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NSTX EXPERIMENTAL PROPOSAL

Title: Direct Measurement of MHD-induced Energetic Ion Redistribution

          in Space and Energy by NPA Vertical Scanning             No. OP-XP-7**

1. Overview of planned experiment

The Neutral Particle Analyzer (NPA) on NSTX can be remotely scanned both horizontally and vertically on a shot-to-shot basis.  As shown in the left panel of Fig. 1, the NPA sightline intersects the neutral beam injection paths and can be scanned from a tangency radius of Rtan = 125 cm  (viewing co-going ions) to Rtan = - 75 cm (viewing counter-going ions).  As illustrated in the right panel, NPA energetic ion measurements are strongly localized to the intersection of the NPA sightline with the neutral beam(s).  For typical NPA tangency radii in the range of Rtan = 60 - 90 cm, this intersection is located near the NSTX major radius, Rmaj = 85 ± 10 cm.
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[image: image3..pict]
At any mid-plane tangency radius, the NPA can also be scanned vertically from the mid-plane downwards through an angular range of 26 degrees as shown in Fig. 2 (left panel).  The vertical ‘minor’ radius is localized to the intersection of the NPA sightline with the neutral beam(s) and depends on the choice of mid-plane tangency radius as illustrated in the right panel.  However, for any value of mid-plane tangency the vertical scan range extends well beyond the vertical extent of the neutral beam profiles.  Note that the vertical scanning capability can only be used if the Lithium Pellet Injection is not installed.
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The experimental plan is to inject Sources A and B into a highly reproducible, long pulse H-mode plasma with strong MHD activity and scan the NPA in vertically to obtain radial energetic ion profile along the Z-axis localized at the footprint of the beams. Approximately 15 shots will be required for the vertical scan.

A potential interference between the Li pellet injector (if installed at Bay K) and the vertical scanning of the NPA will need to be addressed prior to scheduling and execution of this experimental proposal.


2.
Theoretical/ empirical justification

The energy distribution and profile of energetic ion resulting from beam injection in NSTX are valuable quantities to experimentally measure, since they are important for such issues as energetic ion driven instabilities, MHD-induced redistribution and/or loss of energetic ions, beam driven current and so forth. Initial measurements were performed in earlier runs, as shown in Fig 2, for MHD-quiescent L-mode discharges to develop the basic analytical tools and initial benchmarking of TRANSP (shot range SN111517-SN111530).

While the Monte Carlo simulation of the beam energetic ion distribution in TRANSP is regarded as reliable for MHD-quiescent discharges, it was useful to perform the initial NPA vertical scan measurements for two reasons.  One is to benchmark measurements against TRANSP NPA simulation under MHD-quiescent conditions.  Recall that TRANSP does not use full Larmor orbits that are appropriate in the low field NSTX device, so validation of the orbit approximation is merited.  The other is to provide a baseline measurement 
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against which the effects of various MHD activity (which TRANSP does not model) on the energetic ion distributions can be assessed.

TRANSP simulation shows that the energetic ion distribution is highly anisotropic and the flux exhibits a peak around the injection tangency radius. In order to measure the equilibrated energy spectra, the duration of the injected beam pulses needs to be selected based on the characteristic slowing down and 90o pitch angle scattering times.  For Te ~ 1 keV < Wc ~ 15 keV << Eb0 ~ 80 keV, the beam ion slowing down time, slow, is given by
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slow = (ei/3)ln[ 1 + (Eb0/ Wc)3/2] sec.                              (1)

Here Wc ~ 14.8 Te(keV) is the critical energy at which background ions and electrons receive an equal energy transfer from the beam ions, Eb0 is the beam full energy and the electron-ion collision time, ei, is

ei ~ 2.6x1012 kTe(keV)3/2/ne(0)(cm-3) sec.                           (2)

Thus for 80 keV deuterium beam ions and ne(0) ~ 5x1013 cm-3, the slowing down time is slow ~ 46 ms.  On the other hand, the 90o pitch angle scattering time, scat, for full energy deuterium ions under these conditions is

scat ~ 7.3x109 Eb0(keV)3/2/ne(0)(cm-3) sec

               (3)

or scat~ 104 ms, about twice the slowing down time.  One difficulty in performing this experimental proposal is creation of a MHD-quiescent period for comparison of the ‘natural’ beam profile with that generated by MHD-induced redistribution.  From the above, it can be seen that a MHD-quiescent period of ~100 ms or more is required. 
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TRANSP simulation of a vertical scan shown in Fig. 4, indicates the feasibility of measuring the energetic ion redistribution profile.  The left panel shows the unperturbed energetic ion profile (without anomalous fast ion diffusion). The right panel shows a depletion of the ion distribution in the core region above ~ E/2 and displacement of these ions outward to the region r/a ~ 0.2 – 0.4.  The NPA spatial resolution is ~ 2.5 cm. 

3a.
Experimental run plan Part I: MHD activity with f > 200 kHz


The purpose of Part I is to determine whether or not CAE activity at f > 200 kHz by itself can drive energetic ion redistribution.  The desired target plasma conditions for Part I are shown in Fig. 5 for reference discharge SN120001.  An H-mode discharge is required with machine parameters that do not tax the production of highly reproducible discharges.  In the second panel from the bottom, the Mirnov spectrogram shows that f < 200 kHz EPM/TAE activity persists until t ~ 0.7 s after which the discharge becomes ‘quiescent’. The criterion for ‘quiescent’ is that for the MHD activity with f < 200 kHz MHD, the mode amplitude, B/B according to the Mirnov spectrogram, is reduced by an order of magnitude or more.  Since MHD-driven diffusion of energetic ions scales as (B/B)2, redistribution should be reduced by a factor of ~ 10-2.  In the panel above this, the Mirnov spectrogram shows onset at t ~ 0.1 s of CAE/GAE activity with 400 < f(kHz) < 2000 that persists for the entire discharge.  Thus the period t ~ 0.7-1.0 s provides a window to investigate the effect of f > 200 kHz activity during a quiescent period of f < 200 kHz activity.  For SN120001, the mode amplitude for f > 200 kHz is (B/B)rms ~ 1.5±0.5x10-3 mGauss.  For the f < 200 kHz activity during the EPM/TAE phase, the mode amplitude was  (B/B)rms ~ 0.3 mGauss.

The bottom panel in Fig. 5 shows that the energetic ion flux measured by the NPA is depleted from the full injection energy Eb down to Eb/3 around t ~ 0.2 – 0.3 s and remains depleted for the duration of the discharge: i.e. no change occurs at the transition to high-frequency-only activity around t ~ 0.7 s.  The red curve in the second panel from the top shows this behavior for an energetic ion energy of 80 keV (just below the injection energy).  In the same panel, it can be seen that an excess of the TRANSP-calculated neutron rate (dashed blue curve) above the measured value (solid black curve) exists in the early part of the discharge, but essentially vanishes following the transition to high-frequency-only activity around t ~ 0.7 s.  At first glance, the neutron behavior would argue against MHD-driven energetic ion redistribution due to high-frequency-only activity.  However, the neutron behavior could be caused by the plasma density evolution that steadily ramps up throughout the discharge as shown by the red curve in the top panel.  To eliminate this complication, if possible it would be better to ‘flattop’ the density around mid-discharge as is the case for SN119613 in Fig. 6.

There is a backup benefit to this vertical scan.  If it turns out that high-frequency-only activity does not redistribute energetic ions, then the scan provides a good measurement of the ‘unperturbed’ energetic ion distribution for comparison with the measurements in Part I.  The scan requires 15 shots using the same vertical scan scheme as for Part I.

3b.
Experimental run plan Part II: MHD activity with f < 200 kHz

In Part II, a NPA vertical scan is to be performed that focuses on MHD activity with f < 200 kHz that includes bursting EPMs, ‘continuous’ TAEs and f < 10 kHz ‘kink-type’ MHD.  In the presence of such activity, usually CAE/GAE-type activity with f > 200 kHz simultaneously exists for most of the discharge duration. Testing whether such activity plays a role in the redistribution of energetic ions is the subject of Part I. 
The desired target plasma conditions for Part II are shown in Fig. 6.  An H-mode discharge is required with machine parameters that do not tax the production of highly reproducible plasmas yet is representative of ‘long-pulse’ plasmas with large *AE and low n, low f MHD activity of 



interest to a broad range of experiments on NSTX (e.g. 119613). For SN119613, the f > 200 kHz activity had a mode amplitude of  (B/B)rms ~ 2.5±0.5x10-3 mGauss and f < 200 kHz activity peaked at (B/B)rms ~ 0.2 mGauss.  With the LSN there are no particular requirements for elongation or triangularity beyond what may be helpful in obtaining long pulse discharges.  GDC between shots will be required in order to maintain discharge reproducibility.

Some additional highly desirable features of the desired discharge are:  an electron density rise to a stable flattop beyond ~ 0.5 s, and an early stable outer gap.  Such variations could modify the beam deposition profile and thus appear as a ‘faux’ energetic ion redistribution. These features are not adequately satisfied in the reference discharge 119613, but are satisfied in the alternate reference discharge 119768. Gas fuelling at Bay K should not be used as this could modulate the background neutral density and hence the charge-exchange flux in the region of the NPA sightline.
Another desireable characteristic of the target discharge is existence of a reproducible MHD-quiescent period of ~ 100 ms duration either somewhere during the current flattop or near the end of the discharge. The criterion for ‘quiescent’ is that for the MHD activity with f < 200 kHz MHD, the mode amplitude, B/B according to the Mirnov spectrogram, is reduced by an order of magnitude or more.  Since MHD-driven diffusion of energetic ions scales as (B/B)2, redistribution should be reduced by a factor of ~ 10-2. Thus a quiescent period enables acquisition of a reference profile essentially without MHD-induced redistribution. 
Run Plan Details: Vertical Scan Part I

The following shot list does not include developing the desired discharge conditions.


Shot Number
Vertical Angle (degrees)


1
0


2
3.0


3
6.0


4
9.0



5
12.0


6
15.0


7
21.0


8
24.0


9
6.0


10
18.0


11
13.5


12
10.5


13
7.5


14
4.5


15
1.5


Run Plan Details: Vertical Scan Part II

The following shot list does not include developing the desired discharge conditions.


Shot Number
Vertical Angle (degrees)


16
0


17
3.0


18
6.0


19
9.0



20
12.0


21
15.0


22
21.0


23
24.0


24
6.0


25
18.0


26
13.5


27
10.5


28
7.5


29
4.5


30
1.5

4.
Required machine, NBI, RF, CHI and diagnostic capabilities


Machine:
4.5 kG, 0.8 ± 0.1 MA, ne(0) ~ 6x1013 cm-3,  GDC between shots


Beams:
Sources A, B, C @ 90 keV deuterium


ICRF:
None


Diagnostics:
Magnetics for EFIT equilibria and full kinetic profiles of electrons, 



ions and impurities are essential as well as MSE and sFLIP data.

5.
Planned analysis

TRANSP simulation of the NPA beam energy distributions and profiles will be performed to compare with measurements. MPTS, CHERS, magnetics data, MSE and EFIT magnetic equilibria are essential for this analysis.  sFLIP measurements covering the duration of the discharge are essential for distinguishing between energetic ion redistribution and loss.

6. Planned publication of results

The MHD-induced beam ion redistribution profiles in themselves would contribute sufficiently new material to warrant publication.  The goal is to publish the results of this XP, supplemented as deemed appropriate by additional measurements, in Nuclear Fusion within a year after the XP is performed.  

PHYSICS OPERATIONS REQUEST

Title: Direct Measurement of MHD-induced Energetic Ion Redistribution

          in Space and Energy by NPA Vertical Scanning             No. OP-XP-7**

Machine conditions (specify ranges as appropriate)

ITF (kA): 53 (4.5 kG)
Flattop start/stop (s):  0/1.5
IP (MA): 0.8
Flattop start/stop (s):  0.2/1.0
Configuration: LSN H-mode
Outer gap (m):
0.05 - 0.10
Inner gap (m):
0.01 – 0.05
Elongation :
1.5 – 1.7
Triangularity :
0.4 – 0.5
Z position (m):
0.00
Gas Species: D
Injector: Inner Wall/Lower Dome

NBI - Species: D
Sources: A/B
Voltage (kV): 90
Duration (s): 1.0


ICRF – Power (MW): 0
Phasing: NA
Duration (s): 0
CHI: Off

Either:
List previous shot numbers for setup: 120001 (Part I) and 117449 or 119768 (Part II)
Or:
Sketch the desired time profiles.  The time profiles shown below are for illustrative purposes only.  The duration of Source B can be modified as needed to facilitate production of the desired discharge described in Section 3.

Alternate reference shots:


117540 (like 117449)


119613 (like 119768)

DIAGNOSTIC CHECKLIST
Title: Direct Measurement of MHD-induced Energetic Ion Redistribution

          in Space and Energy by NPA Vertical Scanning                              No. OP-XP-7**  

	Diagnostic
	Need
	Desire
	Instructions

	Bolometer – tangential array
	
	 (
	

	Bolometer array - divertor 
	
	
	

	CHERS
	(
	
	

	Divertor fast camera
	
	
	

	Dust detector
	
	
	

	EBW radiometers
	
	
	

	Edge deposition monitor
	
	
	

	Edge pressure gauges
	
	
	

	Edge rotation spectroscopy
	
	
	Only available by special request of T. Biewer @ MIT

	Fast lost ion probes – IFLIP
	(
	
	

	Fast lost ion probes – SFLIP
	(
	
	

	Filtered 1D cameras
	
	
	

	Filterscopes
	
	(
	

	FIReTIP
	(
	
	

	Gas puff imaging
	
	
	

	High-k scattering
	
	(
	

	Infrared cameras
	
	(
	

	Interferometer – 1 mm
	
	
	

	Langmuir probes - PFC tiles
	
	
	

	Langmuir probes – RF antenna
	
	
	

	Magnetics – Diamagnetism
	(
	 
	

	Magnetics – Flux loops
	(
	
	

	Magnetics – Locked modes
	(
	
	

	Magnetics – Pickup coils
	(
	
	

	Magnetics – Rogowski coils
	(
	
	

	Magnetics - RWM sensors
	
	
	

	Mirnov coils – high frequency
	(
	
	

	Mirnov coils – poloidal array
	(
	
	

	Mirnov coils – toroidal array
	(
	
	

	MSE
	(
	
	

	Neutral particle analyzer
	(
	
	

	Neutron Rate (2 fission, 4 scint)
	(
	
	

	Neutron collimator
	
	
	

	Plasma TV
	
	
	

	Reciprocating probe
	
	
	

	Reflectometer - FM/CW
	
	
	

	Reflectometer - fixed frequency homodyne quadrature
	
	
	

	Reflectometer - homodyne correlation
	
	
	

	Reflectometer - HHFW/SOL
	
	
	

	RF antenna camera
	
	
	

	RF antenna probe


	
	
	

	Solid State NPA
	(
	
	

	SPRED
	
	(
	

	Thomson scattering - 20 channel
	(
	
	

	Thomson scattering - 30 channel
	
	(
	

	Ultrasoft X-ray arrays
	(
	
	

	Ultrasoft X-ray arrays - 2 color
	(
	
	

	Visible bremsstrahlung det.
	
	(
	

	Visible spectrometers (VIPS)
	
	
	

	X-ray crystal spectrometer - H
	
	
	

	X-ray crystal spectrometer - V
	
	
	

	X-ray pinhole camera
	
	(
	

	
	
	
	

	
	
	
	


Figure 1.  Layout of the neutral particle analyzer on NSTX illustrating the horizontal scanning range (left panel) and localization of the measurement to the intersection of the NPA sightline with the neutral beam (right panel).





Figure 3.  Illustration of initial NPA vertically scanning measurement of the neutral beam footprint in NSTX (Source A & B @ 95 keV).





Figure 3. TRANSP simulation of the NPA energetic ion distribution measurements presented in Fig. 2.





Figure 4. TRANSP simulation of the vertically scanning NPA energetic ion profile measurement without (left) and with (right) anomalous fast ion distribution to emulate MHD-induced redistribution.





Figure 6. Target plasma for NPA vertical scan of energetic ion 


                redistribution due to MHD activity with f < 200 kHz.





Figure 5. Target plasma for NPA vertical scan of energetic ion 


                redistribution due to MHD activity with f > 200 kHz.





Figure 2.  Layout of the neutral particle analyzer on NSTX illustrating the vertical scanning range (left panel) and localization of the vertical  minor radius to the intersection of the NPA sightline with the neutral beam (right panel).
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