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Accessible methods for measuring E (r,t) in large-scale magnetic
confinement experiments are highly desired for validation studies of
plasma turbulence models. A new technique based on neutral beam
emission spectroscopy is being developed to address this need. Rapid
fluctuations in the separation of spectral components of the motionally
induced Stark spectrum can reflect fluctuations in the intrinsic electric field
of the plasma. Polarization spectroscopy via high-resolution, high-
throughput spectrometers that compensate for field-of-view broadening is
being developed to isolate and measure these fluctuations. Cross-power
correlation analysis between the line-width fluctuations and plasma
density fluctuations will be employed to extract the expected small
signals. Electric field fluctuations at mid-minor-radius, normalized to an
estimated MSE field, are expected to be on the order of E/E = 1x1073in
the Pegasus Toroidal Experiment and are comparable to those expected
in NSTX and in DIII-D.
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E} Measurements of E field fluctuations are desired for
WY t

Z

esting tokamak core turbulence and transport models

A high-speed, high-throughput polarization spectrometry
measurement is being developed to measure local E field
fluctuations

Expected fluctuations in the intrinsic electric field are small,
and correlation analysis techniques are being developed to
extract E by using f as a reference carrier wave
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é; Fluctuations in the separation of the T components of the Stark
P\

manifold are proportional to fluctuations in the local electric field

The H Balmer-a line is split by the
Motional Stark field induced by neutral

beams’
; Stark spectrum

. . 25x10 l . ] . :
Fluctuations in the TT components of o s
the Stark spectrum reflect fluctuations ? 20r 70 keV/amu
in the intrinsic electric field 8 g div=05deg

= V = >
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Measuring Ar provides E S L Y
intr 0 T a1
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Wavelength (A)

Itis expected thatE (. >>E

" G.V. Marr. Plasma Spectroscopy. New York: Elsevier Publishing Co., 1968.
Many others.

D. S. Thompson, 55th APS-DPP Meeting, Denver CO, November 2013 W]SC6NSIN w



E) Optimization of beam-spectrometer angle should

improve the ability to resolve line-width fluctuations

Selection of beam and
observation intersection angle CH—
mitigates smearing by the
dominant c component of the
Motional Stark spectrum

Diagnostic neutral beam

High-resolution polarization
spectroscopy can then extract
fluctuations in the line-width
splitting of the 1 components
of the spectrum
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Tokamak fluctuation scalings provide a course

stimate of electric field fluctuation levels

A course estimate of drift wave fluctuation levels can
be obtained from scaling relations™

For most tokamaks:
kﬂg \ _
- T - T
5/~ €8~ 1 ~ D ~
n/n T KL, > — E o epSCM — E eLn
kips~ a )
Assuming L ~ a, electric field fluctuation levels can be
estimated by _ T
E =
ea
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Wesson. Tokamaks. Oxford, UK: Clarendon Press, 2004
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% E field fluctuations are expected to be an order of

magnitude smaller than fluctuations currently measured

3 T T T T T T
3.5x10 sh 146351, r/a=0.8

Anticipated fluctuations for <Bessy, T,>
Pegasus are small:

E/E,,.~0.10 - 0.15%

1.5+

PSD <n, Ti>

1.0 H
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Assuming uncorrelated noise, it
should be possible to extract<En>

in a similar way:
S,.=E+N, Spes= 1+ N

(SeSuis )= (ER)+ (ENgis )+ (Nefi)+ (NeNys

New correlation analysis
techniques are being developed

"H.T. Evensen et al., Rev. Sci. Instrum. 66, 845 (1995) — —~
" R.J. Fonck et al., Phys. Rev. Letts 70, 3736 (1993) to eXtraCt E from <En>

Small fluctuations in T and n
have been measured:

T./T, ~2.1% (HF/UF-CHERSY’
n/n ~ 1% (BES)”

UF-CHERS correlates Ti
with n to suppress noise
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é’ Fluctuation level estimates are small, but may be

comparable between machines

: E

Experiment T.(eV) B(T) a (m) / Ewse

Pegasus — 1 100 0.15 0.3 1x10° 0(0.1%
~ . 0

Pegasus—2 300 0.3 0.35 1.4x 107 ( )

. 1 for these

NSTX 1000 0.6 0.6 1.3x 107 .
machines

DIII-D 2000 2 0.7 0.7x 107 |

Small signals can be considerably increased by
iImposing large local E field fluctuations with biased
injectors, permitting validation of diagnostic concept
at greater signal levels

Inferred chan be compared with local probe
measurements
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f‘} Small line widths necessitate mitigation of smearing

by other broadening effects

Beam divergence

Finite T; in the ion source leads to spectral
broadening

Thermal broadening of beam neutrals

Velocity variations along sightline broaden Beam ;

spectrum. This effect is not configurable

Window effect

Light entering window originates from different
angles to the beam, which causes Doppler
broadening of the spectrum

Spectrometer resolution 300, — o

1
Spectrometer FWHMI/ -
= 0.75 angstroms

An insufficient number of spectral channels results
in inability to resolve spectral peaks

- 1
\ v 1

e
6630. 6631.0
Wavelength (A)
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A low-divergence diagnostic beam is desired to

reduce divergent broadening

3
400x10 [ T o -- x T ' I
— Total "\ Divergence = 0.5 deg
Beam ~ 3001BLGaT |
> Spect. FWHM =0.01 A
3 Beam H temp. = 0.1 eV
° Beam width = 0.06 cm
. = 200 | Window diam. = 0.1 cm
Beam divergence 2
o
.. : : : 2
Finite T, in the ion source results in £ 100}
broadening of the emitted beam
O | " ! \\l’é ; - ) |
: e 6629.0 6630.0 6631.0
Beam divergence causes variation in 600410’
.« o~ PV URITY ) o -4 T T ' T
Doppler shifts 500 — foal Divergence = 1 deg
70 keV/amu
© gr;egfsf;rWHM 0.01A
[ L] u Z . =Vu.
Diagnostic requires low g o e s Y
. [} > v Inaow aiam. = 0.7 cm
beam divergence ~0.5°, 5 300
. . a
which has been achieved by g 200
PBX-M beam* 100-
0 - L

6629.0 6630.0 6631.0

* Coupland et al., Rev. Sci. Instrum. 61, 472 (1990) Wavelength (A)
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E} Doppler-compensated optics are being developed

U,/"'%V {

to counter window effect broadening

400x10° 5 =%
g 300_%Z{§%?;:M=_%21/-\\/ Windo‘g-?ii:"]eter
; 20| 88t
£ 100 I i‘g\i II’Ii :
0 66I28 6629|"h(§56§3€()| ”66‘31 66|32
O e
Larger windows permit greater throughput but = *
resulting Doppler broadening overwhelms line o . £l il .~
splitting 100" e
8 _7Bo=kg.\:/’:/§ll'mu Window diameter
A spectrometer design that combines Doppler- ¢ -«
compensation with high-throughput, high- Y l .
efficiency optics is desired TRy

6631 6632
Wavelength (A)
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é;ﬁ High spectrometer resolution is required to resolve 1

components of Stark spectrum

Experience from UF-CHERS T .
suggests that the minimum — Tl 4L ShectiFWHM=0.25 A
8|70keV/amu | 1 i i I
numbgr of spectral channels per g “fa-ear ' i |
peak is 4 E ol oo en | R
= Window diam. =0.1 cm ! | |
> Div. = 0.5 deg ! ! !
z o ’ N
In order to resolve a pair of peaks = | DA AN
and allow for some beam energy at il L PN
drift, 8 spectral channels are 086200 66300 6631.0
. Wavelength (A)
desired
Typical spectra cover 2 A,
Total throughput is divided by the ~ Suggesting a spectral resolution
number of spectral channels, so it ~ requirement of 0.25 A or better
is advantageous to use the for an eight detector array.

minimum number of channels
desired for resolution
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E) Stronger magnetic fields ease constraints on

spectrometer by accentuating Stark splitting

Pegasus-1 Pegasus-2

Doubling the magnetic field strength . <" R :
from 0.15T to 0.30T increases the ¢ ~ , Sl g
Motional Stark splitting of the spectral : i i
line Lo Lo
6624 6626 Geiflsaveleeen?é(t)h (2;532 6634 6636 6624 6626 662\18Vavelee?139?h(13632 6634 6636
. . N i
Stronger fields, like those on larger 3 . g i
machines, magnify the splitting effect : | i
but reduce the intensity g !
6624 66‘26 66‘2(3;3;;?:39‘(::‘ (AG)‘GI32 55|34 6636 6%24 VGEZ‘GI GéESVave?eiag(gh (AG)S;Z\, (;2534\ 6636

NSTX DIII-D
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E@ Fabry-Perot design with high-throughput wedge-

spaced etalon mitigates window effect

Piezo-electric control of etalon
separation and wedge tilt

Number spectral channels: 8

Detectors: Fast, low noise,
thermo-electrically cooled APD
array with frequency-
compensated preamplifiers

Assuming a 20 cm diameter
collection lens and 2 cm spatial
resolution, spectral resolution
and throughput requirements
suggest an etalon with a
diameter of ~4 cm is sufficient

Multipass input optics may
increase performance by a
factor of 2-4 but are bulky

Toroidal Plasma

Sampled

Collection /

Field of View < /

4
N

Fringe Sampling Region for Adjacent Detectors
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E} Large aperture spectrometer concepts that improve etendue
P\

and preserve spectral resolution are being studied

3/4 m Spectrometer

8 individually
actuated diffraction
grating columns

Image space f-number:
N =1/2

Detector

67\

Fast lens A\~
/,
,//
Collimating
Mirror

Mosaic components to \ \
reduce cost

High efficiency diffraction
gratings

8 independently tilted grating
columns

Number spectral channels: 8

Detectors: Fast, low noise,
thermo-electrically cooled

APD array with frequency-
compensated preamplifiers

Correcting
Lens
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E) An array of thermo-electrically cooled avalanche

photodiodes measures fluctuations

APD detector array like those " ady
currently employed by UF- 3 2501 -
CHERS' can be used for E e K
diagnostic 5 100- N
Thermo-electrically cooled 50“““““‘AA .........................
Dark current min. @ T < 10 °C 0 B f})§|tage1(2\(,)? 1600
Optimal SNR ~1650 V..
Internal gain ~ 200 V/V
Frequency-compensated
preamplifier

Effective QE ~ 0.32
Frequency response ~ IMHz

" 1.U. Uzun-Kaymak et al., Rev. of Sci. Instrum. 83, 10D526 (2012)
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Refurbished PBX-M diagnostic neutral beam, designed

for MSE, will be deployed on Pegasus

Beam gas: HO

Beam Energy: 60-80 kV wasner
Extracted lon Current: 2-3 A SOYree Neutralizer Diagnostics and
Pulse length: 10-20 ms Shieking eam e
Focal Length: 400 cm - ) J .
Full Energy J at focal plane: 3-6 mA/cm? ‘ ﬁ; S ;:
Beam Divergence: 0.5° 'f 'T ' i ]@ﬂ;
Species Ratio: st ey LT ==

H:H/2:H/3 = 22 : 35 : 43 @ 67 KV | T\ %
Diameter at extraction plane : 8.8 cm | " iT SETT N
1/e diameter at focal plane: 3.3 cm Accolorator O

grid assembly Vacuum

Offset aperture focusing

systems

Neutralizer target thickness: 200 mTorr-cm,
950% efficiency for 80keV/amu atomic H
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6’:@ The beam will employ technology from Local Helicity

Injection’ as an arc plasma ion source

Washer stack arc sources have been
successfully implemented on other diagnostic o
beams 234 k7

Near 100% ionization of arc plasma provides

. . Molybdenum
advantageous species mix for spectroscopy Cathode - Anode —>[)\
. . _ Ch. : 5 Boron
El:E2:E3=93.6:6:0.3 achieved at MST Molybdenum é Nitride
Washers ’ Washers

Design does not require an extended burn-in N
penOd Molybdenum Vare —

Typical conditioning period for an injector on Pegasus Cathode dl7.

1s ~50-100 shots, with lifetimes of 100s-1000s of shots

" Perry et al., TP8.00019

2 Belchenko et al., Rev. Sci. Instrum. 61, 378 (1990)
3 Deichuli et al., Rev. Sci. Instrum. 79, 02C106 (2008)
4 Asai et al., Rev. Sci. Instrum. 79, 063502 (2008)

5 Abdrashitov Rev. Sci. Instrum. 72, 594 (2001)
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é:@ The diagnostic beam will be powered with up-to-

date high-voltage power supplies

Decel
Accel Grad Ground

Ballast . . .
250k] M grid grid ! grid
Cap Bank I | : |
A | |
Lo o
|

Injector arc

._|Eeam to
Wy source -2kV plasma

Decel

F A
,_| =
EREE

Transformer

250kJ
Cap Bank

Power supplies designed for 10-20 ms pulse lengths and
modifiable energies

Accel supplies rated for 80kV operation at 5A
Decel supply can be obtained commercially
Filters designed to reduce accel grid ripple
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E} An electric field fluctuation diagnostic is being developed

B\

at the Pegasus Toroidal Experiment

High-speed polarization spectrometry will be used
to infer E(t) from Stark line width fluctuations

Near term objectives:
Plasma source fabrication and testing

Refurbish beam
Complete fabrication of power supplies
Finalize spectrometer design

This research is supported by DOE Grant Number
DE-FG02-89ER53296
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