacuum chamber. The._
pre;ision_of the diamagnetic loop measurements, though adequate to confirm
-existence of high betas, is inadequate td determine energy density decay
rates. |
Diagnostics which are not so precision-limited measure either particle

lifetime 1. or ion cooling time rt,‘

n
5
Th © ani7at ’
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and

Wy

dW;/dt )

T€=

The confinement times are related:

]__1_ ]__ . .
L-L.L - (9)

Particle loss rate and ion cooling rate are a.combination of, or-a

balance between, a number of physical processes.. For example, the particle

1

loss rate r; is the sum of (1) the Coulomb ion slowing down rate on colder

electrons and the Coulomb ion-ion scattering rate into the loss cone TElu],

(2) the chargé-exchange loss on cold background gas-r;l, and (3) the

turbulent diffusion rate T;} due to ion-cyclotron fluctuations, as well as:

any other residual particle losses Ta]:

'1__= 3L IR ISP H B ' S (10)
T Tcoul  Tex  Trf To -

In low-density experiments, it is important to fnc]ude particle input from
the streaming plasma. ' |

Similariy, the ion cbo]ing rate T%J is_a competition between electron |
~cooling and stochastic heating by plasma turbulence at the expense of
parfiéle loss.

Experimentally, our goal is to reduce and/or minimize all losses in
order to maximize the net confinement time. Examples of unoptimized
operation have already been discussed: Fig. 22 shows that high background-
gas flux decreases the particle lifetime; and Fig. 12 shows that without the
plasma streaii, hfgh-f]uctuation amplitudes produce excessive turbu]ent
plasma losses. |

In the following paragraphs, we discuss three measurements of particle

lifetime, each of which shows that nt increases with ion energy. We find
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that the ion cooling rate fql]ows the classical Spitzer formula and that the

electron temperature s]oW]y increases with ion energy.

~ Particle Lifetime

Our analysis of particle lifetime is based on the buildup equation

dn d(nT + ns) _ dnT dn

- s _
- T at T dt '@
(o;v + o,v) 2fIng +'oivf Apflng ng - np ' ‘ an
Vp eV Vi eV Tg  Tr *

The subscripts s and T refer to the untrapped streaming plasma and to the
trapped plasma, respéctive]y.

In Eq. (11), our notation is as follows:
' 3

n Plasma density, cm™~;
o and gy Ionization ahd charge-exchange cross. sections, cm?;
vy and v Neutral beam and the relative particle-beam

velocities, cm/s;
L Neutral beam trapping length (p]asma diameter), cm;
f - Neutral beam trapping efficiency factor, averaged
over the plasma density and.beam current profi]e;;
I -~ Neutral beam current in equivalent amperes- of

deuterium atoms, A;

v Plasma volume,'cm3;
r}] Particle loss rate; and
T;] Stream flow rate.

If we define o as the fraction of untrapped plasma, o =.'ns/(n.l. + ns),

and‘T'] -1 h']dn/dt. then

meas to be the measured particle buildup rate, Tneas
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1 =f12 c'iV+a0Xv_0L__'];a (]2)
Tmeas eV ) Ts T :

| In Eq. (12), we have taken'ls = %7 and fs‘= fT.
Three methods are used to determine the particle lifetime; measurement .

- of the density détay rate after neutra] beam tufn-off, measurement of the
-~ initial density buildup rate with.neufra] peams on, éhdtfina]]y, measurement
| of. the neufra] beam current'required to sustain the‘p1asma at a constant
density. In each of these methods, we detérmine density from microwave
interferometer 1ine-dénsity meésurements. In interpreting such data, we
assume that the plasma diameter and the'angu1af distribution are constant.
Plasma profile measurements confirm that these aré good assumptions. The
particle inpdtvof the streaming plasma is represented by the term a/TS.
Although the stream contribution is smali, ft is not constant in time and.cah
introduce an observable contribution to the rate of change of'density if the

13 cm'3.

hot-plasma density is not well above 10 In these’éases, we correct’

for the presence of the stream.

Density Decay with Beam Turn-0ff

Figure 6 shows an example of a shot where particle lifetime is measured
with the neutral beams turned qff. With'high;current, long-duration beam
'injection, this shot has high plasma beta and neutron produétion, but
particle lifetime is limited to 1 ms by charge exchange on the background
gas.

A shdt with reduced beam duration and therefore increased charge-
exchange time (3.3 ms) is shown in Fig. 23. This low-density shot shows the
effect of plasma stream on particle lifetime; notice the increased density

decay rate when the stream is turned off.
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Based on end-loss analyzer measurements, we take 0.8 ms as the stream
buildup time constant and 0.25 ms as the decay constant. By applying
Eq. (12) to Fig. 23, we can solve for the fraction of warm plasma o and the

particle lifetime t; by taking the measured time constant with stream on

(

=.-5.0 ms) and with stream off (t = -1.2 ms):

Tmeas meas

]_a_]-d

5.0 0.8 Ty

. o

T2 70T T
From the above equations, we find a'= 0.12, and T = 2.5 ms. Now subtracting
the charge-exchange contribution t._ = 3.5 ms per Eq. (10), we find a hot-ion

cX
10 -3 . . .
cm “es. This correction is

containment time T = 9 ms, and hr =8 x 10
substantiai and consequently has large uncertainty in the final result.
Generally, charge-exchange corrections have not been made to the data.

Instead, charge-exchange-1imited shots are not included in the dafa set used
to measure_particle containment times. The chargé-exchange time is known
accurately enough to ascertain if charge-exchange losses are important, but
not accuraté]y enough to make substantié] correction to these data.

- The data represented by open circles in Fig. 24 summérize the measured

values of nt vs ion energy obtained by the beam turnoff method described

above. These data show nt increasing with ion energy.

Density Buildup Rate with Beam On

The second method of determining particle lifetime uses the measurement
of initial density buildup rate with neutral beam injection. Fig. 25 shows

the measured rate, r']

> froh microwave interferometer data vs injected beam
current. These measurements are taken while ion-cyclotron fluctuations are
| suppressed by the stream. The zefo current intercept determines the particle
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loss rate according to Eq. (12). This intercépt corresponds to a 10-ms
- particle Tifetime with a 5-ms lower standard deviation limit. Particle

13 cm'3 are shown

lifetime measurements at a plasma density equal to 1.5 x 10
Vs mean ion_energy as the solid dots in Fig. 24. Again, nt increases with

ion énergy, and the values obtained are consiStent'with the first method.

Beam Current Required to Sustain Plasma

The third method of determining particle 1ifetime uses the neutral beam

© current required to sustain the plasma at constant density. Figure 26 shows

13 c

that the current required to sustain the plasma at 1.5 x 10 m"3 density

decreases with increasing energy of the injected neutral beams.‘ Again, the

measurements are interpreted using Eq. (12). We take 1/rmeaS =0, a = 0.12,
1y =0.8ms, f=0.5,V=4.5Titres, £ = 14 cm, and find
C_flp GOV 1 10e-]

tp = & W= a) " Tes Tt ST (13)

S

Values of nt based on this measurement are shown on Fig. 24 as squares. -

Ion Cooling Rate

A few hundred microseconds after neutral beams are: turned off, the mean
energy of the éonfined jons decreases as shown in Fig. 6.. Immediate]y after
the beam switch'off, the enefgy distribution hardens during the 0.2-ms pefiéd
that the ion-cyc]otron fluctuations subside. Thereafter, the mean ion energy
decreases with a time constant TE- We have found the an-scéles according to

the Spitzer30

rate as shown in Fig. 27. The data of Fig. 27 have not been
corkgcted'for charge-exchange cooling or for residual stochastic heating.
Both these effects are estimated to be small.. The factor 5 variation in

electron temperature was produced accidentally by a vacuum leak on the end
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flange, which momentarily opened when the magnet was fired. This puffed air
into the fans near the streaming plasma guns 3 m from the hot plasma. The
gas input rapidly cooled the electrons, but did not charge exchange the hot

plasma until ~3 ms later.

Electron Temperature Scaling with Ion Energy

If nt is dominated by electron drag, then the variation of electron

temperature (Te) with ion energy (wi) is the governing link between nt and

ion energy.  The electron power balance equation]0 is

2 3
niwi x 10

: - nv.nT. , - (14)
4.4><'IO7T2/2 s’se o

d (3 > -

dat (2’ niTe
where Te is in eV, and wi is in keV. The net energy lost per electron
lifetime is nTe. Energy‘input from the streaming gun is neglected. The

streaming plasma (ns) cools electrons at the thrdughput rate

v, ~ kT, | (15)

- which depends on ion sound speed and an effective plasma length. In

equilibrium, we find fﬁom Eq. (14) that for deuterons

o n}3NiL' 1/3 . ‘ R '(]6)
Te ~ 27 53273;' s :

where n}3 is the density in units of ]0]3 cm'3.

Thus, we expeci electron temperature to increase with (1) increasing jon
enérgy density, (2) increasing plasma length, (3) decreasing stream density,
and (4) decreasing electron losses. For fixed ion and stream densities, the
electfon temperature'increases with the cube root of ion energy. Equa-

tion (16) neglects electron cooling due to cold gas.
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Figure 28 shows measured electron temperature vs mean jon energy. These

data are from our best vacuum conditions with ion densities between 1 to

13 -3

2 x 10 .- The three highest electron temperatures (at wi = 13 keV) were

obtained with less streaming plasma and qualitatively support‘the stream

~density scaling of Eq. (16).

The measured electron temperature increases slowly with ion energy, as
seen ih Fig. 28. The rate of increase is not well defined due to the scatter
in the data. Square-root or cube-root scalings cannot be distinguished.

We have shown in Fig. 28 é line
T, = 40(W) /% ev ‘ (17)
that is the upper envelope of all the measurements. The square-root
dependence is suggested theoretica]]ylo from Eq. (16). w1'th'ns/n1.'°c T/ W
This line does not represent either lTower-temperature measurements made under

poor vacuum conditioﬁs or unoptimized stream input that are not included in

the theory.

Discussion of Energy Scaling

In this section, we discuss thé connection between the energy scaling
measurements of particle 1ifétime, ion cooling rate; and electron
temperature. Due to the scatter in the experimental data, we'cannot éxpect
quantitative agreement, rather we are striving for a cthistent pictﬁre.

First, it is important to consider the importance of ion-ion angle

scattering3]

_ 5. 1010 (372 ,
nTij =2 g 10 &5 1og]O R ‘ . (18)
into the loss cones relative to electron drag into the ambipolar hole

- an? 73/2 : : : . ‘
Nt = 4.4 x 10 Te n (Ei/Eh) . 4 | (19)
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The term &n (Ei/Eh) is a measure of thé "distance" to the ambipolar hole, Eh‘

Here, E.

; and Eh are in keV, Te is in eV, and the mirror ratio is R = 2.

Let us compare the two processes by taking Eh = 3Ee,

nt, g E, \3/2 : '
s = 126 E, s (E./3E,) . ‘ (20)

. Table 1 shows that this ratio is unity'for'Ee/Ei<= 0.02. For the data shown
in Fig. 28, 0.015 < Ee/Ei < 0.03. Thus, 2XIIB operates in the range where

electron drag and angular scattering are comparable.

Table 1. Comparison between electron
drag and angular scattering
time scales.

Ee/Ei | (nT)ie/(”T)ii
0.01 : 0.44
0.02 . 1.00
0.04 | 2.14
0.10 4.80

To estimate the combined effect of electron drag and ion-ion scattering,
we ca]cd]ate the sum of these two loss processes as described by Egs. (19)

and (18):

1] 1
?\_:[- nTieA+ nT.h- ‘ (2])

This estimate will overestimate nt since it neglects turbulent wave diffusion
and since it is for the maximum measured electron temperature. It does

provide a Simplelphys1ca] model for our present discussion.
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With the experimentally determined electron temperature, Eq. (17), nt becomes

(nt)™! = (5.5 x 10° £3/* an 31E)7T + (6 x 10° e3/2)1 (22)

The nt curve calculated according to Eq. (22) is shown in Fig. 24. The slope
of this curve at 10 keV indicates a E}'Z scaiing. For comparison, ion-ion
scattering nt = 6 x 109 E?/z is shown as the dashed curve.

We conclude that the envelope of our highest nt data can be described,
within a factor less than 2, by electron drag into the ambipolar hole and by

angular ion-ion scattering. .
BEAM BUILDUP ON A STREAM IN A DC MAGNETIC FIELD

Introduction

The productidn of a dense, energetic target plasma in a steady-state
magnetic field has been a major technical problem facing the magnetic hirror
prbgram. Dense high-energy and higtheta, mirror-confined plasmas have been
produced in the 2X series of'experiments using fast, pulsed, magnetic mirrors
for time-of-flight trappihg of target plasma. As described earlier in this
report, this plasma target is suitable for buildup with neutral.beéms if
stabilized with stre&ming plasma. The major disadvantage of this technique
is the difficulty of'combining pulsed trapping fields with the steady-state
superconducting magnetic fields desired in a reactor.

Previously, a number of methods for startup in steady-state magnetic
fig]ds have been suggested, but none have been dehonstrated. These methods
can be divided into two categories: (1) in situ creation of the target
plasma, and (2) external production and injection of the target plasma. The

first method attempted in category (1) was Lorentz ionization of energetic
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32-35

neutrals injected into a high vacuum. Instabilities have thus far

limited the plasma density attained byAthis method to below 10]0 cm'3.
High-beta (0.5) plasmas have been created in situ by electron-cyclotron

36

resonance breakdown and heating of a background gas. However, the maximum

12 cm-3,-

densities obtained by this method have been limited to less than 10
- and there is the unsolved problem of high gas density surrounding the plasma
created this way. Experfments in which a target plasma is produced by laser

37,38 and may produce a suitable

. irradiation of a pellet are in progress,
in situ target plasma for buildup.

In the second category, externally produced plasmas that have been
.suggested as possible targets for injection into a steady-state magnetic
mirror field include an arc‘discharge39 and an injected plasma to be heated
and'trapped by eiectron-cyc]otron resonance.40

This section discusses experiments that have shown that the streaming
plasina used for stabilization can be injected into a quasi-steady-state
magnetic field to form a target p]aéma. With neutral beam injection, the
plasma builds up to densities and energies éimilar to those achieved

previously with target plasmas that were trapped by pulsed magnetic fields.

Experimental Results

We>abpfoximated a steady-state magnetic field by delaying the injection
of the p]aéma stréam and neutral beams until the peak of the pulsed magnetic
field. ‘The field then decayed with an L/R time of 10 ms, so was nearly
constant for the 2-ms duration of the streaming plasma. '

The circular cross-section streéming plasma fans out horizontally as it
" moves along tHe minimum-B magnetic field lines, as shown in Fig. 18. This

. geometrical plasma shape is unstab]e to the interchange instability, which
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probably accounps for the b]ésma evolving to a cjrcu]ar cross section in
about 1 ms. The.12 neutral beams are injected within 10° of parallel to the
major diameter, as shdﬁn in Fig. 29. They were aligned to cross the veftica]
,mediah plane at 3 cm above aﬁd below the axis.

The plasma line density, measured across the minor diameter of the
streaming plasma in the containment region, is shown in Fig. 30(a). Without
neufral beam injection, the streaming plasma reaches a line density
U/”ndl = 5 x'1013 ém'z. The ion energy is not accurate1y knéwn,’but is less
than 1 keV. | '

Injecting 330 A of deuterium atoms at 13 keV, simultaneously with
streaming-plasma injection, results in a buildup of line density to -

“/ﬁndl = 4.8 x 101% cn™? within the 2-ms stream duration [Fig. 30(a)]. This
Tine density is an order of magnitude greater than that with the stream
a]bne, and équa]s the best'previous1y achieved with the aid of a target
plasma trapped by pulsed magnetic fields.

An independeht measurement of the plasma density profile has been made
by neutral beam attenuafion through variou; chords of the plasma. This |

,yfe]d5~a mean diameter of 13 cm, which when combined with the above
measurement of line density gives a peak density of 3.6 x ]0]3_cm'3. The
stréahing-p]asma density is less well known, since the stream ellipticity is
not accurately measured, and the presence of hot plasma may affect the streamx
density. |

The ion-cyclotron instability level, ¢, detected by the high-impedance‘
probe béyond the mirror is shown in Fig. 30(b). Except for regular bursts, ¢
remains low for the 2.3-ms duration of the streaming plasma, and the plasma
line density continues to increase. At 3.4 ms, the streaming plasma shuts

off, and $'increases sufficiently to cause the plasma density to decay, even
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_ though the neutral béam‘injettion continues. This stabilizing effect of
streaming plasma is similar to thét discussed earlier.

TWd variations of these experiments were tried. First, lowering the
magnetic fie]d at the gun from 0.2 T to 0.1 T reduced the buildup rate.
RedUCihg the dc guidé field furthér to 0.05 T prevented buildup, apparently
by reducing the amount of streaming plasma pehetrating the external mirror
ratio, which had increased .from-7:1 to 23:1. .However, enough stream
penetrated to stab111ze and allow bu11dup on a. target trapped by pulsed
| magnetic f1e1ds

The second variafion‘was to inject the streaming plasma from the
opposite end of 2XIIB. The stream is then mapped onto a vertical ellipse,
and the neutral beams inject across the minor, rather than the major
diameter. In this case, buildup occurred for magnetic fields at the
streaming gun, which varied from 0.05 T to 0.2 T. However, the line density
bu11dup now measured at 13° from the maJor axis was not as smooth as in
Fig. 30(a), poss1b1y because of 1nterchange instabilities tending to co]lap;e

the p1asma to an equilibrium circular cross section.

. Interpretation and Discussion of Experimental Results

We interpret the trapped density buildup [Fig. 30(a)] with the. injected
neutral beam as trappjng by ionization and éharge exchange on the streaming
'plasma,.p1us traﬁping by ionization on the trapped p]asha. fhe trapped
| plasma includes a warm component from the stream and a hot component from the
beam. These considerations lead to the following rate equation:

dnp  (o,v + o V) 2. f In , %1 Mfring

at_ eV eV

- "_T_'.: - (23)
T

Vb b
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The notation is the same as in Eq. (11). Here, we have explicitly shown the
two major loss processes: charge exchange on cold background gas and
electron drag rate to the ambipolar boundéry Eh.,_Taking~the loss rates to be
small and treating the coefficients of Ny as adjustab]e parameters, we obtain
the best fit to Eq. (23), shown by the dots.in Fig.‘30(a).' From the close
agreement with the data, we conclude that the'functional form of Eq. (23)
describes the data well. Furthermore, estimated coefficients for Eq. (23)
are within a factor of 2 of the best fit values. We therefore conclude that
Eq. (23) is a reasonable description of thg obser?ed buildup by neutral beam
injection on the streaming plasma target.

.. Initially, with Ny sma1i, the buildup proceeds linearly in time._ Then
asvnT‘increases, the bui]dup becomes expdnentié] and finally saturates.
Exponentiation is necessary if the hot density is t0'dominate and if the mean
plasma ion energy is to approach a value characteristic of the beams, rather
than of the target. Thié requires sufficient’neutr&] beam current to
overcome charge-exchange and electron drag losses.

From Eq. (23), we obtain the condition for exponentiation
vpeVr |
E;V QTfT Tex

I> (24)

3

Using measured valucs at 3.4 ms of Tey = Tms, T, = 100 eV, Vg = 4500 cm”,

X e

and f. = 0.55, we require from Eq. (24) that I > 72 A for exponentiation to

T
continue. The 330 A of injected current exceeds this limit by a large
margin. Electron drag plays a small role since the high current injection

chargé exchanges away plasma ions before théy cool down.
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" The average ion energy is 12 keV. This value is supported by the
magnitude of the D-D neutron production. At the peak density of 3.6 x 10]3,
the magnetic field has decayed from 0.68 to 0.56 T. From this, we infer a
béta of 0.5, corrected for an estiméted 10% warm-plasma density.

| Advantages of this washer-type gun for startup of a neutral-beam-

sustained p]ésha'in a steady-statelmagnetic field include:

. Simple andvinexpeﬁsive equipment is used.

. Target plasmas of arbitrary cross section can be produced with multiple
guns. |

. Gas efficiency of streaming plasma production is high. Most of the gas
surrounding the plasma originates from charge-exchangé particles
bombarding the walls.

. Thé electron temperature is high, so e]ectronAdrag'times for ion energy
loss are greater than 1 ms.

< . The same plasma that provides the target also stabilizes ion-cyclotron

instabilities.
SUMMARY AND CONCLUSIONS

This report has described the status of 2XIIB neutral beam injection
experiments With'é stabilizing plasma stream. The most impdrtant result is
that ion-cyclotron fluctuations have been suppreséed with a streaming pTasma
flowing along magnetic field lines. With the reduced fluctuation level,
neutral beam injection has increased the plasma density to 5 x 10'3 en3. At
the 13-keV ion energy, this corresponds to peak plasma betas of 0.5.

Variation of neutral beam injection energy permits us to conclude that

particle lifetimes increase with mean energy of the plasma ions. The
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envelope of nt measuréments reaches that calculated on the basis of electron
drag and ion-ion scattering.

Warm plasma has been injected along field lines into a duasi-steady—
state magnetic mirror in the 2XIIB experiment. This has provided a suitable
target p]asmaAfor density buildup and heating with neutral beam injection.
With the injection of 330-A equivalent of 13-keV deuterium atoms, the density

exponentiated to 3.5 x 10]3 cm'3

» the average ion energy increased to 12 kéV.
and the beta to 0.5.

In this report, we have used simple physical'mode1s to discuss
experimental results. A quasilinear theory and a simulation code have been
developed which explain, in considerable detail, most features of the

experiment. These comparisons are discussed in a theoretical group report.4]
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