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(INSTABILITY-THRESHOLD DATA FROM THE

BASEBALL I1 VACUUM-BUILDUP EXPERIMENT*

James H. Foote
Lawrence Livermore Laboratory, University of California

Yivermore, California

ABSTRACT

The instability-threshold data from the Baseball II vacuun-Huildup
experinent are now extensive, and the parameter range covered by these
measurements is large. The agreement with the Baseball I threshold results
iv poor. Although some of the thresholds 1ie near the Raseball I average-
threshold line and its extension on an & = (wpi/wci)z Vs e¢/wi plot, many
fall considerably below. The large spread in the data, when plotted in
this way, is well outside the estimatedAexperimental uncertainty. The data
scatter evidently is not due to gross inaccuracies in our measurements: a
plot of the combined Baseball I and Baseball II threshold data shows a
strony and reasonably well-defined variation of density with plasma potential.
This variation is apparently a manifestation of the classical collisional
relations, whichvmust be satisfied even for instability-threshold data.
Selected sets of Baseball II tHresho]d data, obtained when experimental conditions
were held alnost constant except for one particular parameter, show a strong
variation of « with e¢/wi. This variation is in agreement with the classical
equations bhut in disagreement with the Baseball I ion-cyclotron-instability

theory. There is no satisfactory explanation for the Baseball II threshold
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data at this time. The quantity e¢/wi appears to be no Tonger the controlling
parameter for the instability. However, the threshold a%d maximum (instability-
Timited) densities do seem to vary approximately as the square of the magnetic-

I
field magnitude, indicating that ¢ (ccni/BZ)bis still important.

*Work performed under the auspices of the U.S. Atomic Energy Commisions



I. Introduction

An extensive ser{es of measurements on the threshold for the
instability observed in the Baseball I (BBI) experiment has been previously
reported.1 There, the experimental thrésho]d results were interpreted in
terms of an ion-cyclotron instability with Landau damping of electron-
plasma waves in thg body of the plasma. The pertinent parameters in that
theory are & = (u /)’ [oen;1/87] and eort where . and u; are the
ion plasma and cyclotron frequencies, respectively, n, is the peak ion
. density, M is the ion mass, B is the magnetic-field magnitude, ¢ is the
plasma potential, and Hi’ the ion energy. The BBI theory predicts that the
thresiiold values should give an uoce¢/wi variation. The BBI results do
seem to follow this behavior, on the average, and thus define a 45-deg
line on an ¢ vs e¢/Hi log-log plot.

It was assumed that the same instability would be observed in Baseball
IT (SBII). Lower ion energies were emphasized in this later expneriment
in the expectation that a scattered ion distribution would raise the
instability-threshold 1eye1, i.e., that the experimental threshold points would
eventually rise above the BBI 45-deg Tine. It was hooed that a higher and

more interesting density reqgime could be reached in this way.

The BBII results are not as expected. The numerous instability-threshold
measurements now available have a large scatter on an . vs e¢/Hi nlot, none
i5 anove the BBI average-threshold line, and many are considefab]y below.
Even those measurements taken under the best BBII conditions, where considerable

ion scattering was evidently occurring, fall Tow. We cannot explain these



‘results at this time.

This report summarizes the BBIT threshold data. In Sec. II we
present the data and the manner in which they were obtained. The classical
collisional equations have been used to check the accuracy of the measure-
ments, as discussed in Sec. III. We summarize the BBI instability theory
in Sec. IV, and try to apply it to the BBII threshold data. Some concluding

and summarizing remarks are made in Sec. V.

[I. Instability-Threshold Data

Figure 1 shows many of the BBII instability-threshold measurements
on an ¢ Vs e¢/wi plot, demonstrating the large variation obtained in the

experimental parameters at threshold. The points plotted are a general

sample of the array of BBII threshold measurements presented in this report

(for the full array, see Table I). A display of all the data would have
resulted in too much overlapping and a resulting loss of clarity in the
presentation. The average-threshold 45 deg line obtained in the B3l

analysis is reproduced in this figure and extended further upward, to provide
a comparison with the earlier work,

Threshold for a gjven set of conditions is defined as that value of ¢ at
which, as the plasma density is incréased, definite sharp bursts of fast (2300 eV)
ions out the mirrors begin to appear. Somewhat above threshold, bursts
of activity with frequencies in the range of the ion-cyciotron frequency
also begin to be detectahle. In the vicinfty of a yiven threshold, we

usually adjust the neutral-beam intensity to vary the plasma density and
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thus determine the threshold level: raising the beam above the threshold
level increases « and the bursting activity, while Towering the beam level
decreases ¢, and essentially no fast-ion spikes are then observed. Thus,
in Fig. 1, the region above the plotted threshold values has been labeled
unstable, and‘the region below, quiescent.

Four experimental quantities are needed to plot a threshold point
in Fig. 1: nys B, ¢, and wi. Values of the peak density n, are obtaineq
from measured values of the average line or volume density by anplying a
conversioh factor, assumed approximately constant for all the threshold
Adata. A double-pass 17-GHz microwave-interferometer measurement gives
the average density over the microwave path through the plasma. The
diameter of the plasma is assumed to be 20 cm for this calculation. For
the lower threshold points in Fig. 1, microwave-interferometer densify
measurements were not always possible, Tnere, relative values of (nTe)/¢
are used, normalized to the microwave readings at higher densities. The
quantity (nTe) is determined from a signal emitted by the plasma at the electron-
cyc]otroh frequency, the amplitude of which is proportional to the product of
the electron density and the electron temperature. We assume that kTéoce¢
over a limited range of ¢, so that we can eliminate the Te variation by

dividing by ¢.* Values of ¢ used here and in e¢/w1 are obtained from a

*The plasma potential ¢ and the corresponding energy e¢, acquired by a singly
charged positive jon escaping the plasma region and thus falling through the

potential difference ¢, are used almost interchangeably in this report.



-6-

retarding-grid analyzer positioned on or near the magnetic axis considerably
outside the mirror. The plasma pofentia] is defined as equivalent to the
bias necessary to stop essentially all the slow*ions leaving the plasma
and reaching the detector. The value measured in this way is assumed to
pertain to the central plasma region, where the density is expected to be
highest. A secondary-electron-emission type of fast-atom detector also
monitors the density, and tracks reasonably well the values determined by
the other detectors. Values of B at the center.of the BBII magnetic
well (usually 10.3 k&) are obtained from the superconducting-coil current, and
wi is taken as the mean nlasma cnergy, estimated either from the measured energy
spectrum of charge-exchange neutrals leaving the pnlasma region or from
the neutral-beam composition. For most of the BBII thresholds, T is the
plasma ion.

In Fig. 2 we show selected groups of threshold points plotted in the
same way as in Fig. 1, and all obtained at the same value of central
magnetic field. Each group is distinguished by the variation of a particular
experimental parameter. To obtain the sets denoted by thg squares and circles,
with Ni values of 1.3 and 0.3 keV, respectively, a metal limiter was gradually
moved toward the center of the plasmma, in the plane of the field-Tine fan,
at an angle of about 30 deqg with the mégnetic axis. Because of azimuthal
precession and axial reflection, particles that réf]ect at a value of B greater
than that at the inner tip of the limiter should eventually hit it. Thus,
the spatial extent of the plasma should be reduced as the limiter is moved in.

Experimentally, we found that the instability threshold dropped rapidly,

* Produced from the background cas by charge-exchange and ionization processes.



even though e¢ decreased slowly, as the limiter was moved inward from a
positipn completely outside the p]asma‘to a position about 18 cm from the
center (the mirror points are at about 44 cm on axis). The mean plasma
energy is assumed not to have changed significantly.

The other sets of threshold points in Fig. 2 show a similarly strong
threshold variation, even though quite different experimental parameters
were changed. To obtain the points denoted by the crosses‘(wi¢=1.9 keV),
we varied the area of transmission of the neutral beam at'a location after

the N, neutralizer but before the Ne screen and the sweep tank. The area

2
was changed so that the over-all beam size was not varied significantly; i.e.,
an adjustable "Venetian blind" collimator was used. The threshold decreased
rapidly, as shbwn by the data, as the open area of the collimator was varied
from 100% (wfde open) to 12.5%. For the remaining two sets of threshold

points in Fig. 2, the background-gas conditions in the plasma region were
véried. To obtain the threshold points denoted by the triangles (Hf:O.S keV),
we admitted N2 gas into the confinement region through a port below the plasna.
As the flow of gas was increased, tne plasma decay time decreased from about
1400 ‘to around 200 ms, and thg threshold level dropped as shown. The
diamond points (Ni%1.9 keV) were obtained by varying the density of the ile
screen in the beam Tine before the main chamber. This affected the amounts

of both Ne and N, streaming through the plasma region from the beam line. To

2
obtain the threshold drop shown, the Nc flow rate to the screen was decreased
by a factor of about 2.5. (At N530.8 keV, Tittle change in threshold was

observed as the Ne flow rate was dropped.)
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The instability-threshold data as plotted in Figs. 1 and 2 do not agree
with the BBI results and have a large spread. On an ¢ vs e¢/w1 plot, the
threshold trend for each of the various individual sets of measurements shown,
where diverse experimental parameters were varied, is much steeper than the
BRI trend. Also, in comparison with the BBI results, the threshold values

in Figs. 1 and 2 tend to fall low. The spread of the data points is well outside

the estimated experimental uncertainfy, s inﬁicated by the typical error bar
on one point in Fig. 1. '

Some order can be made out of the spread of threshold points in Fig. 1
by grouping the data according to meén energy. This has been done in Fig. 3,
where the data of Fig. 1 are shown again, but this time with different symbols
denoting different energy ranges. Lines showing average trends of two of the
energy groups have been added. One might imagine, discounting the scatter,
that each energy group defines a steep trend like that in Fig. 2. The lower
the energy of the group, the further the group is shifted to higher values
of e¢/w1. This spread in the threshold data and the general lack of correlation
with our previous work indicate that e¢/wi is no longer the controlling parameter
for the onset of the instability. '

The impression now conveyed by the BBII threshold data is different
from the picture yiven ear]ier2’3 when only about 10% of the present number of
measurements existed. That initial threshold data approximately followed the
BBI 45-deg line to e¢/wi¢0.1, and then deviated from it, forming a plateau
region. Many of those earlier threshold points that lay close to the BBI Tine
have now been displaces to the right because of better estimates of mean nlasma

energy: some of the forimer vaiues of mean energy have been revised downward



‘well-defined band is formed showina a stronq variation of n

considerably because of the large half-snergy component found in the beam.
The plateau originally observed was formed because, as the neutral beam energy
was lowered, a region was reached where ¢ and ¢ at threshold stopped
increasing, and thereafter changed 1ittle as the energy was lowered further.
When these almost-constant threshold results were displayed on an e vs e¢/wi
plot, the decreasing Ni spread them out horizontally, thus forming a nlateau.
As further threshold data were accumulated, under various vacuum conditions,
the plateau effect continued to be seen but at different ¢ levels at different
times. Supposedly, the level of the plateau was dependent on the vacuum
conditions. When many threshold measurements, taken under various conditions,
are combined as in Fig. 3, the p{ateau effect no Tonger is particularly
apparcnt. Instead, one notes the steep variation at each energy that was
discussed above, with the different energy groups being displaced with respect
to one another.

In an attempt to obtain an improved correlation of the threshold data,
we have tried plots of simply n, versus e¢. For example, in Fig. 4
we have replotted the thresholds for the individual runs of Fig. 2. A fairly
; with e4. The
straight Tine is an approximate fit. A similar plot in Fig. 5 displays all
the published BBI data and a general sample of the BBfI results. The totality

of these threshold points, obtained over a period of about 5% years, shows a

" strong and reasonably well-defined variation of n; with e¢. Density values

range over a factor of almost 600. The BBI results tend to be in the lower

density region, and the BBII results in the higher, with overlapping of the
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two groups in the central region. Tﬁe general correlation observed between
the two experiments tends to reassure us that our experimental measurements
are not greatly in error.

A summary of the BBII and BBI threshold data is given in Table I.
txcept for the few additions on the right, all entries in the table were
reproduced from punched cards that were prepared for use in the data-
analysis program REDUCE.*

111. Corroboration by Classical Collisional Equations

The fairly good correlation observed in the data and the steep variation
obtained,when density is plotted against plasma potential (or e¢), are
apparently manifestations of the classical collisional equations. [ven though
the densities are threshold den;ities and thus pertain to the plasma
instability, as a group they still must satisfy the classical relations
because the plasma is essentially stable.

A way to write the classical equations, convenient for our present

analysis, is

2

o 1.8x10™ ) N, W, S(X K|

Mo (G;'V+ G 8Ve + 0y V) + 1. GV

o

This program was developed by Neil Maron (report in prebaration) upon the
suggestion of Brendan McNamara, with our data-analysis needs particularly
in mind. It has been very useful in our analysis of the large amount of
available threshold data (see Secs. III and IV).
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KT, = —S2— )

where

K= NolT' V + T Vet Gy V) AV 3)

These equations are obtained from tqs. (12) through (14) of Ref. 4. For

the derivation of these equations and for definition of the quantities

involved, refer to that article. e use the relations

TV, =(14x107) (0.0 ed| 4)

TV =210 W '5)

In Eq. (4)5 we have used an electron temperature equal to e¢, saying that
the electrons of interest here are those with enerqy about equal to the

plasma potential (i.e., they are electrons that can just escape). Equation

(5) is a rearrangement 0f6

N tv 9| . ,3/2
N7, [=1/CF;VJ = (5"10 ) Wi
In Egs. (1) through (5), the quantities W, e¢, and kTé are in keV.

We also use the equation

no((]-iiermJ‘_O‘cxv) :,Bcl/ni )

where g is the slow-ion current to an end-ioss detector, C1 is the appropriate

6|
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calibration factor, and the left side is summed over all the gas species

in the plasma region. The ionization and charge-exchange processes
represented by the three év terms in Eq. (6) produce the slow ions, which

are then accelerated by the plasma potential along field Tines out the
mirrors. The product BC1 is divided by n; because the slow-ion current

is proportional to the trapped-fast-ion dénsity as well as to the bac%ground-
gas density. We have tried Qsing slow-ion currents to two different detectors
in the present ané]ysis: Low-Energy Ion Spectrometer (LEIS)7 and a gridded
detector near the magnetic axis at the northendof the magnetic field (GD)8.
Because LEIS is more sensitive to alignment than GD, we ﬁse the GD results
in the detailed analysis to follow, for possibly more consistent results.

To show that these equations suggest a strong variation of n; with

e¢, as evidenced by Figs. 4 and 5, we rewrite Eqs. (1) and (3) as follows:

, 3/2 C 15/
n%}/‘v K] et 1)

where

K - N 20V

N05) 1 8|

and

i e

2aV=CV+TE, + T,V 9}
I 1 ve CX ’

For simplicity, the ion-scattering terms have been dropped here. For much

. of our threshold data, these terms are relatively small. Disregarding all



-13-

the factors on the left of the proportionality sign in Eq. (7) except for
)5/2

the first n,, one notes a n; o (e¢ relation. The other factors tend

to increase the variation of n. with e¢. In particular, the dependence

on ed of the electron-ionization term 0$Ve and of the electron-scattering
term-ggvg_ étrengthen the variation. Hence, the strong relationship
bétween n. and e¢ displayed in Figs. 4 and 5 is not surprising. [Variations
in other variables in Egs. (7) through (9}, such as n, and Ni’ will terd

to blur the n, -e¢ relation somewhat.]

The c]assical'equations have been used to check in some detail the
accuracy of our experimental measurements for two of the sets of data in
Fig. 4 (circles and crosses). For this analysis we rewrite Eqs. (1) and (3)

once again, this time using Eqs. (4) through (6):

1841070 we | 1P L (el
5‘51 +(3 Ox 10-10) \/\/-3/3 ( ﬁn K) (6#)) (10)
T s _
K= N [1.4x107)(0.04/ 4] 1)
142107 ed/0.04 W

For each of the threshold determinations in the two sets of data considered,

we substituted into the left-hand side of Eq. (10) and into Eq. (11) the
experimental values of n., wi; ¢, and B, calculated ¢ from Eq. (10), and
compared it with the measured ¢. Expecting that the measured values of n.

might have the largest uncertainty of any of the experimental quantities,
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and anticipating a possible systematic correction (to be discussed later),
we allowed the n. values in each set to be corrected according to (90/¢)C2.
The quantity C2 is an adjustable constant, and the number 90 was chosen

to minimize the correction in the region where we have the greatest
concentration of threshold measurements.

Agreement between the classical equations and experimental results
means that each ¢ calculated from Eqs. (10) and (11) should be about equal
‘to its corresponding experimental value. Our procedure here is to find
values of C1 and C2 that give this agreement, and then, from other considerations,
to determine if these numbers are reasonable ones. Figures 6 and 7 show the
intermediate results of this analysis. Thére we have plotted the calculated

)2.5

versus the experimental value of (¢/100 for each of the individual

thresholds considered. We have chosen three values of Cl’ spread over a |
factor of ten in magnitude and corresponding to n, in units of 109 cm > in
Egqs. (10) and (11). For each C1 and for each of the two sets of data

analyzed, we have varied C2 to give a 45-deg line on these plots. For

agreement between theory and experiment, the plotted points should fall on the

= ¢ 45-deg Tine in each figure. Therefore, from the results
calc. exper. .
in Figs. 6 and 7 we have interpolated to obtain values of C1 and C? that will
give this agreement: C, = 1.23 x 1077 and C, = 0.41 in Fig. 6, and C; = 5.7 X 10711
and C2 = 0.50 in Fig. 7. : ‘

Our best experimental estimate of the calibration factor C1 is

10

(2 + 1) x 10°°7, for n. in units of 109 cm_3, when using‘GD measurements of B.

This value of C, is obtained from the corresponding LEIS calibration factor*

1
as calculated from detailed observations with LEIS of the relative amounts of

the different gas components in the plasma region. By comparing total slow-ion

*Suppiied by Ronald K. Goodman,
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currents measured by GD and LEIS, we then convert to a value of Cl for the
GD data.
When comparing the experimental estimate of Cl with the interpolated -

values that give the desired ¢ = ¢

cale. lines in Figs. 6 and 7, an

exper.
approximation made in obtaining Eq. (14) of Ref. 4 [our Eq. (3)] should

be first improved upon; There, the quantity F(e¢/kTe), which is the fraction
of scattered e]ectrons;having-sufficient energy to escape over the potential
barrier, is approximated by exp(—e¢/kTe). fFor e¢/kTe in the range 1.5 to 3.0,
which includes the data presently being considered, the calculated ratio
F(e¢/kTe)/exp(—e¢/kTe) varies from 1.76 to 2.29. If we pick 2.0 for a
representative value of this ratio, then, to account for this correction,

a factor of 2.0 is added to the denominator of the two terms in Eq. (11).

When this correction is included in the analysis leading to Figs. 6 and 7,

the values of C1 must be raised by about 28% to give results like those
plotted in these figures. Thus, the interpolated values of C1 to give the
desired ¢

¢ lines in Figs. 6 and 7 become about 1.6 and 0.7 x 10710

calc, ‘exper. s

respectively, to be compared with the experimental estimate of (2°1) x 10'10.

This good agreement between the experimental estimate of C1 and the

values needed in the classical equations so thatg¢ =~ suggests that

calc. exper.

the measured quantities describing the experimental thresholds are reasonably
accurate. In particular, if we assume that the experimental values of Hi’ ds
and g are substantially correct, we have a check on the validity of the.ni
values. The quantities C1 and n, enter into Eqs. (10) and (11) only as the
ratio Cl/niz. Thus, a factor-of-2 change in C1 means a change in n.
of only ¥2 in order not to change Cl/n§ and thus not upset the
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b agreement between the classical equations and the two sets of

) =
calc, "expen

data anglyzed here. It.appears that no more than this amount of’uncertainty
in density is warranted, on the basis of the satisfactory comparison between
the reduired and experimentally estimated values of C1 given just above.

(WQ actually used the average-density values of Table I in the foregoing
analysis instead of the peak densities. These latter may be =50% greater
and are assumed to cor%espond to the measured values of ¢. However, this
correction to peak density is comparable to the re]étive]y small uncertainty
Just discussed, and thus is not of major consequence.)

Not only is little change in’magnitude of the two sets of experimental
density values needed for agreement with the classical equations, but also
little change is necessary in the n. vs ¢ slone of either of the data sets.
This is shown by the small values of C2 fequired to obtain the 45-deg slopes

in Figs. 6 and 7 for over a factor of 10 in C It appears that, at most,

1
a correction roughly proportional to (1/¢)Ii is needed, which is a relatively
small change in the original n. vs e¢ slope of about 3.5. Thus, he measured
slope for n.ovs ¢ is within 14% of that predicted theoretically.

This indicated systematic correction is qualitatively consistent with
what one would expect. In the preceding analysis, we effectively assumed a
. constant factor for conversion from the measured average density to the peak
density at the center. As n; and ¢ increase, fhe ratio of peak to average
density is expected to decrease because of additional ion scattering and
spatial spreading; These effects will tend to give a variable conversion

factor and a decreased slope for peak densify VS ¢, 35S suggested by the

numerical analysis above.



-17-

The classical collisional equations thus have helped check the accuracy
of our threshold-density measurements. In effect, we have used the classical
equations, which turn out to be quite sensitive to the density values when
used in the form of Eqs. (10) and (11), to confirm the experimental density
calibration. Unless there is some strong density peaking effect that varies
sharply with potential but does not greatly affect the heasured values of
potential, it appears that our measurements of the magnitude of n, at
threshold and the variation of n. with ¢ are reasonably accurate.

We assume that the two sets of data ana]yzéd in detail here are
”representativelof all the. BBII threshold data.in this report. The reasonable
agreement obtained between the values of the four measured paramefers and
the classical predictions gives us more confidence in the threshold

measurements and their apparent variance with the BBI theory.

IV. Comparison with Baseball I Theory

The BBl instability-threshold theory, which is based on Landau damping

of electron plasma waves, is represented by the equation1

E=lop/er) = (kal ed/W] . (13

According to this theory, the pnlasma should be unstable when the parameters
for the maximum-density portion of the plasma define a point above the region
delineated by Eq. (12) on an € vs e¢/wi plot; and the p]asma should be
quiescent when the point is below. In reality, the BBI data are considerably
spread about an average 45-deg line on the ¢ vs e¢/wi log-iog plot. The

plausible interpretation that was suggested for this scatter in the data is
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that of a normal-mode structure for kJ.:

=k k) Toas)+ (m/ea)] cnit

When the quantity m take; on the appropriate integral value from 1 through
6 for each threshold determination, the resulting values of KLm agree well,
in general, with the expe;imental ky structure. While the numerical values
in Eq. (13) were selected to give this correspondence, the choices are
reasonable when compared with BBI plasma dimensions.

The procedure used in the BBI experimentation is as follows: If the
plasma density is varied (usually by changing the source arc current and
thus varying the beam level), a line of slope 2.5 or greater on an e vs e¢/wi
plot is defined. 'This assumes that B and wi are constant, so the behavior
observed is that of n; vs e¢ (because et:ni/Bz). The steep slope is that
from the classical relation Eq. (1). In one region along this line of steep
slope, where the line intersects the 45-deg threshold line defined by Eq. (12),
the plasma passes from the stable to the unstable regime (as the beam level
increases). If we then change the experimental conditions (the vacuum, for
examplé) and again vary the beam level, a new line of steep slope is defined,
displaced from the first. If the vacuum conditions are poorer, it is
displaced to the left. One threshold point is found along this line, again
where it crosses the line defined by Eq. (12). By varying the plasma
conditions, a series of thresholds can be determined. The‘array of these
thresholds will then give the 45-deg-line behavior of Eq. (12), neglecting the
complication iﬁtroduced by the possible spread in k; mode number. (On the
n, - ed p]ot of Fig. 5, such an array tends to disperse the datq but does not

destroy the over-all classical steep-slope trend.)

13
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The situation in BBII seems to be different. We have seen that
varying a particular parameter gives an array of threshold points with a
slope much steeper than a 45-deg line. For example, retfer to the set of
seven triangle points in Fig.2, where vacuum conditions wére varied as
éiscussed above for BBI. The slope for this set is definitely steeper than
that of the BBI average-threshold line. The BBII results just do not seem
‘to fit the eariier theory.

One question to consider when trying to relate the BBII data to the
BBI Landau-damping theory is whether the steep threshold variation observed
could be a result of continuous k; -mode switching. Figure 8 gives the
histogram showinyg the d{stribution of values of In Kl_for the BBII data

1 We

of Table I. A similar type of plot was previously obtained for BBI.
use Lq. (12) to calculate Kl_for each threshold determination, substituting
in experimental numbers for the other parameters. As a quide, some mode
assignments are given above the distribution. Mode numbers for the BBI fit
are shown, plus two further, somewhat arbitrary, fits. Unlike the BBI results,
nothiny strongly suggestive is evident. If quantization does occur, the
high mode numbers apparently needed give levels so c]bse together that it is
difficult to distinguish them in our data. The large peak at In k;, = 0.8
should be discounted -- it is at the level where we made many of the perijodic
threshold checks. Although k, quantization is not distinct in the BBII
threshold data, it cannot be ruled out entirely.

Quantities involved in the theory of Eq. (lé) include the gyroradius a,
and the parallel wave number k“ as well as the perpendicujar wave

number ky . Figure 9 shows a plot of k; vs a, and includes both the
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BBI and BBII sets of threshold data of Table I. A plot of k" vs k; , again

for all the data, is given in Fig. 10. To obtain k“ one can use

Ky = L'(-L L= : > (H)
(_VD_;_)E £3 (m) (643)
Me Me| 11 WE

where mi/me is the ion-2lectron mass ratio. Equation (14) is derived from
the equations in Ref. i for the fundamental mode (n=1). The plots in Figs.
9 and 10 were made directly with the aforementioned data-analysis program REDUCE.
The straight lines shown are first-order, log-log, least-squares fits automatically
made by the program. These plots show the different ranges of these pertinent
parameters in the two experiments, using the equations of the BBI theory.

We should mention that the variable wi in Eq. (12) is really the
perpendicular component of the plasma-ion energy. In its place we have
used the full mean energy fhroughout this report. The error in doing this
should not, in general, be large because most of the thresholds were obtained
under conditions where ion-ion scattering was not significant. For the
threshold points with the highést values of ¢ and e¢/wi (upper-right points
in Fig. 1), where considerable ion-ion scattering occurred, reducing the full
mean energy to its perpendicular component would noticeably increase e¢/w1
and these points would be moved to the right. However, they would be moved

by less than a factor of 1.3 (estimated for a scattered distribution in a

magnetic well with depth of 2:1).

V. Concluding Remarks

There is no satisfactory explanation for our threshold data at this time.

As one searches for an interpretation, there are differences in the BBI and
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BBII experiments that should be kept in mind. For example, the neutral beam
in BBII passes through the central region at an angle of 90 deg with respect
to the magnetic axis instead of at the 61-deg angle in BBI. This geometric
difference, along with the plasma-trapping mode of p]asmé formation in BBII
instead of Lorentz trapping only, accentuates the density peak at the
minimum of the well. (However, the Phoenix Il experiment used perpendicular
injection, had a small amount of plasma trapping, and still gave results
that seemed to fit the BBI instability theory.g) In BBI the vacuum-chamber

wall intersected the magnetic axis somewhat inside the maximum-field region,

—— C— - e ———————

whi]é in BBII the chamber wall is ouiside the mirror region. Another
difference between BBI and BBII is that densities in.the latter are

in general considerably higher, as shown in Fig. 5. Also, the gyroradii

are smaller in BBII, both absolutely @nd relative to the plasma djmensions.
In addition, points in Fig. 1 plotted at the extreme top and right represent
plasma conditions for which there was considerable ion-ion scattering. HNone
of the thresholds of BBI was obtained under these conditions.

" It was earlier thought that the radial boundary conditions might be
affecting the threshold. So, between the final two running periods in which
we investigated vacuum-buildup plasma formation, we moved outward or removed
entirely probes near the midplane around the circumference of the plasma.

- These changes had little or no effect either on the maximum-obtainable
thrésho]d Tevel or on the steep variation of the threshold on an ¢ vs e¢/wi
plot. (However, apnlying +300 V to a large isolated screen, which was outside
the plasma in the midplane at 24 cm from the center of the plasma, appeared

to lower the threshold level considerably.) !
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The role of the plasma potential in the BBII instability is unclear.
[t appears that, from the threshold data, we cannot say which of two extremes
is true. On the one hand, the potential does not seem to affect the threshold;
that is, the threshold is dependent on one or more other quantities. According
to this point of view, as the threshold density changes, being affected by
an unknown parameter, the potential adjusts according to the classical theory.
We therefore obtain the classical relation between density and potential. On
the other hand, it might be that the threshold is strongly depnendent on the
potential. In Sec. IV, we discussed how, according to the BBI theory, when
a parameter such as the background gas is varied, a series of threshold points
i5 obtained delineating a 45-deqg line on an ¢ vs e¢/wi or n. vs eg log-log
plot. Using the same reasoning, one can imagine what would happen
if an instability should give a variation of threshold density with potential
much steeper than 45 deg. 1If a pafameter such as the bécké%&und gas were
then varied, a set of threshold points wou]d'again be obtained at the
intersections of the various classical n, - e¢ Tines aﬁd the threshold.
region. This time the set of threshold points would define the steep
variation pertinent to this instability. It appears that, if this latter
case is true, the dependence of the threshold on ¢ is close to that of the
classical behavior. The uncértainties in our threshold data make it

difficult to differentiate between the two possib{1it1es Jjust discussed.

With e¢/w1 apparently no longer the controlling pa%gﬁgfe?—?B?TEhe
instability, and with the role of the plasma potential unclear, the quegfﬁon
is raised as to what is important. One wonders what is the common denominator
affecting the threshold in the experimentation leading to the data in Fig. 2,

for which such dissimilar experimental variables were changed. The purity of
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the injected neutral beam is not clearly a parameter pertinent to the
threshold level. ‘lhether the incident-beam composition is predominantly .
full energy, predominantly half energy, or a roughly equal mixture, the
thresholds still fall considerably below the BBI 1ine, and the steep
variation with e¢ is still evident.

One parameter that does seem to be still pertihent is e, which is
proportional to niM/BZ: As B is increased, both the threshold and maximum
(instability-limited) densities increase approximately as BZ. Also, in
one series of measurements (data are not included in Table I}, where we
changed from pure H2 gas in the source to pure DZ’ the threshold density
dropped to 0.34 of its value with pure HZ' This drop'counteracted the
change in M of a factor of 2 and thus e was held almost constant.

The threshold density may also depend on the spatial distribution of
the injected neutral beam. There-are some threshold measurements (all the
data not included in Table I) that suggest that, when the beam is restricted
by a collimating aperture, the threshold density decreases while the
corresponding value of e¢/wi increases. This is in contrast to behavior

such as that illustrated in Fig. 2.
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TABLE |
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SUMMARY ©F THE BASEBALL 11 AMD BASEBALL 1 INSTABILITY-THRESHGLD DATA.
RGLFER TO THE NOTES AT THE EMD &F THIS TABLE.
YRVBER & THRESHOLD EXPERIMENTAL PARAME (ERS ON DATA CARDS:

SET# CARLC#%  DATA S=ZT DENS]TY EPSILON POTENTIAL ENERGY MAGN FLD
SET# CARD# MAS3 BEAM CUR. COLLIMATR LEIS BETA GD BETA
BASEBALL 11
1 1 1. 0.¢5 0.20% 155 1.34 10.3
1 2 1. 0. 0. D.
2 1 2. 1.05 0.227 138. 0.83 10.3
2 2 1. 0. o, 0.
3 1 3. 1.02 0.220 130. 0.43 10.3
3 2 1. 0. 0. 0.
4 1 4. 1.42 Q.226 134, 0.43 12.0
4 2 1. 0. Q. Q.
S 1 S. 1.14: 0.182 157. 1.34 12.0
5 2 1. 0. 0. 0.
8 1 6. 1.29 0.199 148. 0.83 12.0
6 2 1. 0. Q. 0.
7 1 7. 0.62 0.193 136. 1.34 8.6
7 2 1. c. 0. . 0.
3 1 8. 0.62 0.193 115. .43 8.6
e 2 i. G. 0. 0.
= 1 9. 0.5& 0.165 127. 0.83 8.6
2 2 1. 0. . 0. 0.
10 1 10. 0. 91 0.197 145. 1.34 10.3
10 2 1. 0. 0. 0.
1 1 1. 0.55 0.119 105. 1.34 10.3
11 2 1. 0. 0. 0.
12 i 12. c.28 0.061 g3. .85 10.3
12 2 1. 0, o. 0.
i3 1 13. 0.28 Q.056 10z. 1.85 10.3
13 2 1. 0. a. 0.
14 1 14. 0.53 0.125 97, 1.34 10.3
14 2 1. 1.2 Q. g.
15 1 15. 0.40 0.086 83. 0.83 10.3
15 2 1. 1.35 0. 0.
i6 1 16. 0.43 0.083 83. .0.3%0 10.3
16 2 1. 1.92 0. 0.
17 1 17. 0.486 0.099 100. 1.34 10.3
17 2 1. 1.15 0. 0.
18 1 18. 0.64 0.138 93. 1.34 10.3
18 2 1. 1.25 0. 0.
i9 1 19, 0.54 0.117 £3. 0.83 10.3
19 2 1. 1.74 0. O.
20 i 20. 0. 48 0.104 87. 0.83 10.3
20 2 1. 1.12 0. 0.
21 1 21. 0.45 0.097 8%. 0.83 10.3
21 2 1. C.76 0. 0.
22 1 22, 0.40 0.086 88. 0.50 10.3
22 2 1. 1.2 0. 0.
23 1 23. 0.56 0.142 77. 1.234 10.3

.........

DECAYTIME

1080.
2040.
1470.
1000.
1140.
1180.
1470.
1260.
1650,
1410.

400.

740.

380.
1180.
1200.
1270.
1660.
1250.
1210.

680.
1000.
1020.

820.
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143 2 1. 0. 0. _
144 1 144, 0.26 0.057 8 1.90 10.3 1400. 2100
144 2 1. 1.5 0. 0.
145 © 1 145, 0.035 0.0076 55. 1.90 10.3 500. 800 °
145 2 R 2.1 0, 0 -
146 1 146. 0.43 0.093 33, 0.80 10.3 T400. 50 9
146 2 1. 1.4 0. 0. 5.48
147 1 147, 0.26 0.0586 94. 1.90 10.3 1700. 50
148 T a8 &30 0. 043 88, 196 10.3 1700 ' Open area of
148 > 1 19 o o 3 70 50 Venetian-blind
149 1 149. 0.148 0.032 8l. 1.90 10.3 1700. 25 collimator (%)
149 2 1. 1.0 0. 0. 2.49
150 1 150. 0.0862 0.013 66. 1.90 10.3 1400. 12.5
150 2 1. 0.9 0. 0. 0.80
151 1 151. 0.35 0.076  103. 1.90 10.3 1500. 100
151 2 1. 1.7 0. 0. 6.44
152 1 152, 0.20 0.043 89. 1.90 10.3 °~ 1650, 100
S2 [ DN, % o DA * JUR ¢ P 3
1 153" 0.082 0.018 65. 1.34 10.3 §00. LY
153 2 1. 0.57 g. 0. 1.32
154 ! 154. g.ég 8.035 73, é.gg 10.3 1500. 36 .
155 1 155! 0.25 0,056  81. 1.34 10.3 1870, 31 Relative position
138 2 1se. 5 % 0. 086 83, 134 10.3 1240 of axial limiter.
F A S S ot * | B Distance (10 o
9 . . . . . . .
187 2 1. 1.30 0. 0. 7.59 20.7 rom center o
158 1 158. 0.42 0.090 87. 1.34 10.3 1260. 0 (out) plasma to inner
158 2 1. 1.90 0. 0. 7.68 tl Of limite is
}§g é 15?. ?.g? 8.085 73. S.gg 10.3 1090. 0 p ri
5¢ . . . . . i jvee
160 1 160. 0.27 0.058  75. 0.83 10.3  1140. 3 59 minus relative
160 2 1. 1.32 0. 0. 2.81 position reading.
161 1 161. 0.096 0.021 57. 0.83 10.3 1510. LY
161 2 1. 0.81 0. 0. 0.76
162 1 162. 0.34 0.074 75. 0.83 10.3 1140, 25.8
162 2 1. 2.06 0. 0. 3.80 .
BASEBALL
200 1 200. . 0041 .0031 186, 15. 5.03 240.
200 2 1. .68 0. 0.
201 1 201. . 0030 .0020 15, 15. 5.26 300.
201 2 1. .48 0. 0.
202 1 202. . 0062 ;0043  44. 15. 5.21 2250.
202 2 1. .18 0. 0.
203 1 203. . 0090 ;0062  54. 15. 5.21 1870,
203 2 1. .34 0. 0.
204 1 204. .0030 ;0021 19, 15. 5.17 390.
204 2 1. .73 0. 0.
205 1 20S. 053 .034 83. 15. 5.40 1200.
205 2 1. .91 0. 0.
206 1 206 .0123 .012 26. 10. 4.41 80.
206 2 1 17.8 0. 0.
207 1 207. .0385 . 030 36. 12. 4,92 500.
207 2 1. 5.1 0. 0.
208 1 208. .0254 .027 63. 8. 4.25 1210.
208 2 1 6.1 0. 0.

_OE_



208 1 209. .01¢4 . 034 45, 3. 3.30 1200
209 2 1 12.6 0. o.

210 1 210 L0178 . 034 338. S. 3.14 1050
210 2 1 17.6 0. 0.

211 1 211 .018 . 024 S2. 3. 4.08 3100
211 2 10.0 0. 0.

212 1 212 L0112 . 029 42. 4, 2.68 1170
212 2 1 4.75 0. 0.

213 1 2132 .012 . 034 42, 3. 2.57 2300
213 2 1 7.32 0. 0.

214 1 214 0112 . 064 26, 2. 1.80 1600
214 2 1 5.8 0. 0.

215 1 215 . 0076 . 044 28. 2. 1.80 1400
215 2 1 4.05 0. 0.

216 1 218 . 0205 .108 $5. 1.5 1.88 3300
216 2 1 4,31 0. 0.

217 1 217 . 0148 . 078 52, 1.9 1.89 3300
217 - 1. 2.87 . 0.

218 1 218, . 0075 . 041 30, 2, 1.85 1300
218 2 1. 7.39 o. 0.

219 1 219. . D048 . 027 30, 2. 1.84 1000
219 2 1. 4. 05 0. 0.

220 1 220. . 0047 . 026 32, 2. 1.85 2359
220 2 1. 2.99 0. g.

221 1 221, . 0030 . 020 27. 1.5 1.66 1800
221 2 1. 2.%4 0. 0. :

222 1 222, .002s . 028 23. 1. 1.29 2100
222 2 1. 1.9 Q. 0.

223 1 223. .0139 . 025 42. 5. 3.23 900
223 2 1. 6.61 0. 0.

224 1 224, . 0087 . 0048 25, 15. 5.28 290
224 2 1. 1.27 0. 0.

225 1 2295, L0178 . 022 37. S. 3.90 1000
22% 2 1. 5.2 a. 0.

226 1 226. . 0183 .018 25. S. 4,35 700
226 2 1. 7.56 0. 0.

227 1 227, . 04358 . 041 45. 5. 4.56 2000
227 2 1. 18.5 0. 0.

228 1 228, 0376 . 035 60. 5. 4.49 1150
228 2 1. 21.7 0. 0.

229 1 229, 0274 . 020 45, 5. 5.12 8e0
229 2 1. 8.19 0. 0

230 1 239, 0259 .018 54 S. S.27 770
230 2 1. 5.2 ‘0.

231 1 231, 3731 . 036 77 S. 6.20 1200
231 2 1. 18.9 0.

232 1 282, .0197 . 028 4a3 2. 3.64 1500
232 2 1. 5.83 0, 0.

233 1 233, . 0279 . 040 53. 2. 3.64 1730
233 2 1. .22 0. 0.

_‘[8_
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TABLE I NOTES

General

A zero or blank entry in the table means that the particular value has
not been entered on the punched data cards. (It still may be available
from the data notebooks or from analog magnetic tape.) .

Most well-analyzed-BBII threshold measurements have been included in this
table.

Density 9 -3
Units -- 107 cm
Typical accuracy -- approximately that 1nd1cated by the error bar in
Fig. 1 (a range of a factor of 2).
BBII results -- average-density values, using microwave-interferometer
calibration, where a constant density is assumed over a 20-cm path
along a line through the center at about 70 deg to the magnetic axis.
These average-density numbers are the values used in Figs. 4 and 5 and
in the numerical analysis of Sec. III, which uses the classical equations.
BBI results -- peak-density values. '

Epsilon

o (“’“) (WMH*C)(A”/ B)=18.9 AEB((LOGEJ“

BBII results -- in ca]cu1ating the values of ¢ in the table, the average-
density values in the table have been multiplied by 1.21 to convert
them to peak-density values. (Actually, the plasma radial profiles
suggest that a larger number, more like 1.5, would have been a better
conversion factor.) The occas1ona1 dev1at10n of an € value in the table
from that calculated by the above equation reflects our uncerta1nty as to
the best n. value to use.

BBI results -1 the densities in the table have already been converted to peak
values, so no further correction has been made in converting to values of .

Plasma Potential
Units -- volt.
Typical accuracy -- #10% in the retarding-bias determination.
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TABLE 1 NOTES (continued)

Ener

Units -- keV. ~
Typical accuracy -- +15%.

The ion-energy numbers given in the table are mean values.

Magnetic Field

Units -- kG.

Typical accuracy -- +5%.

The values gjven correspond to the minimum of the magnetic well.

Decay Time

Units -- ms.

Typical accuracy -- +25% or better.

BBII results: '

Data sets #1-9 -- characteristic decay time shortly after beam turnoff
of fast-atom detector (FAD).

Data sets #10-162 -- characteristic decay time of nT (see Sec. II) shortly
after beam turnoff. To convert to the dens1t¥ gecay time, agprox1mate1y,
multiply by the factor of 1.4 (assuming T'o:rl/ so nTe n!-4 and assuming
necexp(-t/t) where t is the characteristi& decay time Sf the density).

BBI results -- FAD characteristic decay time corrected to beam-on conditions.

Mass +
T for H 2 for D'.

Beam Current
Units -- mA.
Typical accuracy -- +25%. (The BBI results may be less certain.)

Collimator

Code: 1 -- open (about 3.5-in. diam.), 4 -- 1.5-in. diam., 6 -- 3.5 in.
diam. with top half blocked off, 7 -- Venetian blind collimator. Collimator
position for codes 1-6 is in the beam line before the confinement chamber;
position for code 7 is further up the beam line toward the source.

LEIS Beta

See Sec. III for explanation -- not used in the analysis described in this
report. The magnetic field was reversed from the normal direction for
Data Sets #50-71. Because of alignment sensitivity, the calibration for
these values of LEIS g may be somewhat different from that for the other
recorded values of LEIS g.

GD Beta
The g values in the table obtained from the gr1dded detector are signal
amplitudes in volts for standard amp11f1er gain settings. The values
of the calibration factor C, in Sec. 51 are those appropriate for these B
measurements and for ny in units of 10



Fig. 1. General sample of instability-threshold measurements
in BBII, plotted as € vs ep/W;, compared with the
BBI results. Typical experimental uncertainty is
shown by error bar on one point,
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Fig. 2. Selected groups of threshold points, compared with
one another and with the BBI results: squares and
circles -- axial-limiter position varied, 1.3 and
0.8 keV, respectively; crosses —- area of trans-
mission of neutral beam varied, 1.9 keV; triangles
-- No gas in plasma region varied, 0.8 keV;
diamonds -~ Ne-screen density varied, 1.9 keV,
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Average trends of two

1, plotted again as € vs
of the energy groups are indicated,

Threshold data of Fig.
but now with different symbols denoting
different energy ranges.

e¢/ Wi,

EXps 36

1

2

4
friepug. |
b

I

- —| ——

g =t

Average trends

1.0

kYt ik

HAEHAS

n'{,
|

of (:) and <>

Zmscsies

0.1

~0,8

1.3 - 1.4

2.8 = 3-5
5.7
~11.3

spidds g

BBI average-

threshold line

0.0l

3

S #3ISEI S 1BadoIv =
JiwRilgyooy T

0.00!I

O'OO'



Fig. 4. Same threshold data as in Fig. 2, but now plotted
as ion density vs e¢. An approximate fit to the
data is shown.
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Fig. 5. All published BBI threshold measurements and general
sample of BBII results, A fit similar to that in
Fig. 4 is shown,
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Results when using the classical collisional equations
to check the accuracy of the BBII experimental measure-
ments, for the 0,8-keV axial-limiter set of thresholds
(the circles in Figs. 2 and 4)., See Sec., III of text
for explanation of the procedure used here and the
meaning of the adjustable constants C1 and Cz.
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ERPEEN SRR  Fig. 7. Same as Fig. 6 except now the threshold data are the
; | | crosses of Figs. 2 and 4 (adjustable-collimator set),
' e | » One data point shown here was left off the earlier

I * | figures, to reduce overlapping.
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Histogram showing the number of BBII threshold
calculated from the equation given in this figure.
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Fig. 9.
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Plot of k; vs a4 for the BBI and BBII threshold data. The
BBI points are noted. (The straight line is a first-order,
least-squares fit.)
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Fig.

C/CMY

K-FARRALLEL

10, Plot of k; vs k; for the BBI and BBII threshold data. The
BBI points are noted. The two BBII points grouped in with
the BBI results are the only two BBII threshold measure-
ments in Table I for D' instead of H', (The first-order,
least-squares fit automatically made by the data-reduction
program is not too meaningful here.)
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