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Abstract. The CQL3D-m continuum bounce-average Fokker-Planck code is adapted for magnetic mirror
plasmas [1] and is now routinely used in no-free-parameter classical integrated modeling of mirror devices
[2, 3]. In the present effort, we report on two RF methods of plasma heating in mirror machine. The fast
ions (FI) are heated by Fast waves at 2nd-4th harmonic, where Fls originate from neutral beam injection at
45 degrees to the magnetic field. The scenario shows an efficient ion heating near the FI bouncing point.
The electrons are heated by X-mode launched from the high magnetic field side towards the resonance.
Different from the tokamak applications, CQL3D-m provides an evolving self-consistent ambipolar
parallel electric field, which determines the shape of the loss cone and hence an accurate confinement time
of both ions and electrons. Also, it includes a description of ion and electron sources and sinks (related to
charge exchange and impact ionization) which are updated at every time step. CQL3D-m utilizes a fully
nonlinear Coulomb collision operator that is important for the significantly non-Maxwellian ion
distributions typically established in mirror plasmas.

1 General description of CQL3D-m

CQL3D-m is a special version of the continuum
bounce-average (BA) Fokker-Planck (FP) finite-
difference solver CQL3D [4], which is adapted for
open magnetic systems such as mirror machines. It
inherits most of the advanced features from the
tokamak version — the RF Quasilinear operator, particle
source operator, and fully nonlinear Coulomb collision
operator. The latter is crucially important in mirror
plasma because the ion distribution functions are
significantly non-Maxwellian, usually missing the low-
energy portion to the loss cone. One of the most
important added features is the computation of the self-
consistent ambipolar electric potentid(s) along
magnetic field lines, which we describe in Section 2.
The axial shape of the parallel electric field determines
the confinement time for electrons and ions, and
therefore must be carefully determined. In CQL3D-m
runs, the distribution functions of the electrons and ion
species are advanced simultaneously, Gjtbomputed
iteratively at each time step, maintaining charge
neutrality at every point in theR{ Z) configuration
space. Equally important for a mirror plasma is an
accurate calculation of particle sources and sinks. In
CQL3D-m these are computed either internally
(FREYA module for neutral beam- fast ion
deposition) or through coupling to external codes such
as FIDASIM [5]. Also, the sources/sinks are added
from Charge exchange (CX) events between cold
neutrals and plasma species. All such sources and sinks
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in ion and electron distributions are updated at every
time step. Thus, the ion sources are from impact
ionization of the neutral beam (NB), also from CX of
neutrals (NB and cold). The ion sinks are from CX of
ions with the NB and cold neutrals. Similarly, the
sources and sinks in electron distribution are formed
(impact ionization vs recombination). Although the CX
events do not change the balance of ions (one ion is
replaced with another), they do change the energy
content, besides, the sources and sinks have different
proximity to the trap-passing boundary. In summary,
the new features developed in CQL3D-m provide a no-
free parameter nonlinear simulation of dynamically
evolving nonthermal ion/electron distributions in
mirrors based on a balance of particle sources and
sinks, energy sources from NBI and RF, together with
evolving ambipolak; field.

2 How electric potential is determined

The axial profile of electric potential must provide
guasi-neutrality at every point along the field line. In
CQL3D-m, the bounce-average quantities (distribution
functions, sources, sinkgtc) are defined in accord
with constants of motion (COMs) at the minimun-
point, i.e., at the midplane, referred to with subscript
“0”. At every time step, once the BA midplang=Q)
solutionsfi¢(uo, ) of FP equation are found for ions
and electrons, the local distributiohg(s,u,6) can be
reconstructed by using COMgiz. the conservation of
total energy (that includes the potential enegdy(s))
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and adiabatic magnetic moment (tHé GOM s just
the radial coordinat@ of the surface). It is clear that
this mapping from the midplane to a local pa@tiong
a field line is quite different for ions and electrons
because of the opposite charge sign. From the locally
reconstructed distributions, all nhecessary moments can
be evaluated, including the local density. The iterative
method for adjustment ab(s) is based on comparing
the local ion and electron densiti@gi(s) vsne(s),
DO(g)= D) +FiTed Zini(S)—Ne(S))/(ZiNo+neg) , (1)
where superscriptn-1” refers to the previous time
step,Fux = 0.5-1.0 is a relaxation factor for control of
numerical stability, and the ternzini(s) implies
summation over all ionic species followed by CQL3D-
m. The tests show that this method results in
convergence to nearly perfect quasi-neutrality in just a
few time steps.

An alternative method for finding the potential is
based on the force balance equation,

eg= (P'le+ (Pre—p1dB/B)/Ne )

where “prime” refers to the derivative over thg “
coordinate alongB-field line. In the numerical
implementation, the electron density(s) is replaced
with the average local densit¥ifi(s) + ne(s)]/2, so that
electrons are “motivated” to follow ions. A similar
adjustment in form of th&ini(s)/ng(s) factor is made
for the electron pressurge. An illustration of how
these two methods work is shown in Fig. 1, for the test
case of 25keV deuterium NB injected at°4& the
midplane in the WHAM machine (Wisconsin High-
temperature superconductor Axisymmetric Mirror) [2].
The fast ions produced by NBI bounce at higher
magnetic field pointB(s) » 2Bo, where they form the
local “bump” in density and associated “bump” in the
poterltial as shown in Fig. 2.
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Fig. 1. Top panel: Electric potential drop over central cell
range, A® = ®(s=0) — O(S=swil), and electron temperature
Te(s=0). Bottom panel: the ratio of these values, as a function
of time. Plots are for thp = O field line. In simulations, the
two methods ford(sp,t) alternate each other as indicated,
starting with 40 steps of method 1, followed by 10 steps of
method 2.

Fig. 1 (top) shows how the potential changes in
time — it is growing because the electrons are heated by

the fast ions, i.e.Te grows in time. Remarkably, the
ratio of A®/Te remains almost constant over the
simulated time range of 300 ms, at a vald®Te ~ 4.7,
close toA®/Te » 5 given by Pastukhov theory [6].
Also notable is the agreement between methods from
Eq. (1) and Eq. (2), although method 2 is noisy because
of a low density around the mirror coils. Usually
method 2 is used for verification df(s) obtained with
method 1, especially in difficult cases of non-isotropic
electron pressure (see Section 4).
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Fig. 2. Top panel: Axial profiles of ion (D solid line) and
electron (dashed) density corresponding£d0.3 s in Fig. 1.
Left borders = 0 corresponds to the midplane, while the right
border — to position of the mirror coil. Notice a good match
ni(s) = ne(s). Bottom panel shows the profile of electric
potential.

It should be noted that generally the axial profile of
potential is non-monotonic. In the test case of Fig. 2 it
has a peak around the turning point of fast ions
(sloshing ions). In case when ECH is added, it can be
even more irregular (Section 4) with local peaks and
dips. The local peaks and dips th(s) can trap
electrons and ions, i.e., such trapped populations
cannot reach the midplane where the BAFP is solved in
CQL3D-m. The local distributions mapped from the
midplane would have missing portions in form of a
low-energy hole. The code performs an
analysis/detection of such trapping regions and adds
pieces from Maxwellian-like distribution filling up the
hole and matching the remaining part of the local
distribution.

3 lon heating by Fast Waves

The RF heating of ions in WHAM has been under
consideration for a number of years [1, 2]. A single-
strap closed-loop antenna is expected to be installed in
2025. The scheme is based on heating the fast ions (D
at 29 harmonic { = 26 MHz), with resonance
positioned just before the turning point of fast ions. As
shown in [1, 2, 7] the Fast Waves fill-up the most of
the central cell volume, crossing several resonances
(2@ — 4" harmonics in WHAM). Presently the
propagation of waves is modelled with the Cartesian
version of Genray [8], Genray-C, then the data is
imported by CQL3D-m to form a BA QL operator. In
spite of the azimuthally symmetric antenma=0Q), the
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rays are started with a spectrum in azimuthal aiming
angles, with the goal to produce a radially broad profile
of absorption [7]. If the rays are started with no spread
in azimuthal angle, aiming at the axis, they bounce in
one plane (e.g.,Z( X) plane), giving a very peaked
radial profile of power deposition. An alternative to
ray-tracing approach is using a coupling of CQL3D-m
to a full-wave code such as AORSA [9]. This work is
in progress [10].

The results from CQL3D-m simulations for ion
distribution function are shown in Fig. 3. The setup is
based on deuterium NB at 25keV with 100kW input
power injected at 45at the midplane. Then, the RF
input power at 100kW/26MHz is added (however, only
16% of NB power is deposited to plasma, and only
12% of RF power is deposited to ions). The initial
conditions arae.= 0.6e20 ¥, Tp = 2 keV,Te= 1 keV.

By t = 600 ms, the ions are heated to effective tempera-
ture Tp = (2/3YEp) ~ 100 keV. The change in density,
temperature of ions and electrons, ion beta and D-D
neutron rate is shown in Fig. 4.

t=600ms
———

cold ions confined
bP/ dip in ®(s) from
soslhlng ions

0.01

u /c (94keV)

Fig. 3. Solution of the Fokker-Planck equation obtained by
CQL3D-m in case of NBI+RF heating in WHAM. The
shown distribution is for Dions at selected radial poipt=

0, at the midplane. Thin black lines mark the trap-passing
boundary, which is evolving in accord with the electric
potential axial profiled(s,p,t). The dashed line shows how
this boundary would look like in absence of the sloshing ions.
For reference, 94 keV label corresponds/to= 0.01.

From Fig. 3 it is clear that the ions are strongly
heated by the RF, with energies far exceeding the NB
injection energy of 25 keV. In these simulations, a
gyro-radius cutoff was applied for the RF operator
when the ion gyro-radius was larger than the radius of
plasma (10 cm). Still, the tails continue to balloon in
velocity space, forming a characteristic “bat-wings”
shape. As seen from Fig. 4, there is no steady-state
condition yet at = 600 ms. Realistically, the heating of
the plasma will be limited by a beta value reachfirg
0.5 or so, which is achieved hy= 200 ms. The
analysis of instabilities is beyond the scope of CQL3D-
m but can be done through coupling to PIC codes as in
[11] where the ion distribution obtained with CQL3D-
m was used as initial condition for the Hybrid-VPIC
code to study the DCLC instability.

It is also seen in Fig. 3 that the ion distribution
attains a narrow confinement “neck” af/¢| < 0.002.
This confinement region is formed by sloshing ions,
which create a barrier in potential at the turning point.
As seen in Fig. 2, the bump (s) at F/sci| ® 0.65

means a dip in potential &<.i| < 0.65 that confines
low-energy ions. The depth of this trapping well
depends on the population of fast ions and their degree
of localization around pitch angle of 4%note that
collisions work against such localization). Without the
sloshing ions, the trap-passing boundary in Fig. 3
would be a single branch hyperbola separated by a gap
from the horizontal axis. With the RF heating, the
sloshing ions are pushed to higher energies where they
are less prone to CX events (at 25 keV, the injected
neutrals undergo CX with ions at 70% probability,
mostly with ions at same or lower energy; the value of
(6exVrelative Arops aEreiaive > 100 keV). Effectively, the

RF heating of ions helps to widen the confinement
“neck” in Fig. 3. However, according to CQL3D-m
simulations, the ion confinement time is increased by
merely 20% comparing to the NBI-only case. There
could be a few reasons for this. First, notice that as the
ions are pushed to high energies, they start to heat
electrons more strongly compared to the NBI-only case
at the same time step. As the potential drop follads

~ 5T, the hyperbola branch in ion velocity space tends
to go higher, eventually reaching the NB injection
region (e.g., the '8 energy band is at (25/3)keV =
8.3keV, oru/c = 0.003). Second, the QL diffusion adds

to the pitch angle scattering, thereby increasing the ion
flux into the loss cone.
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Fig. 4. Evolution of plasma parameters in NBI+RF(Fast
Wave) case. The traces are showndor 0, except the DD
neutron rate which is volumetric.

Nevertheless, the RF heating of fast ions is
extremely beneficial for the D-D neutron rates.
According to CQL3D-m computations, in the NBI-
only case, the neutron rates reach steady-state value of
1.3e12 n/s at = 300 ms. From Fig. 4, when RF is
added, the neutron rates reach 0.8e13 r/s&00ms,
and continue growing by becomes larger than 0.5. It
remains to be seen what beta limit can be achieved in
experiment. The hope is fgf~1 due to stabilization
methods such as sheared plasma rotation.

4 ECH

In WHAM, the X-mode is launched at 110 GHz,
towards them = wce resonance, from the high field
side, as shown in Fig. 5. Genray-C modelling for a
target plasma witm. = 1.5e13 cmd and Te = 300 eV
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shows a 100% absorption of RF power, with power
deposition peaked towards the plasma center. In the
coupled CQL3D-m run, the nonlinear-deposition peak
is shifted top = 0.4 - 0.5, as the electron effective
temperature rises to 30 keV (30 keV — if evaluated over
the total distribution including tails; the bulk
temperature is just 1 keV). In CQL3D-m runs, a
100kW/25keV D-NBI was included, as a normal mode
of WHAM operation. The ECH power is injected at
100kW level as well.

High field
) side launch
20 40 60 80 100
Z (em)
Fig. 5. Ray tracing of ECH in WHAM machine. The mirror

coils are aZ =+100 cm.

The CQL3D-m simulations are made over physical
time of 8 ms, when the plasma is far from reaching the
steady state. However, because of the high power
density of ECH, the response of the average electron
energy and the electric potential are already very
strong. The axial profiles of density, average energy
and potential are shown in Fig. 6, tor 6 ms, at radial
flux surface withp = 0.5. It is seen that the profile of
d(s) develops a dip at the resonance locatig ~
0.74. Also visible is a small bump from sloshing ions at
s/swil = 0.6, although at this time step the shine-through
is very high with only 5 kW of NB power deposited.
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Fig. 6. Axial profiles atp = 0.5,t = 6 ms. EC resonance
position® = wce is marked in top panel. The quasi-neutrality
ni(s) = ne(s) is satisfied with good accuracy except maybe
around the resonance.
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The drop in potential creates a local trap for ions, while
the bump at¥/s.i # 0.6 can trap electrons. The main
point from Fig. 6 is that the code can handle a difficult
case of a non-monotoni(s) profile, and can find it
self-consistently together with evolving distribution
functions for ions and electrons. In this run, only the
iterative method#1 was used, see Eq. (1), however, the
value ofTeo in that formula was replaced with effective
electron temperature over the bulk of the electron
distribution without the tails (so, it is not 47 keV that
would follow from Fig. 6 but rathes2 keV).

Given the distribution of electrons, all moments can
be evaluated, including the pressure. Fig. 7 shows that
the electron pressure is highly anisotropic, as expected.
At the EC resonance position, the perpendicular
pressure is roughly twice larger than the parallel. It is
instructive to use Eq. (2) and compare the result with
parallel electric forceelg(s) (evaluated from the
potential). This is shown in the bottom panel of Fig. 7.
The two curves match each other quite well except the
ending region wheré(s) was adjusted to balance the
electron and ion flows (simulating the sheath drop at
the ending plate).
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Fig. 7. Top panel: parallel and perpendicular electron
pressure, and also the total pressure is shown for reference.
Bottom: comparison of Eq. (2) with the parallel electric
force. The plot is fop = 0.5,t = 6 ms.

The electron distribution at different points along
field line is shown in Fig. 8 (again, at selected6 ms,
p = 0.5). This is the reconstruction of the local
distributions from the solution at the midplane, as
discussed in Section 2. At this time step, it is not a
steady-state distribution; however, the high energy tails
are already very pronounced.

5 Conclusion

It is demonstrated that CQL3D-m covers much of the
RF physics in mirror machine plasmas — ICRH of fast

ions and ECH of electrons. The distribution functions

of electrons and ions are advanced simultaneously
under condition of self-consistent ambipolar electric

field. It is shown that the ICRH generates strong tails
in ion distribution, with D-D neutron rates reaching the

10" n/s range. The ECH is also shown to be very
effective in forming a localized drop in electric
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