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Since the start of TMX-U operations we have observed weak oscillations with a frequency approxi-
mately twice the ion-cyclotron frequency at the end-cell midplane. Recent results show that this insta-
bility is driven at the sloshing-ion outer turning point. We find that the sloshing-ion lifetime scales in-

versely with the instability amplitude. The sensitivity of this instability to the cold-ion density shows
that this is a loss-cone instability. These results have important implications for mirror fusion experi-
ments as well as solar and space plasmas.

PACS numbers: 52.35.Qz, 52.25.Gj, 52.55.Jd

Microinstabilities are driven by the free energy associ-
ated with non-Maxwellian distribution functions. These
instabilities are important in understanding of
magnetic-fusion plasmas as well as solar' and space
plasmas. Ion microinstabilities occur at frequencies
near the ion-cyclotron frequency and are driven by the
free energy of the magnetically confined energetic-ion
population. In magnetic-fusion plasmas, such as TMX-
U, an energetic-ion population is created by neutral-
beam injection.

Past mirror fusion experiments with neutral-beam in-

jection perpendicular to the magnetic field have shown
that confinement times were limited by ion-cyclotron in-
stabilities at the rnidplane of the magnetic mirror.
The presence of these instabilities is theoretically well
understood. Theory predicts that skew injection
should be more stable to both anisotropy and loss-cone
modes. ' Skew neutral-beam injection creates ions,
called sloshing ions, with an axial-density profile that
peaks away from the end-cell midplane. ' ' Skew
neutral-beam injection produces a more isotropic ion dis-
tribution than does perpendicular injection. This makes
TMX-U more stable to anisotropy-driven instabilities.
Skew neutral-beam injection also produces a potential
dip at the end-cell midplane that will trap low-energy
ions. The ions trapped in the potential dip, along with
the low-energy central-cell ions confined by the potential
peak, fill in part of the loss cone to reduce the free
energy available to loss-cone-driven instabilities. Skew
neutral-beam injection in the end cells of TMX-U is ob-
served to produce ion populations that are stable to mid-
plane ion-cyclotron fluctuations. ' ' Theory predicts the
possibility of ion microinstability near the turning points
of the sloshing ions. The ion distribution has an empty
loss cone outboard of the potential peak, and therefore
the location most susceptible to loss-cone-driven insta-
bilities is the outer turning point (OTP). In this paper
we report measurements of fluctuations associated with
an instability driven at the OTP.

Thermal-barrier tandem mirrors ' ' rely on axial

variations in the magnetic field and electrostatic poten-
tial to confine the plasma along magnetic field lines. The
thermal-barrier potential profile is created by the con-
trolling of two populations: a population of mirror-
trapped, hot electrons created by electron-cyclotron heat-
ing (ECH) at the end-cell midplane (which is the loca-
tion of the minimum magnetic field) and a population of
energetic ions created by skew neutral-beam injection.
To heat the electrons that charge neutralize the sloshing
ions, ECH is used at the outer sloshing-ion density peak
(also called the outer turning point, where outer indi-
cates away from the central cell). Heating these elec-
trons increases their loss rate, which increases the poten-
tial peak. This potential peak confines those low-energy
ions from the central cell that are not magnetically
confined. The experimentally measured stability of these
sloshing ions is the topic of this paper.

Our initial observations' showed an instability with a
frequency representative of the ion-cyclotron frequency
at the OTP. Because this frequency is also twice the
fundamental ion-cyclotron frequency at the midplane of
the end cell, a unique conclusion could not be drawn
about the axial location of instability. To determine
where the instability was located, we added neutral
beams with an injection angle of 40 with respect to the
magnetic axis, in addition to those already aimed at 47
Using an array of secondary-emission detectors (SED),
each sampling a different pitch angle at the end-cell mid-
plane, we measured the energetic charge-exchange flux
from the plasma. ' ' Beam-injected neutrals or back-
ground-gas neutrals penetrate the plasma and undergo
charge exchange with a sloshing ion to create these ener-
getic neutrals. From the angular SED data, we have cal-
culated the magnetic field at the OTP of the sloshing
ions, assuming that the axial position of the turning point
is independent of the ambipolar potential. When we
change from 47 to 40 injection the SED data imply
that the OTP of the sloshing ions moves from around
8.6-9.1 kG to approximately 10 kG, a change of 0.9-1.4
kG. The large uncertainty comes from the large separa-
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FIG. 1. Comparison of observed frequencies for shots (a) with 47' injection only and (b) with 40 injection or 40' and 47 injec-
tion.

tion of the SED's, whose angular data are inverted to ob-
tain the magnetic field at the OTP. At the same time,
the frequency observed by an rf probe (a high-impedance
probe measuring local edge potential fluctuations) near
the OTP has changed from 7.0 to 8.0 MHz. This change
in frequency is consistent with the movement of the OTP
to a magnetic field approximately 1.3 kG higher, in good
agreement with the SED data. Figure 1 illustrates the
change in frequency that we observe when changing
from 47 to 40 injection. The exact location of the
ion-cyclotron instability, and hence its frequency, de-
pends on the plasma conditions. We have thus shown
that the frequency of the instability varies with the loca-
tion of the OTP, with the midplane conditions held ap-
proximately constant. This variation of frequency indi-
cates that the instability is driven at the OTP.

At low values of ECH power, we often observe this in-

stability, and it does have a detrimental eAect on the
sloshing ions. We have found that the maximum ECH
power level at which the instability can be observed is

dependent on the total density. At low ECH power lev-

els, strong bursts of the instability correlate with sudden
losses of sloshing ions, but the sloshing-ion density al-
ways recovers from these large dumps of sloshing ions, as
observed in Fig. 2. More importantly, for this data set
there is also a correlation between the amplitude of ion-
cyclotron fluctuations and the sloshing-ion lifetime. As
shown in Fig. 3, we observe the sloshing-ion lifetime to
be inversely proportional to the fluctuation amplitude at
low ECH power levels. This scaling appears to hold
across many experimental operating cycles, even though
the plasma parameters were diAerent and many changes
were made to the experiment.

At high ECH power levels, TMX-U generates axial-
density profiles with little or no measurable density at
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FIG. 2. The instability can cause large dumps of the slosh-
ing ions. The sloshing-ion density is inferred from the charge-
exchange flux measured by the 45' SED.

the OTP rf probe location. This observation is from
a microwave interferometer located near the OTP.
Without density at the probe location, the probe does not
couple to the plasma. Therefore we have no direct infor-
mation on the stability of the OTP at high ECH power
levels. We have observed that when the rf probe is
moved closer, axially, to the end-cell midplane, the insta-
bility is present for a larger variation in plasma parame-
ters. We did not move the rf probe close enough to the
end-cell midplane to monitor stability at high ECH
power levels.

While this instability has occasionally been observed
during plugging, there have been no correlations of its
presence with the loss of plugging. The absence of end
losses, otherwise known as plugging, is due to good elec-
trostatic and magnetic confinement of the plasma. Dur-
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FIG. 3. The sloshing-ion lifetime depends on the amplitude
of the instability. The sloshing-ion lifetime is determined from
the sloshing-ion particle balance equation. For TMX-U pa-
rameters, r, =[2.1Ib„. (1.3n„„~/n„—1)j '. Also plotted is the
theoretical prediction of the sloshing-ion lifetime when a spec-
trum of lluctuations is present (Ref. 16). The anomalous life-
time is defined as
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FIG. 4. Measured wavelengths near the midplane and outer
turning point. These wavelengths have not been mapped back
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This line is for a band of frequencies with wave numbers cen-
tered around 1. 1 cm ' as calculated at the end-cell midplane
and for the fluctuations in the core being 3 times stronger than
those measured on the edge.

ing plugging the sloshing-ion lifetime is observed to be
shorter than classical predictions. Plugging requires high
ECH po~er levels and, as we stated above, at high ECH
power levels there is little or no measurable density at
the OTP rf probe location. Without sufhcient density at
this location we are unable to monitor the stability of the
sloshing ions during plugging.

This instability is most commonly observed only at the
OTP, but the instability occasionally extends as far as
the inner turning point of the sloshing ions. This axial
extent has enabled us to measure the azimuthal wave-
length at two separate locations, near the rnidplane of
the end cell and at the OTP of the sloshing ions. We vill
first discuss the local wavelength measured at the OTP.
In Fig. 4 we show that the local azimuthal wave number
at the OTP is small, or equivalently, that the instability
has a long azimuthal wavelength at the probe location
(k=85 cm). At this location, the long wavelength re-
sults in measured phase shifts that are very small. The
measurement made at the OTP is a local wavelength be-
cause the plasma at the OTP is highly elliptical in shape,
on account of the minimum-8 mirror fields. The ellipti-
city and the axially varying magnetic fields can drastical-
ly change the wavelength. In addition, the short azimu-
thal coherence length of the instability (X, ~ 3 cm)
makes wavelength measurements at the OTP dificult.
The short coherence length is due in part to the presence

of broad-band plasma turbulence driven by ECH and in
part to strong pickup of potential fluctuations in the end
cell that result from ion-cyclotron resonance heating in
the central cell. These efIects make it dificult to mea-
sure accurately the local wave number of the instability.

It is therefore helpful to look at the midplane wave-
length and compare it to the wavelength measured at the
OTP. Near the end-cell midplane we have consistently
measured the azimuthal wavelength to be approximately
3 cm with propagation in the ion diamagnetic-drift direc-
tion. If we now map both wavelengths back to the mid-
plane of the end cell using the flux tube ellipticity at the
respective probe locations, we see that the OTP wave-
length measurement implies a midplane wavelength of
5.7 crn, while the measurement from the probe near the
midplane implies a midplane wavelength of 2.5 cm. Be-
cause of fanning of the magnetic field lines, much of the
azimuthal mode structure should occur at the narrow
ends of the ellipse. Since the measurement was made
along the broad part of the ellipse, the measured local
wavelength at the OTP should be longer than the wave-
length at the midplane by the ellipticity. There are
several eAects that add uncertainties to the measurement
that we cannot take into account. These include the
eA'ect of P depression on the fanning of the magnetic
field lines and the small phase shifts between tips, be-
cause of the long wavelength. Thus we have agreement,
within the uncertainties involved, between the wave-
length measured at the OTP and near the end-cell mid-
plane.

We identify this instability as an ion loss-cone instabil-
ity for several reasons. First, the instability propagates
in the ion diamagnetic-drift direction. This, along with
the location of the instability and the observation that
the instability is present only when sloshing ions are
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FIG. 5. The amplitude of the instability depends on the ra-
tio of ion density in the loss cone to the sloshing-ion density.
We take the core-ion end-loss current to be a measure of the
density of ions in the loss cone.

present, indicates that this mode derives free energy
from the sloshing ions. Propagation in the ion
diamagnetic-drift direction is characteristic of loss-cone
instabilities. Second, ion loss-cone instabilities are
characterized by ksp; ) 1 (ke is the azimuthal wave
number, p; is the ion gyroradius), ' and we calculate an
approximate value of kqp; =2 for a 7-keV ion at the
end-cell midplane. Last and most importantly, we show
in Fig. 5 that this instability is sensitive to the ratio of
the ion density in the loss cone relative to the sloshing-
ion density. This sensitivity to a cold-ion population is
indicative of an instability driven by the ion loss
cone. ' In Fig. 5 the points become more scattered at
small ratios of end-loss current to sloshing-ion density
because some of those shots are approaching plugging
conditions and hence the density at the probe location is

very low. We see in Fig. 5 that the amplitude of the in-
stability has reached a low, steady-state level for ratios
near 50x10 ' A cm . When we calculate the ratio of
warm ions to sloshing ions for this value, we find that a
warm-ion fraction of 9% at the OTP is sufficient to
reduce the amplitude of the instability to a low level.
This calculation is for a core plasma area of 174 cm at
the end-cell midplane magnetic field of 5 kG, and with
the sloshing-ion density at the OTP being twice the
sloshing-ion density at the midplane. This ratio of
warm-to-sloshing-ion density is consistent with the
theoretical predictions ' for TMX-U parameters.

In summary, we have observed an instability in
TMX-U located at the sloshing-ion outer turning point.

Its wave characteristics and sensitivity to cold ions are
consistent with a loss-cone-driven instability. The pres-
ence of this instability was predicted by theory. We have
shown that this instability can affect the lifetime of the
sloshing ions. We believe that this is the first report-
ed observation of ion microinstability activity under
thermal-barrier-like conditions in a tandem-mirror ex-
periment. In addition to magnetic-fusion applications,
these results are of importance for plasmas with

magnetic-mirror-confined, energetic ions, such as solar
and space plasmas.
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