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The recent Lithum Tokamak Experiement–Beta (LTX-β) upgrade includes the addition of neutral beam
injection (NBI) in the same direction as the plasma current (co-IP ) and a new toroidal Mirnov array for
MHD characterization. In initial NBI experiments, a spontaneously rotating n = 1 MHD mode is seen to
accelerate during NBI in the counter-beam direction, accompanied by a rise in electron density consistent
with the beam-injected inventory but without a clear increase in plasma pressure. Together with analytic and
numerical modeling of beam optics and fast ion confinement, these observations indicate the prompt loss of
all or nearly all beam ions. However, the same modeling also suggests that planned upgrades to the Ohmic
heating system should provide the fast ion confinement necessary for beam heating and core fueling. A simple
analytic model relates the momentum confinement time τφ to the observed evolution of mode rotation due

to the combination of NBI momentum coupling, fast ion loss ~J × ~B, and anomalous viscous torques, yielding
τφ values consistent with past measurements of electron energy confinement time τE,e.

I. INTRODUCTION

It has been known for some time that a lithium plasma-
facing surface can retain hydrogen isotopes, creating a
“low-recycling” condition1 without a cold “wind” of re-
cycled neutral gas.2 Without edge cooling, the plasma is
thermally decoupled from the wall, permitting the edge
temperature to approach the core temperature.2 The re-
sulting flat temperature gradients eliminate thermal con-
duction, and energy losses become limited by particle
diffusion.3 This new confinement regime has the potential
to dramatically simplify multiple physics and engineering
challenges in fusion energy development.4,5

The observation in the Lithium Tokamak Experiment
(LTX) of such a regime with flat electron temperature Te
and increased electron energy confinement time, indicat-
ing low recycling,6,7 has motivated the LTX-β upgrade.
Cold edge fueling being incompatible with low recycling,
LTX exhibited a transient state in which electron density
ne decayed as the flat Te regime developed. This need for
hot core fueling has been addressed with the addition of
a neutral beam,7,8 the application of which to spherical
tokamaks has been well studied in various machines.9,10

The introduction of well-coupled NBI would also permit
studies of low recycling discharges with strong auxiliary
heating. Maintaining high ne improves the precision of
profile measurements from Thomson scattering, and the
addition of the neutral beam provides access to impurity
ion temperature TLii profiles through CHERS.8

The LTX-β upgrade has also compelled the installation
of new magnetic diagnostics, including a toroidal Mirnov
array of poloidal field sensors in order to study the MHD
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stability features of the flat Te regime, especially im-
portant as well-coupled neutral beam injection increases
plasma pressure β11 and may interact with existing MHD
activity.12 Additionally, the toroidal field BTF has been
increased to 3 kG at R0 ≈ 35 cm to improve confinement.
A greater BTF impacts the new fast ion population gen-
erated by neutral beam injection by reducing gyroradius,
although this is not always seen to be a dominant effect,10

and sustaining a safety factor conducive to MHD stability
while increasing accessible IP to nearly 100kA, leading to
tighter drift orbits.9

Implementation of the toroidal array in LTX-β permits
the use of MHD mode rotation dynamics as a proxy for
bulk toroidal plasma acceleration by NBI. Toroidal rota-
tion can be important for MHD mode stabilization, as
well as turbulent radial transport suppression by sheared
flow.13,14 Intrinsic rotation arising from transport and
electromagnetic effects can be accelerated by neutral
beam injection, providing direct momentum deposition
in the direction of the beam. Contrastingly, in the pres-
ence of fast ion losses, the thermal ion return current15

~Jr provides an additional ~Jr × ~B force whose toroidal
component always points in the counter-IP direction, re-
gardless of NBI orientation.16

Remaining sections address engineering, experimental
observations, and modeling. Following a characterization
of the NBI system, observed differences between beam-
injected and baseline LTX-β discharges are discussed, in-
dicating prompt losses and low direct momentum trans-
fer. Analytic and numerical modeling, including an
analytic torque balance model, shine-through calcula-
tions from TRANSP with NUBEAM,17 and the 3dOrb
code developed by L.E. Zakharov and S.N. Gorelenkov
for full-3D fast ion orbit modeling, is employed to de-
velop a physics understanding of the effect of NBI in
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FIG. 1. Geometry of the LTX-β neutral beam and relevant
diagnostics in relation to a typical NBI plasma. The neutral
beam (shaded red) injects at section AB, crosses a tangency
radius of ≈ 21 cm (dotted red), and strikes the far side of
the vessel (solid black) near toroidal field magnet K. Molyb-
denum alloy (TZM) scrapers and beam dump (solid red) are
instrumented with resistance temperature detector thermal
sensors (orange circles). The beam crosses the microwave in-
terferometry sight line (shaded blue) at section PA in the gap
between conformal shells (dashed black). Typical plasma ma-
jor radius (dotted magenta) R0 ≈ 37 cm, and reconstructed19

last-closed flux surface (shaded magenta) includes the beam
tangency radius. Toroidal Mirnov array sensors (green) are
located between the shells and the vessel wall within the mid-
plane gap between upper and lower shells.

LTX-β plasmas. This modeling leverages the measured
rotation evolution of MHD modes as a telltale of beam
performance and to provide insight into the momentum
confinement time, typically deduced from spectroscopic
measurements.18 Finally, future steps to improve dis-
charge and NBI performance are laid out.

II. BEAM CHARACTERISTICS AND PERFORMANCE

The neutral beam, oriented for co-IP injection (Fig. 1),
is a Budker Institute of Nuclear Physics device
rated for beam energy ENBI = 20 keV and beam
current INBI = 35 A, which yields a source flux
ΓsrcNBI = 2.2× 1020 s−1, and specified as having a 20 mrad
half-angle divergence. The primary diagnostics for neu-
tral beam power injection are calorimetry arrays on the
dump plate and scrapers.8 Assuming nominal operation
at the rated 20 mrad divergence and accounting only for
the full energy component (≈ 80% of the total power,
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FIG. 2. Fractional power deposition as a function of beam
half-angle divergence defined as a Gaussian 1/e radius, gener-
ated by tracing Gaussian-divergent rays from a point-focused
surface-source. Each energy component has a different diver-
gence and fractional power deposition.
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FIG. 3. NBI shinethrough from beam dump calorimetry as a
function of line-integrated electron density

∫
nedl, comparing

experimental data to NUBEAM predictions. Although ab-
solute energy deposited on the beam dump Wdump does not
match predictions well, the fractional reduction of vacuum
Wdump remains a good measure of fshinethru. The LTX-β
full orbit code 3dOrb agrees closely with the NUBEAM
shinethrough results.

with 15% and 5% in the half- and third-energy respec-
tively), about 95% of the total beam power should enter
the vessel, and the dump plate should absorb roughly half
of the total power (Fig. 2). The balance would strike the
plasma-facing side of the conformal shells and inner face
of the vacuum vessel, with a small fraction reaching the
back of the pump duct between magnets J and K (Fig. 1).

The first phase of beam operation was injection into
the torus without a target plasma, to characterize beam
performance as a function of acceleration grid voltage and
current. Expected beam power injection into the torus
and deposition on the dump plate and beam scrapers
was modeled based on an empirical estimate of ≈ 60%
illumination by ions of the beam source grid (Fig. 2).
One of the main findings was that fractional energy de-
posited on the beam dump Wdump/Wbeam was signif-
icantly less than initially predicted. Rather than the
beam dump receiving ≥70% of total beam energy Wbeam

as predicted for the manufacturer-specified beam optics,
the largest Wdump/Wbeam observed was ≈ 13%. Al-
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FIG. 4. Line-integrated electron density rises during beam
injection (shaded green) on NBI discharges (blue and green),
but returns to baseline (black and gray) within about 1 ms.

though this indicated a very high divergence ≈ 70 mrad,
the ratio of beam dump energy to beam scraper energy
Wdump/Wscrapers ≈ 2, suggesting a divergence nearer
50 mrad. Spectroscopic measurements, however, yielded
a still lower divergence≈ 35 mrad, indicating an injection
ratio into the vessel finj ≈ 73%, and indicated signifi-
cantly nonuniform source grid illumination. Because of
variations in beam voltage and current throughout beam
injection, the beam’s perveance and therefore divergence
varied, changing power deposition throughout the beam
injection period.8

Modeling and equipment specifications indicate a the-
oretical maximum neutralization fraction fneut ∼ 90% in
the beam injector, shine-through fshinethru ∼ 70% for
the full energy component as predicted by NUBEAM and
matched closely by modeling based on typical plasma pa-
rameters and preliminary beam characterization exper-
iments (Fig. 3), estimated full-energy finj from spec-
troscopy, and reduced injection of the half- and third-
energy beam components. Accounting for these parame-
ters, total deposited fraction of source flux

fdep ≡
max∑
ε

(1− f εneut)(1− f εinj)(1− f εshinethru) (1)

can be calculated, where
∑
ε signifies a sum over beam

energy components. fdep ≈ 0.15. As noted, beam per-
formance varied during injection,8 but the NBI window
average parameters of ENBI ≈ 18 keV and INBI ≈ 36 A
were within roughly 10% of their manufacturer-specified
values. With these parameters, the beam should
supply roughly 100 kW of heating and an optimal
(i.e. lossless) fueling rate ΓoptNBI ≈ 3.3× 1019 s−1 neglect-
ing lost ions. This particle flux represents a total in-
jection of NNBI ≈ 1.8× 1017 hydrogen atoms during a
typical 5.5 ms beam pulse. By comparison, the target
discharge style studied exhibited a total hydrogen inven-
tory of Ne ≈ 5× 1017 electrons and peak Ohmic heating
power POH ≈ 110 kW. These estimates indicate a rise in
total density of ≈ 30%, and an approximate doubling of
plasma heating, implying at least a doubling of plasma
pressure.

In the discharges studied here, the line-integrated den-
sity from microwave interferometry n̄e ≡

∫
nedl was seen

to increase by ≈ 33%, close to the prediction. To ensure

FIG. 5. During the NBI period (shaded green) there is little
effect on n = 1 MHD mode amplitude (a), but rotation fre-
quency f is accelerated in the +φ (counter-IP ) direction (b).
In plot (b), trend lines indicating the evolution of beam (dot-
ted blue) and non-beam (dotted black) discharges. Plot (c)

shows perturbed poloidal field B̃θ measured on the toroidal
array as a function of toroidal angle φ and time. The phase an-
gle of the n = 1 structure (red stripe) is seen to evolve in time,
indicating a rotating perturbation. Note that near 472 ms in
shot 100988, mode amplitude drops below the threshold for
faithful phase tracking.

that the density increase was caused by beam injection,
LTX-β discharges were produced with 1. beam not trig-
gered, 2. full beam injection into plasma, 3. beam gas
without grid energization, and 4. beam injection blocked
by the NBI source’s internal calorimetry plate.8 Only full
beam injection produced the observed increase in elec-
tron density. Fast camera images showed ∼mm scale
transient hot spots on the beam dump and wall during
injection, but no evidence of significantly elevated sur-
face localized emission. However, drift orbit modeling
suggests that lost beam ions may preferentially impact
outside the fast camera’s line of sight.

It should be noted that the rise in density ended
abruptly with the end of the beam discharge and de-
cayed back down to non-beam discharge density in less
than 1 ms (Fig. 4). Since the slowing-down time of fast
hydrogen ions

τs = 6.28× 108
T

3/2
e

nelnΛ
(2)

is expected to be ∼ 10 ms,20 the decay timescale of den-
sity to a value similar to that of non-NBI discharges after
the end of injection is consistent with the prompt loss of
beam ions driving the rapid ambipolar expulsion of ex-
cess electrons (discussed in Sec. IV).
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III. COMPARISON OF MHD ROTATION TO NBI
MOMENTUM TRANSFER TORQUE

Both beam and non-beam discharges characteristically
developed n = 1 mode activity at about t = 467 ms
(whereas beam injection begins at tNBI = 468 ms),
rising to ≈ 2 G and decaying to the background
by t ≈ 475 ms (Fig. 5a). This mode appeared to sponta-
neously rotate in the +φ direction, which is counter-IP .
In the limiting case of confinement and momentum cou-

pling of co-IP beam-injected ions and neglecting ~Jr × ~B
forces described in Sec. IV, the observed rotation would
be expected to slow and even reverse during beam injec-
tion.

Although there was no evidence of any effect of beam
injection on mode amplitude, it can be seen in Fig. 5b
that the evolution of mode rotation was strongly beam-
dependent. In the characteristic non-beam discharge,
mode rotation reduced from ≈ 5 kHz at 469 ms by
≈ 0.5 kHz/ms until the amplitude fell too low for ac-
curate phase tracking (Fig. 5c). In the beam-injected
discharges, mode rotation increased by ≈ 0.3 kHz/ms
over the same window.

In addition to fueling and heating of the LTX-β
plasma, well-confined beam ions should apply a momen-
tum transfer torque in the co-IP (−φ, clockwise in Fig. 1)
direction. Treating the beam simply as a single central
ray with a well-defined tangency radius Rtan, the torque
from each energy fraction species ε with fueling rate Γε
is

~τNBI,ε =

∫
Γεcos(θdep)f̄dep

mpne(l)∫
ne(l)dl

~R(l)× ~vεdl, (3)

where θdep ≡ φ(l) + π/2 is the local an-
gle between the ray and the toroidal tangent,
f̄dep ≡ (1− fshinethru)(1− floss) is the expected to-
tal ionization fraction along the ray, and the ray velocity
is ~vε ≡ (2Eε/mp)

1/2~eε.

The geometric terms conveniently cancel, since
R(l) ≡ Rtan/sin(φ(l)) and φ(l) = tan−1(Rtan/l) , leav-
ing ne(l)/

∫
ne(l)dl the only remaining l-dependent term.

This cancels as well once integrated, reducing Eq. 3 to

~τ rayNBI = mp

∑
ε

Γεfdep ~Rtan × ~vε. (4)

The beam’s finite divergence is accounted for by summing
over many rays η,

~τNBI = mp

∑
η

∑
ε

Γηε f̄
η
dep

~Rηtan × ~vε, (5)

where each ray is assigned a specific ray flux Γηε based on
a parabolic beam intensity profile, tangency radius Rηtan,
and mean ionized fraction f̄ηdep (normalized by the ratio

of
∫
nedl for ray η to

∫
nedl of the central ray).

The toroidal-plane moment of inertia for a toroid of

arbitrary cross-section is

Itor =

∫
R

∫
Z

2πR3mpne(Z,R)dZdR, (6)

where the shape and profile information are carried in
ne(Z,R). Using typical LTX-β elongation κ = 1.5, tri-
angularity δ = 0.2, major radius R0 ≈ 0.37 m, minor
radius a ≈ 0.22 m, and

∫
nedl ≈ 1.0 × 1018 m−2 with a

Wesson-like21 ne profile (ne = n0(1 − (r/a)2)νJ ) where
n0 is the on-axis density and νJ = 2 is the Wesson pa-
rameter, Itor ≈ 1.0× 10−10 kg m2.

Taking the observed 35 mrad divergence but neglecting
fast ion losses, ~τNBI ∼ −18ẑ mN-m with ẑ the vertical
unit vector. However, because momentum deposits on
the relatively long slowing-down timescale τs (Eq. 2), the
total increase in mode rotation predicted during beam
injection is ∆fMHD ≈ −3.5 kHz, which would reverse the
direction of toroidal rotation in the case of no fast ion
losses and τs ≈ 8 ms.

Since mode acceleration was observed in the +φ direc-
tion, which is counter-IP and counter-beam, the domi-
nant torque during beam injection was clearly not beam
momentum transfer. Recovering the observed rotation

evolution requires properly accounting for the ~Jr × ~B
torque due to prompt fast ion losses and viscous damp-
ing.

IV. MODELING OF TORQUES DUE TO LOST FAST
IONS

Understanding the discrepancies between optimal (i.e.
lossless) and observed effects of neutral beam injection
on LTX-β discharges requires faithful tracking of the
distribution of beam deposition, momentum and energy
transfer, and fast ion loss. The 3dOrb particle track-
ing code uses the LSODE solver22 to calculate coor-
dinates and velocities of charged particles due to the
Lorentz force in a tokamak magnetic field. Trajecto-
ries are tracked until intersection with machine geometry
to provide surface deposition profiles. In NBI simula-
tions, the initial conditions for fast ions are generated
by random charge exchange events along the beam tra-
jectory within the plasma. 3dOrb and TRANSP with
NUBEAM have both indicated that given observed beam
optics and plasma parameters consistent with the beam-
injection run campaign (i.e. IP ∼ 75 kA), practically all
full-energy fast ions are prompt losses. Although some
half-energy (∼ 27%) and third-energy (∼ 43%) fast ions
are retained, these represent only 5% of the total ex-
pected torque deposition. Modeling of electrostatic con-
finement in 3dOrb (Fig. 6) indicates that finite potential
effects can be neglected in modeling ion loss for these
discharges.

Typical LTX-β discharges of interest exhibited an un-
commonly broad low-field side (LFS) scrape-off layer
(SOL) based on PSI-Tri equilibrium reconstructions19,
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FIG. 6. Prompt loss fraction of 18keV fast ions as a function
of plasma potential Uplasma calculated by 3dOrb. Estimat-
ing Uplasma ≈ v~E×~BBθa, shaded regions represent the po-
tential estimated from taking slow (non-NBI) and fast (NBI-
accelerated) toroidal rotation velocities as ~v~E×~B .

as well as very large beam ion orbits. In LTX-β,
ρfi/a ≈ 0.28 near the magnetic axis and was even greater
near the LFS edge, where ρfi is the fast ion gyroradius
and a is plasma minor radius. Given that ρfi/a was so
large, certain assumptions made by TRANSP may be
violated, as seen in other spherical tokamaks9,23, sug-
gesting that a full orbit code such as 3dOrb should be
more reliable for non-collisional modeling of fast ions in
LTX-β. Because prompt loss occurs on a time scale much
shorter than the fast ion collision time, it can be assumed
that single particle drift orbit geometry is the dominant
factor in fast ion losses.

The above tracking of fast ion losses is key to under-
standing the observed acceleration of modes in the +φ
(counter-beam) direction. Given a total beam current of
36A, assuming 24A (67% per Fig. 2) enters the torus,
approximately 7A (∼ 30% per Fig. 3) of that total is re-
ionized by charge exchange within the plasma volume.
Because this fast ion population’s collisional damping to
the bulk population is weak (ν ∝ v−3 for particles with
v > vth, with vfi � vth), the effective radial current

of fast ions being lost confers a ~J × ~B torque only on
the retained co-IP fast ion population. However, the re-
sulting electric field drives a polarization drift preferen-
tially transporting thermal ions inward to replace the lost
fast ions, which in the presence of significant momentum
transport, produces a return current15 that couples its
~J × ~B torque strongly to the bulk plasma.24,25

The torque due to the ~Jr × ~B force acts in both the
toroidal and poloidal directions, driving both toroidal
and poloidal flow. Since toroidal and poloidal mode ro-
tation look identical on a toroidal array and the poloidal
mode number m is not well-characterized in LTX-β, the
evolution of mode rotation can only be interpreted faith-
fully in scenarios in which the poloidal flow is strongly
damped on timescales much shorter than the beam in-
jection period.

The dominant mechanism of poloidal flow damping de-
pends on the ratio of ion collisional timescale τii to the
poloidal ion flow timescale qaR0/vth,i where qa is edge
safety factor and vth,i is the ion thermal velocity. In
LTX-β, estimating Ti from spectroscopy measurements
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FIG. 7. Mode rotation evolution scenarios assuming full fast
ion prompt loss floss, per 3dOrb modeling. All other beam
and plasma parameters are typical of the discharge identi-
fied. The momentum transport timescale τφ is used as a free
parameter to fit to observed rotation evolution.

of TLii ≈ 25 eV, this ratio is close to unity, suggest-
ing that magnetic pumping is driven by a combination
of parallel thermal conductivity (rotation-dominated dif-
fusion) and parallel viscosity (collision-dominated dif-
fusion). The poloidal flow damping timescale τd
for these mechanisms were τ condd ∼ τii ≈ 90 µs and
τviscd ∼ (qaR0mi/Ti)

2/τii ≈ 20 µs, respectively,26 for the
discharges of interest. Since the poloidal flow damping
mechanism timescales were more than an order of mag-
nitude shorter than the beam injection period, it is safe
to say that any poloidal flow was saturated during beam
injection, so all changes in rotation can be assumed to
have been toroidal,27,28 and the toroidal component of

Eq. 7 can be expressed using only ~Bθ.
Representing the fast ion loss generated torque in a

simplified form,

~τ ~J× ~B ≈ 〈~R× ( ~Jr × ~B)V ~J〉, (7)

where V ~J is the weighted mean volume through
which the radial current passes, estimated as
V ~J ≈ Vplasma(1− r2dep/r2a) with rdep the weighted
mean minor radius of charge deposition.

Assuming the prompt (i.e. before any momentum or
transferred to the bulk plasma) loss of all fast ions consis-
tent with 3dOrb modeling, the resulting ~τ ~J× ~B from Eq. 7

is roughly 5 mN-m. The toroidal ~J × ~B torque is
complicated, however, by the generation of an anoma-
lous viscous torque which acts as a drag on toroidal
rotation, evolving on a toroidal momentum transport
timescale τφ.27 We can estimate this anomalous torque
as

~τanom ≈ mp〈neV ~J〉~R× ~vφ/τφ, (8)

where 〈neV ~J〉 is particle inventory averaged over V ~J . The
resulting angular acceleration gradually damps down as

~τanom increases with the ~J× ~B-driven velocity, consistent
with the behavior expected of a viscous drag term.
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FIG. 8. Fast ion prompt loss predictions to increased IP , cal-
culated in 3dOrb with 18keV ions and plasma major radius at
R0 = 39 cm (dashed red) and R0 = 40 cm (solid black). Both
cases limit on the high-field side at RHFS = 14 cm. Plasma
geometry including magnetic axis and edge radii plays a sig-
nificant role in fast ion confinement due to the importance
of beam neutral charge-exchange profile and the large gyro-
radius of beam ions in LTX-β. Full or near-full prompt loss
is predicted in the range of plasma currents observed during
beam injection (shaded magenta).

The summation of torques is performed by tracking
the time-resolved deposition of beam ions, distributing
their momentum transfer torque over the slowing-down
time τs (Eq. 2). For simplicity, ions are regarded as
being either well-confined or prompt losses, without ac-
counting for effects such as pitch angle scattering. To re-
flect the finite momentum transport timescale, ~τ ~J× ~B and

~τanom are only added starting from t = ttrigNBI + tonNBI +τφ
where ttrigNBI = 468 ms is the time of NBI initiation and
tonNBI ≈ 0.5 ms is the rise-time of INBI . Empirically, this
delay is intended also to reflect the observed delay be-
tween NBI initiation and the deviation of rotation in NBI
discharges relative to non-NBI discharges.

Using the same radial transport volume estimate V ~J
employed to calculate ~τ ~J× ~B , and taking the toroidal mo-
mentum transport term as a free parameter, we find that
τφ ≈ 1.25 ms reproduces the observed rotation evolu-
tion from Fig. 5b well (Fig. 7) given the full prompt loss
scenario predicted by 3dOrb (Fig. 8). Empirical obser-
vations support the intuitive assumption that the mag-
nitude of τφ is typically similar to τE,i.

16,18,27 Given the
estimates of τE,e ∼ 1 ms previously observed in LTX-β,6

this further supports the full prompt ion loss scenario.

V. SUMMARY AND FUTURE WORK

The LTX-β upgrade’s emphasis on the use of neutral
beam injection to sustain density and increase heating
without dependency on cold edge fueling necessitates a
thorough physics understanding of the beam-plasma in-
teraction. Although the increase in electron density is
consistent with specified performance, there was no evi-
dence of a change in pressure based on diamagnetic mea-
surements and MHD stability (Fig. 5a).

The observed acceleration of magnetic perturbations in

the direction opposite the (co-IP ) beam injection is con-
sistent with the prompt loss of all or nearly all fast ions so

that the radial current driven ~Jr × ~Bθ torque dominates
completely over angular momentum deposition torque.
This provides an alternative means of estimating the mo-
mentum confinement time via MHD rotation evolution,
rather than the time evolution of plasma rotation profiles
from spectroscopy.18 Likewise, easily-automated MHD
rotation analysis can in certain discharge styles serve as
a coarse experimental indicator of beam ion confinement.

The implementation of the 3dOrb code has allowed
for calcuation of prompt fast ion losses, key to under-
standing NBI driven torque. This is known to require
faithful orbit tracking in spherical tokamaks due to po-
tential non-conservation of the magnetic moment,10,23

as well as a consistent treatment of radial electric field
accumulation.15,29 Commonly, fast ion loss is due to ex-
cursions by particles that would have well-confined gyro-
centers in a guiding center model.9 However, 3dOrb cal-
culations show that the primary prompt loss mechanism
of LTX-β beam ions is strong vertical drift, with about
20% depositing on the low-field side. Ongoing work ex-
plores details of full orbit modeling and plasma geometry
effects in LTX-β relevant scenarios.

In order to improve beam performance, the beam gas
supply valves have recently been upgraded, and plans are
underway to increase the stored energy capacity of the
power supplies. Preventing the beam current from droop-
ing will increase control of the beam perveance, which in-
fluences divergence. Further power supply upgrades are
planned to extend the beam extraction period from 5 ms
to ≥15 ms, increasing the window of beam fueling.

To improve fast ion confinement, plans are underway to
double the stored energy of the Ohmic heating capacitor
bank, increasing peak accessible plasma current. 3dOrb
calculations indicate that increasing IP to 125 kA (an
increase of 67% from the discharge style described here)
may decrease prompt fast ion losses from near 100% to
∼40% by improving fast ion orbits9 if the plasma is kept
strongly high-field side limited (Fig. 8). This difference
in prompt loss fraction should be clearly detectable in
the total applied toroidal acceleration, and in a clear dif-
ference in heating.

Since LTX-β discharges have achieved line-integrated
mean density n̄e ∼ 7.5× 1018 m−2, empirical observa-
tions (Fig. 3) also imply that full deposition and reduced
slowing-down times should be accessible with moderate
changes to discharge style. Increased density and heating
will also improve CHERS light, providing a spectroscopic
measurement of ion rotation profiles.

Once LTX-β is able to clearly demonstrate good
confinement of fast ions, it will be possible to explore the
evolution of density and pressure during neutral beam
injection as a function of fast ion losses. Studying this
relationship between ne, βp, and floss will allow testing
of the above hypothesis for the lost beam ion driven
density increase, and more importantly, a less transient
low-recycling regime with NBI heating and core fueling.
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