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Abstract

AN O
INS T X

The Neutral Particle Analyzer (NPA) diagnostics including the E||B type
NPA and Solid State NPA (SSNPA) array on the National Spherical Torus
Experiment (NSTX) measure neutral production in charge exchange
reactions between energetic ions and beam primary and halo neutrals. A
Monte Carlo simulation code called FIDA_NPA has been developed to
analyze the effect of primary neutrals and halo neutrals on the NPA flux
temporal evolution and energy spectrum. The simulation results show that
the density of halo neutrals around the beam footprint is comparable to that
of primary neutrals and they can contribute significantly to the neutral flux
measured by NPA diagnostics. Although they barely change the NPA
spectrum, they could change the NPA temporal evolution for typical NSTX
conditions. Experimental data show that the NPA signals for the sightlines
that intersect the injected neutral beams mainly come from active charge
exchange reactions (with injected beam neutrals and halo neutrals).

* This work was supported at PPPL by DOE contract DE-AC02-76CHO03073 and US
DOE Grant DE-FG03-02ER54681. )




NSTX has Four NPA Sightlines that Intersect the Three
Heating Beams and One Sightline that Misses the Beams

NSTX

Source C: Rtan =48.7 cm

B: Rtan =59.2 ¢m
A: Rtan =694 cm

Neutral Beam
Injector

E//B type NPA

S

Rtan = 135cm

Rtan=-65cm mm

SSNPA
Rtan = 60cm
Rtan = 90cm

Rtan = 100cm
Rtan = 120cm
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NPA Diagnostics Measure Fast lons that Charge Exchange with

Three Kinds of Neutrals
NSTX ——
NB | footprint
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Goal: Use NPA diagnostics to detect fast-ion transport by instabilities
- Must know where signals originate spatially

- Must determine relative contributions of injected, halo, and edge
neutrals *




Modeling of Halo Neutrals In
Deuterium Discharges



Halo Neutrals May Alter the Neutral Particle Spectrum and

Spatial Resolution PR

» Halo neutrals can contribute significantly to the neutral

flux measured by NPA diagnostics.

The densities of primary beam and halo neutrals can be comparable .
Charge exchange cross section for halo neutrals is larger than that for
primary beam neutrals.

» Halo neutrals could affect the spatial resolution of NPA,

thus induce ambiguous in the fast ion profiles deduced
from the NPA measurements.

» TRANSP does not handle halo neutrals properly.

Halo neutrals are volume averaged both poloidally and toroidally in
TRANSP rather than remaining near the beam footprint.

There are some discrepancies between NPA measurements and
TRANSP simulation.

» Correctly Modeling halo neutrals is also important for tlge

simulation of Fast-ion D-alpha (FIDA) diagnostic.




Monte-Carlo Method is Applied to Calculate Beam Primary and
Halo Neutral Density
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Neutral Beam Profile and Attenuation Agree with Known Models

NSTX ——
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»Neutral beam profile agrees with the neutral beam calibration data and
TRANSP prediction.

» Attenuation of NB three energy components agrees with the prediction
from a pencil beam code. (The small discrepancy is probably caused by
using different atomic cross sections. )




Halo Neutral Simulation is Validated by Comparing

with a 1-D Diffusion Model y
NSTX ——

6F -~ 1 1 LI LI S S

If we assume g Halo (1D diffusion)|3
— — E

S Halo (FIDA_NPA) |3

»a uniform plasma with a circular

o --==+--- Full |
NB beam injection 4 ———4---  Half [

---—+---_Third|

=*No beam attenuation along the NB
centerline,

Halo neutrals will diffuse only in the
radial direction and the density can
be calculated form the following

i i i 0 2 4 6 8 10 12
Slmple 1-D diffusion model Radius relative to NB centerline (cm)

Neutral density (x109/cm3)
w

Plasma parameters
n,=n,=1.1x10"%cm™> T, =2.5keV
Ti = 125keV Dno = kai /md Y x

Halo formation = Halo decay

Vex =N <Ov>cx,mp



Halo Neutrals Contribute Significantly to the NPA Flux, but Minor
Discrepancies between Our Code and TRANSP Simulation are Found
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NSTX ——

»Halo neutral density is comparable to
beam primary neutral density along the
NPA sightline.

»Halo neutrals contribute significantly
to the NPA flux.

»Halo neutrals reduce the localization
of NPA signals.

Discrepancies

»Primary neutral density from

FIDA _NPA code is a little lower than
the prediction from TRANSP.
»Neutrals attenuate a little faster in our
code than the prediction in TRANSP.

Because different atomic cross sections
are used?
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NPA Spectral Shape Barely Changed by Halos

In(NPA flux/Energyl/2) (cm-2ev-3/25-1)

TRANSP run 122631L07, NPA Rtan=70cm

TRANSP without halos
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FIDA_NPA without halos %
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NSTX ——

» Charge exchange with halo
neutrals can double the neutral
flux for typical NSTX conditions.

»Halo neutrals have minor effect

on the shape of NPA energy
spectra.

» Minor difference was seen
between TRANSP NPA spectra

and FIDA _NPA spectra, which is
probably because different atomic

cross sections used in two codes.
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Halos can Affect the Temporal Evolution of NPA Flux

. NSTX ——
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Halo neutrals increase significantly the -

NPA neutral flux, but they depend on NI REES

plasma profiles (for example, n,, T.,).
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Comparison between Simulation and Measurements is Difficult

NSTX

Since our code uses the fast ion distribution dumped out from TRANSP
(which assume fast ions behave classically) to simulate the NPA
spectrum, a quiescent Deuterium plasma is needed to compare
simulation results with measurements.

However,
(1) Quiescent Deuterium plasma shots are very rare on NSTX.
(2) Edge neutral contribution is unknown.

(3) The absolute neutral flux from TRANSP prediction is one order
larger than the E||B type NPA measurements. The discrepancy seems
due to change of the MCP detection efficiency.

(4) The absolute calibration of SSNPA is not done.

So it is difficult to compare the absolute magnitude and spectral shape of
our simulation with experimental measurements.

13




Theory and Experiment Disagree in the Absolute Magnitude of

NPA Flux for This “Quiet” Sho

NSTX ——
- | Active charge exchange signals only
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Summary of Halo Modeling

)_\‘\;?‘ i l{“—‘ “—?— '_I‘-;\ J}t

» The density of halo neutrals around the beam footprint or along the
NPA sightline is comparable to that of primary neutrals.

» Charge exchange with halo neutrals contribute significantly to the
neutral flux and thus change the NPA temporal evolution, but they have
minor effect on the shape of the NPA energy spectrum.

»Halo neutrals reduce the localization of the NPA diagnostics (FWHM is
Increased by 40 percent).

» There are some discrepancies on the beam neutral density and

attenuation factors between our simulation and TRANSP NPA simulation.
Due to using different atomic cross sections?

15



Analysis of Experimental Data:
Relative Contributions of Injected, Halo, and Edge Neutrals

16



Beam-blip Shots can be Used to Separate Active Charge
Exchange and Passive Charge Exchange Signals

NSTX ——

?;ctive—’ I The amount of the neutral flux on NPA
beam, Nhalo) .

| T(E)ee [ n.o)N. (X.E.v,/V) <oV > e +*B)dx
nedge—i\/i/ ( ) . n( ) f( > ) CX(X,E,v /v)

_ beam
active

f w o|[ n=" ()N, (x, E,v,/v)<ov> e ®dx
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S

active

| . edge ~
H| e 0N, (X, E,v, /V) < ov > e Bdx
i : " oX(X.E.v|/V)
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U When the NB is just turned off,

® Beam neutrals density => 0

1\ - ® Halo neutral life time: ~10 pis
—it 5 ® [astion slowing down time: ~50 ms
0 Ipass've ® Edge neutral density varies slowly.
o o So the jump of NPA signals due to NB turned

off is active charge exchange signals, the rest
part is the passive charge signals.
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Frequency (kHz)

Active Charge Exchange and Passive Charge Exchange
Contributions are Clearly Observed on NPA Diagnostics
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Halo Neutrals Should Barely Contribute to the NPA Signals in
Helium Discharges

NSTX ——

Deuterium plasma + Deuterium beam

Helium plasma + Deuterium beam

Charge exchange with primary neutrals
D* + D%-> D0 + D*

Charge exchange with halo neutrals
D*+ DV-> D%+ D*

Charge exchange with edge neutrals
D*+ D%->D°+ D*

Charge exchange with primary neutrals
D+ + D%-> D0 + D*

Charge exchange with halo neutrals

D* + He* -> DY + He**

Charge exchange with edge neutrals
D* + He? -> D% + He*

Since

« <ov>_ for D" and He" is one order smaller than that between D" and D’
—> Halo neutrals should barely contribute to the NPA signals in Helium
plasmas with Deuterium beam injection.

« <ov>_ for D" and He" is in the same order as that between D" and DY
-> Edge neutrals should contribute comparable signals in Helium and

Deuterium plasmas

19



The Chord that Misses the NB Demonstrates the Small
Contribution of Halos to NPA signals in Helium Discharges

NSTX ——

Deuterium plasma + Deuterium beam Helium plasma + Deuterium beam
100 shot#: 124066 < 100 shot#: 119536
Z %\ 67 I Deuterium plasma— % E 671 Helium plasma —
Z2 331 -4 =7 33k |
0 0
24T g T
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(Rtan=120cm) ; B ctive CX

\‘\Active CX_ 12k
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ol e v v v v B o b v v v v y
0.310 0.315 0320 0.325 0330 0.335 0.340 0.315 0.320 0.325 0330 0.335 0.340 0.345
Time (s) Time (s)
_ 13 Ay =3 _
n,=2.4x10"cm~> @t=0.33s n,=1.0x10"cm™ @t=0.33s

»Halo neutrals barely contribute to the NPA signals in Helium discharges.

»Edge neutral contribution don’t dramatically decrease after the NB is turned
off in both Deuterium and Helium discharges.

O
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The Signals of NPA sightlines that Intersect the NB Mainly Come

from Active Charge Exchange Reactions in Beam-Blip Shots
D) NSTX ——

Deuterium plasma + Deuterium beam 100-Helium plasma + Deuterium beam
100 Shot#. 120466 < g7k shot#: 119536 _
< S 67 Deuterium plasma | Q9 33 Helium plasma _
Zz< 33[ — 0
428 - 1190 '
E||B NPA
E[[B NPA 45~-100keV nazocm) TF 45-100keV
(Rtan=70cm) %)
%) e L _
E 2841 - y! 2 .
2 ctive CA : Active CX
>
o) O A
O 1421 | | % .
L_'iS:V/e&X $\\\‘C7\
0 | v . 0 ¢Passive
75 Chord3olf SSNPA ' | __45-100keV 78| Chord 3 of SSNPA 45~100keV
(Rtan=110cm) ﬂ‘ (Rtan=110cm)
%) . L 2 - .
E S0P Active CX £ 52 Active CX
E X\A %
3 o
O 25 M O 26 o — _
IPassive aX .
0 . . . . 0 . . . Passive,
0.310 0.315 0320 0.325 0330 0.335 0.340 0.315 0320 0.325 0.330 0.335 0.340 0.345
Time (s) Time (s)

» The signals of NPA and inner three chords of SSNPA that intersect the injected
neutral beams mainly come from active charge exchange reactions.

»Analysis of 17 beam blip shots show that the active:passive ratio is higher in
deuterium (4.4%£1.8 for E||B type NPA at Rtan=70cm) than that in helium dischafges
(1.5+0.7 for E||B NPA), which means halo contribution is negligible in helium plasmas.




Conclusion

» The signals of NPA and inner three chords of SSNPA that intersect with
the injected neutral beams mainly (>50%) come from active charge
exchange neutrals in low density (n,~10%3cm-3) discharges. The signals of
the sightline of SSNPA that misses the beams are from passive charge
exchange reactions in helium and from edge & halo neutrals in deuterium

»Halo neutrals in Helium discharges have minor contribution to the NPA

signals since the charge exchange cross sections between D* and He™ is
much smaller than others in the energy range of 30keVV~100keV.
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