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Design of a D-alpha beam-ion profile diagnostic

Y. Luo® and W. W. Heidbrink
University of California, Irvine, 4129 FRH, Irvine, California 92697

K. H. Burrell
General Atomics, P. O. Box 85608, San Diego, California 92186

(Presented on 19 April 2004; published 1 October 3004

Injected neutral beams ionize to create a population of beam ions. As they orbit around the tokamak
and pass through the heating beams, some beam ions re-neutralize and emit D-alpha light. The
intensity of this emission is weak compared to the signals from the injected neutrals, the warm
(halog) neutrals, and the edge recombination neutrals but, for a favorable viewing geometry, the
emission is Doppler shifted away from these bright interfering signals. Preliminary data from the
DIII-D tokamak show that signals from re-neutralized beam ions have already been detected. A
three-channel prototype instrument consisting of a spectrometer, mask, camera lenses, and
frame-transfer charge coupled device is under development for measurements of the spatial profile
of the beam ions. @004 American Institute of PhysicfDOI: 10.1063/1.1784533

I. INTRODUCTION The goal of this diagnostic is to measure D-alpha light from
re-neutrals to extract information about the beam-ion profile.
One of the most common forms of plasma heating in  In a companion articld,the utility of D-alpha light for
magnetic fusion devices is the injection of hydrogenic neuthe diagnosis of beam ions is demonstrated. With a judicious
tral beams. The injected neutrals ionize in the plasma, andhoice of viewing angle, the D-alpha emission from re-
execute orbits in the confining magnetic field. As the beanneutralized beam ions is Doppler shifted away from the
ions gradually thermalize, they form a population of ener-bright emission of recycling and injected neutrals. Simula-
getic ions in the plasma A number of existing technidues tions indicate that the intrinsic spatial resolution of the tech-
provide information about the beam distribution function.Nique is determined primarily by the lifetime of the excited
Diagnosis of the beam population is important because thBeutrals and is-5 cm. The companion article also presents
neutral beams often are a major source of energy, momerigsults from init_ial o_lata acquired with one of the charge ex-
tum, and particles for the plasma. Moreover, the beam-iof12nge rec_omb|_nat|8r$pectrometers. Those results are sum-
pressure and driven current have a significant impact OIrlnanzed briefly in Sec. Il. The focus of this article is the

macroscopic stability properties. Intense populations of bea'nardware design goals of an optimized instrum@ec. Il).

ions can drive instabilities that redistribute or expel the beamThe actual design of a prototype diagnostic for DIII-D is

ions from the pIasmé.This is often the case in experiments described in Sec. IV.
in the DIII-D tokamak, where anomalous beam-ion diffusion
rates of approximately 0.3%hs are often observetlin || |NITIAL DATA

DIlI-D, it is difficult or expensive to detect diffusion at this ) - ) ]
The primary auxiliary heating source at DIII-D is a set of

level using the standard technigues. ; o
There are four populations of hydrogenic neutrals in 280 keV deuterium neutral beams that are injected tangen-

typical tokamak plasma: edge neutrals, injected neutralé,'aIIy _at thf mldfptlane (t);: the ?nljsﬁgﬁtl'l). In_ theo:ntlrt:al 30°
halo neutrals, and neutrals from fast ions. Halo neutrals arg*PErments, a nber with a radial sightiné viewe €

created when injected neutrals charge exchange with plasn?zfe utral beam. In this geometry, the !njected f?e“”a's are trav-
. . B ” - eling away from the fiber. To avoid the bright redshifted
ions, producing a “halo” of thermal neutrals around the in-

. . . . mission from the injected neutrals, the spectrometer wave-
jected beam. Some beam ions that orbit through the injecte . .

. . N R ) ength was tuned to the blue side of the D-alpha transition.
beam neutralize, creating the “re-neutral” population. Ex-

The 30° neutral beam source is modulated with a 50 Hz

cited states from these populations radiate the Balmer seri%%uare wave to distinguish background light from the emis-

of spectral lines. The Balmer—alphq Iipe, Whi(?h_ is a transitionSion produced by the injected beam. The specttfig. 2)
from then=3 ton=2 energy level, is in the visible range. It

: Y contains two distinct features: a broad feature between 651
can be easily measured with standard lenses, spectrometess,q 654.5 nm produced by re-neutralized beam ions and the

and cameras. The Balmer-alpha transition is also known a§trong, approximately thermal line above 655 nm produced
H-alpha light or, in the case of deuterium atoms, D-alphaypy warm halo neutrals. The background produced by visible
bremsstrahlung is weak in this low density plasma but is an
IAuthor to whom correspondence should be addressed; electronic maiPrder of magnitude larger than the re-neutral feature at high
yadongl@uci.edu density. The observed temporal evolution and electron den-
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330° Neutral Beam  0° TABLE I. Design goals for D-alpha beam-ion diagnostic.
Initial Fiber 30° Neutral Beam
: Wavelength range 648-663 nm
. Unwanted portion of light ~2 nm
Prototype Flbers Spectral resolution ~0.5 nm
Minimum integration time <1lms
Spatial resolution 5cm
Throughput As high as possible
270° 90°

FIG. 1. Plan view of the DIII-D tokamak showing the paths of the injected . . .
neutral beams from the modulated sources, the viewed region for the initidlynamic range for the detection system is a challenge. One

measurements from the radially viewing 15°R0 peBec. 1), and the  approach is to oversample very rapidly to avoid detector
viewed region for the prototype diagnostic from the vertically viewing saturation, then accumulate many time bins to extract the
3157R-2 port(Sec. V). desired signal. Another approach is to filter the unwanted
_ . _ . bright features. The cold edge neutrals radiate near the un-
sity dependence of these features confirm their identificatiorgpjfted D-alpha line. The D-alpha signal from warm halo
The initial data highlight the importance of a high throughputneytrals has a Doppler shift of 1.5 nm, so it is also close to
optical system to facilitate accurate subtraction of the visiblehe ynshifted D-alpha line. The Doppler shift of the D-alpha
bremsstrahlung background. With a high throughput instrusijgnal from injected neutrals can be as large as 6 nm due to
ment on the Tokamak Fusion Test Reactor, a signal fromheir large velocity but, if the sightline is perpendicular to the
alpha particles that was'1% of the visible bremsstrahlung peam, there is no Doppler shift for the injected neutral sig-

emission was successfully measufed. nal. Therefore, for this favorable geometry, all of the inter-
fering signals from halo neutrals, edge neutrals, and injected
Ill. DESIGN GOALS neutrals are around the unshifted D-alpha line with a spread

of <3 nm. Either a notch filter or a mask at the focal plane

The design goals for an optimized instrument are sum . :
marized in Table I. The D-alpha line is at 656.1 nm. TheOf the spectrometer can be employed to block this portion of
the light.

D-alpha emission from re-neutrals is Doppler shifted. The The intrinsi il luti f this di L
largest shift is about 6 nm corresponding to the largest fast- € |ntr|.ns_|c spatla' reso ut|on. of this |agn0§t|c IS
ion velocity, which is 2.8 10f m/s for an 80 keV deuteron. 75 cm so this is the desired resolution of the collection op-
Thus, the beam ion signal spans from 650 to 662 nm. oufics:

system is designed to measure 648—-663 nm wavelength Backgro_Ltl)Tdbsubtractiohrll Is essdeptial f_or th(ijs_ d_iagnostik():
range. Since the Stark splitting leadsd nm spread and ecause visible bremsstrahlung and impurity radiation can be

does not contain any information about the beam-ion distri—Iarge compared to the desired signal. Typically, the modu-

bution function, only relatively coarse spectral resolutionlated beam O?)IDI,”'D IS on and off fi(r) 10 mls, sobtllr_u.a maX|—h
(0.5 nny is required. mum acceptable integration time is 10 ms. Instabilities suc

The bright signals from recycling, injected, and halo as edge localized modes can modify the background on a

neutrals are several orders of magnitude brighter than thge ms time scale, so temporal resolution-ol ms is needed

desired signal from re-neutralized beam ions, so the require‘i? fac'|l|tate accurate pagkground subtraction. .
High throughput is important so that photon counting

. statistics do not degrade the accuracy of background subtrac-
#115558 tion.

10000 [T T T T

IV. PROTOTYPE INSTRUMENT

The viewing geometry is presented in Fig. 1. Light is
collected from multiple sightlines through the plasma. Three
vertical views at the 315R-2 port are available for our
D-alpha beam ion prototype diagnostic. The fibers looking at
the 330° left neutral beam cross the beam centerline at major
1 radii of 179.7,196.4, and 212.2 cm.

The main elements of the instrument are the collection
. LY optics, the spectrometer, and a charge coupled déGE®)
€51 €52 633 654 653 camera. The spectrometer and detector system are designed
Wavelength (nm) with maximum light gathering power at the D-alpha wave-
FIG. 2. Spectrum after background subtracti@olid line) from a 10 ms length, subject to the constraints of matching the optics on
beam pulse into a DIII-D plasma with a line-average electron density ofthe tokamak. Thé/number of the spectrometer should match
2.3%10" m™. The background during a 10 ms beam-off time bin is also the f/number of the collection lens; that way we can couple

shown (dashed ling The feature near the unshifted D-alpha line at ; : ; :
656.1 nm is produced by warm halo neutrals, the broad feature on the IeFlhe optlcal fibers dlreCtIy to the spectrometer. Otherwise, we

side of the spectrum is produced by re-neutralized beam ions, and the bacR€€d to put in a Ie_ns system to conyert theumber, which
ground is primarily from visible bremsstrahlung. causes a loss of light due to reflection at the lens surfaces.

6000 Halo

intensity (a.u.)

Reneutral
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to collection lens which fits our CCD chig(8 mmXx 6 mm). The CCD camera
(The VelociCami™ VC105A) from PixelVision™® has a
high readout rat¢2.2 MHz) and digitizes 14 bits. It has four
Fiber holder |j Grating readout nodes capable of accommodating four spectra with
one on each quadrant of the chip without cross talk. In this

Camera lenses
prototype design, we put two spectra on the CCD chip with
Focal plane

one on the upper half and one on the lower half in order to
simplify the mask design. It can be easily upgraded by modi-
oD fying the mask and camera lenses. The image area of the
- Camena CCD chip consists of 652 vertical columns with 488 pixels
in each column. Each pixel is square, 4&1 on a side. The
Spectrometer MR detector is back illuminated with a quantum efficiency of
84% at D-alpha wavelength. The camera is cooled by a two-
Mask stage thermoelectric cooler to about 230 K. The data are
digitized within the camera and are transferred via fiber op-
tics to a PC, where the data are acquired.

Measurements of D-alpha emission are a tehhnique for
The D-alpha signal detected by the CCD camera is propomeasurement of beam-ion density profiles. Based on encour-
tional to the slit width. The resolution is proportional to the aging results from a preliminary test, a prototype diagnostic
groove density of the grating in the spectrometer but in-system has been designed. This prototype instrument spans
versely proportional to the slit width. If we keep the resolu-the entire wavelength range of D-alpha light emitted by re-
tion constant, the larger the groove density, the more signaleutrals. If the instrument works well, a 12-channel spatial
we can detect. The groove density is subject to two conarray will be based on this design.
straints. The first one is dispersion. If dispersion is too high,
we have trouble demagnifying the image to fit our CCD Chip.ACKI\IOV\/LEDGMENTS
The second constraint is the optimum range of operation for  Helpful discussions with N. Brooks, G. McKee, and R.
the gratings. Generally high groove density gratings are opBell and the support of the DIII-D team are gratefully ac-
timized for short wavelength. knowledged. This work was funded by General Atomics

The experimental arrangement for our prototype diag-Subcontract No. SC-G903402 under U.S. Department of En-
nostic is presented in Fig. 3. The collection lens has argy contract No. DE-FC02-04ER54698.
f/Inumber of about 4.4. The light is imaged onto the 1.5 mm
core diameter fibers. The fibers then transmit the light to the'l. H. Hutchinson Principles of Plasma Diagnostic&ambridge Univer-
300 mm Czerny-Turner spectrometer SP-2356 from Acton,Sity Press, New York, 1987 _

Research CorporatiSr(f/4 1800 g/mm grating It has a o W- Heidbrink and G. J. Sadler, Nucl. Fusici, 535(1999.

! W. W. Heidbrink, N. N. Gorelenkov, and M. Murakami, Nucl. Fusidg,
micrometer controlled entrance slit. We can increase the sig- 972 (2002.
nal by opening up the slit at the expense of spectral resolu<W. W. Heidbrink, W. D. Cross, and A. V. Krasilnikov, Rev. Sci. Instrum.
tion. When we lflse a_1on_m slit width, the re§olut|on IS 5V7\/4V:\Ll7ﬁte(|?jct))?|2k K. H. Burrell, Y. Luo, and E. Ruskov, Plasma Phys.
~0.5 nm. The dispersion is 1.4 nm/mm. The image at the conirolied Fusion462004 (submitted.
focal plane of the spectrometer is 11 mm wide. We put a®p. Gonhil, K. H. Burrell, R. J. Groebner, and R. P. Seraydarian, Rev. Sci.
mask in this focal plane to block the 2 nm portion of inter- _Instrum. 61, 2949(1990.

; ; ; ot G. R. McKee, R. J. Fonck, B. C. Stratton, R. V. Budny, Z. Chang, and
fering light near 656 nm. An image reducer consisting of a AT Ramsey, Nucl, Fusior?, 501 (1997

f/3 and f/2 35 mm camera lens is'put be'tween the spec-epcton Research Corporation, Acton, MA, http://www.acton-research.com/
trometer and the CCD camera to shrink the image to 7.3 mm; Pixelvisiod™, Tigard, OR, http:/Avww.pvinc.com/

FIG. 3. Schematic diagram of the optical system.
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