
First Fluctuation Measurements using an Imaging

Neutral Particle Analyzer on DIII-D

K R Gage1, X D Du2, W W Heidbrink1, J Gonzalez-Martin1, D

Liu2, A C Brown1

1University of California, Irvine, USA
2General Atomics, San Diego, USA

Abstract. A recent upgrade to the Imaging Neutral Particle Analyzer (INPA) on

DIII-D has allowed for the first fluctuation measurements using an INPA to be taken

during a neoclassical tearing mode (NTM). The INPA signal tracked the mode over

150 ms as the mode frequency dropped to zero, capturing both the NTM with poloidal

and toroidal mode numbers m/n = 2/1 and a 3/2 mode at double the frequency.

Analysis shows that the signals originate from charge exchange events near the edge of

the plasma, and relative fluctuation amplitudes are greater than 25% for the duration

of the NTM. Filtered signals show frequency beating patterns that are phase-space

dependent. Simulated signal is dominated by prompt transport from the neutral beams

to the INPA sightline, while the contribution from the slowing down distribution is

significantly lower. Simulated measurements in the range of pitches that the diagnostic

is sensitive to (0.5 ≤
∣∣ v∥
v

∣∣ ≤ 0.75) show the signal is dominated by trapped orbits that

pass through magnetic islands near the edge of the plasma. Calculations of expected

fluctuation levels show that only direct interaction with the NTM can provide the

strong relative fluctuation levels seen experimentally. The prompt nature of the orbits

and thin radial layer found to contribute to synthetic signals suggest INPA passive

data may be used to measure the perturbations of confined orbits on a single pass

through a plasma instability.
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1. Introduction

Energetic Particles (EPs) are an integral part

of most current and future plasma devices.

Fast ion sources | including fusion products,

neutral beam injection (NBI), and radio

frequency (RF) heating | act as the primary

source of plasma heating for burning plasma,

contribute to current drive, and modify plasma

stability [1]. Consequently, diagnosing EP

con�nement is of great importance to the

e�ciency of heating and current drive schemes.

Fast ion losses also have the potential to cause

damage to plasma facing components if they

are spatially and temporally concentrated.

Plasma waves, such as magnetohydrody-

namic (MHD) instabilities, that can lead to

EP transport across the plasma radius, are of

speci�c concern [2]. In particular, neoclassi-

cal tearing modes (NTMs) [3, 4] are dangerous

for fusion devices due to their ability to not

only degrade the con�nement of thermal par-

ticles and lead to disruptions, but to also trans-

port fast ions [5]. NTM-induced fast ion trans-

port and loss have been measured on many

fusion devices including TFTR [6], ASDEX-

Upgrade[7, 8, 9], DIII-D [10, 11, 12], and MST

[13]. These studies cover a range of fast ion

sources, from charged fusion products to neu-

tral beam ions and RF-accelerated ions, show-

ing that NTM-induced transport is expected

to continue to be of concern for future genera-

tions of fusion devices.

In recent years, DIII-D has developed and

veri�ed the �rst Imaging Neutral Particle Ana-

lyzer (INPA), which provides radially resolved

measurements of con�ned fast ions with un-

precedented resolution [14, 15]. The INPA has

successfully measured phase space 
ow driven

by Alfv�en eigenmodes [16, 17] through di�er-

ential images with and without Alfv�enic ac-

tivity, achieving a time resolution of 6.25 ms

[16, 17, 18]. To improve the understanding

of wave-particle interactions in velocity space,

this diagnostic has been upgraded to take high

temporal resolution measurements at Alfv�enic

frequencies, allowing for detection of coherent

transport. Coherent measurements of MHD-

induced transport using NPAs have been made

previously [19], and scintillator-based Fast Ion

Loss Detectors (FILDs) have taken EP mea-

surements at NTM frequencies [7, 20]. For fast

ion losses, measurements of resonant transport

are composed of convective and di�usive losses

[21], with the former being of particular inter-

est when the losses are prompt | coming from

orbits that execute only a single poloidal orbit

in the plasma [22]. This separation of �rst-

orbit transport and longer timescales is also de-

tected with other EP diagnostics, such as Fast

Ion D-alpha (FIDA) [23]. FIDA measurements

from the plasma edge are composed of prompt,

�rst-orbit signals and signal from the axisym-

metric slowing down distribution | both of

which can be altered by perturbations in the

plasma.

In this paper, we present the �rst


uctuation measurements of a scintillator-

based INPA on DIII-D from an NTM, and

determine the origin of the a�ected fast ions.

In Sec. 2, we describe the INPA diagnostic

upgrade that allowed for new measurements

and the signals that can contribute to


uctuating signal. In Sec. 3, we discuss the

experimental measurements of fast ions in the

plasma edge that are a�ected by an NTM.

Section 4 describes simulations that determine

the origin of the measured fast ions. Finally,

in Sec. 5, we discuss our conclusions.

2. Diagnostic Overview

The Fast Ion Loss Detector (FILD) and

Imaging Neutral Particle Analyzer (INPA)
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both use the local magnetic �eld to act as

magnetic spectrometers for fast ions, and

separate them based on their orbits. FILDs

directly measure lost ions at the vessel wall,

and the INPA ionizes neutrals that come from

charge exchange (CX) events to indirectly

probe the con�ned population. Fluctuation

measurements in this experiment were made

possible due to a recent modi�cation of the

INPA to include high temporal resolution (1

MSps) measurements of the con�ned fast ion

population. This upgrade, based on the DIII-

D FILD setup [24], uses a beam splitter

to simultaneously take measurements with a

CCD camera and an array of �ber optics

connected to photomultiplier tubes (PMTs).

Signal that passes through the beam splitter to

the CCD retains the full phase space resolution

of mapping the scintillator hits to their source

trajectory and energy, while the �ber array

acts as a grid of large pixels for observing

phenomena on faster time scales. The 1.5 mm

diameter core, fused silica �bers were arranged

to view sections of the INPA scintillator that

span the range in phase space the diagnostic

is sensitive to. For this experiment, 8 �bers

were connected to Hammamatsu H10721-110

PMTs and Aricorp PMT 4v3 ampli�ers for

digitization. The scintillating material used in

the INPA was switched to TG Green [25], the

same phosphor used in the FILDs, which has a

response time of less than 1 �s. The PMT and

scintillator response times and digitization rate

allow for 
uctuations of up to 500 kHz to be

detected, covering many instabilities that are

of importance to EP physics on DIII-D such as

Toroidal Alfv�en Eigenmodes (≤ 150 kHz).

In general, the signal in an INPA is the


ux of particles from CX events that can be

ionized in a stripping foil and measured on a

scintillating plate. This 
ux can be related

to CX with the axisymmetric slowing down

distribution or with ions from a neutral beam

that undergo CX on their �rst poloidal orbit;

the latter is considered \prompt" signal. The

total 
ux can be calculated as an integral over

the diagnostic line of sight and sensitivity in

phase space.

� =
∫
Ffn0�CXd~rd~v (1)

The integrand is the product of the fast

ion distribution function Ff , the neutral

density n0, and the charge exchange rate

�CX . A 
uctuating signal ~� can arise from

several sources when there is an oscillating

perturbation:

(i) 
uctuations of the neutral population, ~n0;

(ii) oscillations in the neutral beam ionization

rate a�ecting the prompt signal, Fp(~I);

(iii) advection of the fast ion population due

to oscillations in the plasma equilibrium,
~Fsd; and

(iv) kicks from the perturbation that disturb

the orbits, Ff (~�).

While each of these terms can contribute,

several are not expected to have a strong e�ect.

Oscillating temperature and density of the

bulk plasma has been shown to have an e�ect

on prompt losses on other devices [26], but it

is not expected to have a signi�cant e�ect in

DIII-D [27, 28]. Fluctuations in the neutral

population are expected to be contained to

the physical location of plasma perturbations,

and would only contribute to a 
uctuating

signal if the diagnostic is sensitive to CX signal

from this region. In Section 4.3, we will show

that the neutral oscillation, advection, and

beam ionization terms can be ignored for this

experiment, and in Section 4.4 we will show

that the equation for the 
uctuations in INPA

signal can be described using a variation of the

light ion beam probe (LIBP) technique [29].
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3. Experimental results

Measurements for this paper were taken from

a DIII-D discharge with a plasma current of

1.1 MA, on-axis toroidal �eld strength of 2.0

T, and maximum �n of 2.4 in an upper-single-

null con�guration. Here, �n is the normalized

pressure �=(Ip=aBT ), where � is the ratio of

plasma pressure to magnetic pressure, Ip is the

plasma current, a is the tokamak minor radius,

and BT is the toroidal magnetic �eld. At

around 1835 ms, after beam power is increased

to 7 MW and �n hits 2.2, an NTM was

driven unstable. Five neutral beam sources

were used to reach this injected power level,

with two beams being modulated. No electron

cyclotron heating was used while the NTM

was unstable. Magnetic measurements of the

poloidal structure of the modes were made

using the toroidal array of Mirnov coils on

DIII-D [30]. Temperature 
uctuations in the

electron cyclotron emission (ECE) diagnostic

[31] give more detail on the radial mode

structure. Measurements of the lost and

con�ned fast ion populations were made using

the Fast Ion Loss Detectors [24] and Imaging

Neutral Particle Analyzer, respectively.

The mode initially is measured at a

frequency of 14 kHz, and over the next 150 ms,

the mode locks to the vessel wall (Fig. 1). A

set of modes with integer multiple frequencies

are also detected by the magnetic coils. The

Fourier decomposition code MODESPEC [32]

shows the measured low frequency mode is

a m=n = 2=1 mode, and the next lowest

frequency is a 3=2 mode. Here, m and n

are the poloidal and toroidal mode numbers.

The third mode is an n = 3 mode with

an m number between 3 and 5, and the

fourth mode is an n = 4 mode. As seen in

Fig. 2, the NTM generates a set of magnetic

islands that are coupled to an internal kink

Figure 1. Spectra of a magnetic probe (a) and a

single fiber optic view from the INPA (b) and midplane

FILD (c) during an NTM. Note the frequency scale in

(a) is extended to see higher toroidal mode number

fluctuations picked up by magnetic sensors. In this

INPA fiber, both the lowest frequency m/n = 2/1

NTM mode and the next lowest frequency 3/2 mode

can be seen, although the other INPA fibers only

detected the 2/1 mode. Similarly, the midplane FILD

detected the 3/2 mode, but the FILD at a lower

poloidal position only saw the n = 1 mode.

mode. Mapping the ECE data to the q-pro�le

was done using a magnetic EFIT at 1820

ms, just before the formation of the islands.

This EFIT does not include motional Stark

e�ect (MSE) data due to contamination from

overlapping neutral beams, and this increases

the uncertainty in localizing the q surfaces in
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the plasma. This mapping, however, shows
that the NTM islands cross the calculated
q = 2 surface at R = 2:15 m. This is true
for all NTM frequencies detected by the ECE
diagnostic, even modes where the ratio ofm
to n is not 2. It should be noted that the
internal kink mode lies on theq = 1:5 surface.
There is also a set of islands at the edge of
the plasma, around R = 2:30 m, that are
coupled to the NTM. This location is nearest
the q = 5 surface in this EFIT, suggesting
the outer island chain may be a 5/1 mode
(Fig. 3). This exact mode structure cannot be
con�rmed by the magnetic measurements due
to the high poloidal number and simultaneous
existence of the 2/1 mode in the mid-radius;
similarly, there is uncertainty in the EFIT, but
it is likely that this outer mode lies near a
q in the range of 4{6 after the formation of
the 2/1 island structure. The lowest frequency
wave is strongest at the edge, but the higher
frequencies do contribute some as well.

In this discharge, three of the INPA
�ber optics | designated INPA01, INPA02,
and INPA07 | detected 
uctuations in the
con�ned EP population at the NTM frequency
(See Table 1 and Fig. 4). Since the INPA was
designed to actively look at CX events with
neutrals from the 330L beamline (Fig. 5), the
ions populating this section of the scintillator
are described in terms of their energy and
radial location along the active beam birth
pro�le where they underwent CX [14]. This
grid of deposition locations is calculated by
tracing the path of ions from the entrance
of the diagnostic to the scintillator plate in
the local magnetic �eld. The trajectories are
initialized using the velocity vector of CX
neutrals from the 330L beamline that intersect
with the INPA aperture. These speci�c �bers
look at low energy (20{50 keV) ions at radii in
the range of 1.7 to 2.1 m. This energy range

Figure 2. Electron cyclotron emission data at 1900
ms over four periods of the magnetic island structure
created by the NTM (400 ms). The main NTM island
chain near R = 2 :2 and outer island chain at R = 2 :3
can be seen. The internal kink mode aroundR = 2 :1
coupled to the tearing mode is also visible. The radii
at q = 1 (blue), q = 1 :5 (red), and q = 2 (white)
are shown in the dashed lines. The magnetic axis at
R = 1 :75 m is not shown.

Fiber E (keV) Req (m)
�
�
�vk=v

�
�
�

INPA01 27 1.79 0.59
INPA02 30 1.87 0.63
INPA07 35 1.96 0.67

Table 1. The centers of each INPA �ber view in phase
space. Included is the particle energy, radius along the
active diagnostic beam that the view is aimed at, and
pitch of particles in the plasma edge that are seen in
passive signal.

covers the third- and half-energy components
of the neutral beam energies (70-75 keV) in
this discharge.




	Introduction
	Diagnostic Overview
	Experimental results
	Simulated fast ion signals 
	Slowing down distribution
	Prompt orbit distribution
	Fluctuating Signal Calculations
	Confined Light Ion Beam Probe

	Conclusion

