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Enhanced sensitivity beam emission spectroscopy system for nonlinear
turbulence measurements

Deepak K. Gupta,” Raymond J. Fonck, George R. McKee,
David J. Schlossberg, and Morgan W. Shafer
University of Wisconsin-Madison, 1500 Engineering Drive, Madison, Wisconsin 53706

(Presented on 19 April 2004; published 4 October 3004

An upgraded beam emission spectrosc@iS) system has been deployed to access low amplitude
turbulence regions near internal transport barriers on the DIII-D tokamak. Sixteen high sensitivity
channels are being installed. A significant increase in total signal to noise is achievét) by:
Increased spatial volume sampling tailored to known turbulence characteri@ids) increased
throughput spectrometer assembly to isolate the local beam fluorescence, coupled to new large area
photoconductive photodiode$3) A new sharp edge interference filter designed to optimize
detection of the beam emission plus a significant fraction of the thermal deuterium charge exchange.
A new data acquisition system has been installed, providing an eight times increase in integration
time or an increased sample rate. Preliminary results from the upgraded system show a signal
enhancement of greater than an order of magnitude. A clear broadband density fluctuation signal is
observed in H-mode discharges with the upgraded BES system, demonstrating the significant
performance enhancement. 2004 American Institute of PhysicfDOI: 10.1063/1.1787951

I. INTRODUCTION II. BES HARDWARE UPGRADE

Beam emission spectroscogBES)* has been exten- BES is a crossbeam, volume-sampling density fluctua-
sively utilized to study turbulence and associated transport ition diagnostic based on the measurement of deuterium neu-
magnetically confined high temperature plasmas. It has bedral beam fluorescencéD,, n=3-2 transition near\,
used to study zonal flowsimpurity-induced turbulence sup- =656 nm) induced by collisions with background plasma
pression in radiative improved modenonlinear energy ions and electrons. Details of the original 32 spatial channel
transfer§ and other turbulence characteristics. One limitationBES system installed at the DIII-D tokamak are described in
of the original BES systefron the DIII-D tokamak has been Ref. 5. The sensitivityor SNR) of the next generation BES
limited signal to noise, inhibiting studies of low-turbulence Upgrade is improved by(i) increased spatial plasma volume
regions such as the core of high-performatagvancey to- sampling tailored to known turbulence characteristi@s,
kamak discharges. For sufficiently low amplifier noise, senincreased throughput spectrometer assembly coupled to new
sitivity of the BES system is determined by the statisticalla'ge area photoconductiyei-n photodiodes, andii) high-

noise in detected photon flixThe square root dependence transmission, sharp-edge interference filters designed to inte-
of this statistical noise on detected photon flux requiredrate @ significant fraction of Pthermal charge exchange
spectra, in addition to the beam emission.

manyfold enhancement in photon flux to achieve a signifi- . e -

cant increase in signal-to-noise raf®NR). To improve per- An optics assembly Viewing a he_atlng ne_utral beam on

formance and expand turbulence studies to nonlinear prot-h('}.D“I'D tpkamak Images beaf“ emissions light onto a set
Rf fiber optics that convey the light 40 m to a remotely lo-

cesses, a significant upgrade of the BES density fluctuatio ted ; laborat A ol ion is f d
diagnostic system on the DIII-D tokamak has been initiated “21c¢ SPectroscopy laborafory. A plasma reglon 1s focuse

e ; using af/2, 40 cm focal length objective lens onto fiber
Sensitivity is expected to increase by a factor of 5-10, ex; .
bundles, mounted on a remotely controlled radially scanable

tendmg_'Fhe studies deeper |r_1to the core of tokamak plasmz?ﬁ)er mount. The intersection of the optical sightline with the
and facilitate new ones like direct measurement of turbulenc%eutral beam volume is aligned to a magnetic flux surface to

driven fluxes, studies of internal transport barriers and WO chieve good spatial resolution in the radial and poloidal
dimensiopaI(ZI_D) imaging for visualization of _core turbu- planes(Ar ~AZ~1 cm). Each channel in the original opti-
lence. This article presents a summary of various hardwargy fiper pundles consists of four 1-mm-diam fibers, while
upgrades performed to achieve this higher sensitivity. Preg,qo upgraded system consists of new fiber bundles with 11
liminary results on turbulence measurements in H-mode dis;_mm-diam fibers arranged in a 4:3:4 pattern, as shown in
charges from the upgraded system are presented and COyy, 1(a). This new fiber bundle design is more optimally
pared with similar measurements from the original system. gligned to the radial and poloidal asymmetry of the turbulent
eddies’ These changes improve the signal collection by 2.75
IAuthor to whom correspondence should be addressed; electronic maifimMes per channel compared to the original fiber bundle, and
deepak@engr.wisc.edu the areal coverage in the image plane is also increased from
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FIG. 1. (a) (Color onlineg Comparison of original fiber bundlefour fibers, tem- This optimizes transmission of the charge exchange
square arrangemerand new fiber bundled1 fibers, close packed arrange- emission and suppresses the intense but unwanted edge

menY in 4X 4 array. To optimally align natural turbulence eddies, radial recycling light (transmission at D) is <1%). The filters
(channel to channglspacing is reduced by 2 mm and poloidal spacing is

increased by 1 mmb) Comparison of wave number sensitivity for new and are designed to b? used at near normal |nC|dencg to reduce
old sample volume shows that upgraded system has sufficient resolution f8n€ spectral blurring that results from angle tuning. The
typical measured turbulence data. optimized filter is designed to provide at least a 1.5 times
increase in the signal strength relative to filters in the
original system. The collimated, filtered light beam is fo-
19% to 79%. Likewise the channel-to-channel separation isused on the detectors using an ultrafd$t58 AR-coated
nearly the samedradial separation is reduced from about aspheric lens. The fast aspheric lens facilitates use of a
1.1 to 0.9 cm, and poloidal separation is increased fronsmall photodetector and thus helps in keeping the ampli-
1.1 to 1.2 cm). The wave number sensitivity is calculated fier noise low.
using the full three-dimension8D) viewing geometry, neu- In the original BES system, 0.85 nfrsquare photocon-
tral beam profile and magnetic field geometry. There is aluctivep-i-n photodiodegPPD) were used. To minimize the
slight reduction in the wave number sensitivity, as shown inamplifier noise, the photodiode and the field effect transistor
Fig. 1(b), however this reduction is modest given the sub-(FET) in first-stage preamplifier are cryogenically cooféd.
stantial increase in photon flux. Optical axis folding mirrors The voltage noiséi.e., e-noise, a dominant source of noise
(located between the objective lens and the fibers to avoid & preamplifier circuit€, is associated with the detector ca-
toroidal field coi) have been replaced with enhanced andpacitance and thus detector area. Hence to keep the amplifier
protected silver-coated mirrors having 98% —99% reflectiv-noise minimum, use of the smallest detector that accommo-
ity across the visible spectrum. Finally, an anti-reflectivedates all the available light is necessary. For the upgraded
(AR) coating on each end of the optical fibers should furtheBES system, an improvement in SNR can be estimated for
improve transmission by about 8%. the range of power ratio of photon noise to amplifier noise,
The high throughput spectrometers consist of appropriof the original BES system by using the analytical relation
ate lens assembly, interference filters and low noise detectors R, g 1+p
to isolate the local beam fluorescence from the collected light ——= —{#] ,
signal® The collection efficiency of the spectrometers is im- SNRy  F L(DMFg,) +p
proved by using 50-mm-diani/1.5 plano-convex collimat- where SNR and SNR, are the signal-to-noise power ratio
ing lenses to collect the light from the wider fiber bundles.of the upgraded and original BES system, respectivg)ys
The collimated beam is normally incident on new the photon flux gain from the improved optics abdis the
5-cm-diaminterference filters, which are designed to alsoamplifier noise gain(e.g., due to increase in photodiode
transmit a fraction of the thermal deuterium charge ex-areg. For avalanche photodiod@PD), the intrinsic gainv
change lines on the blue side of edge Pmission(as and the excess noise factBrhave values greater than one;
shown in Fig. 2. These large filters have increased abso-however, for PPD values dfl and F are unity. The APD
lute peak transmissiotmearly 80%, and a sharper spec- offers a high intrinsic gain, which potentially eliminates the
tral edge compared to the ones used in original BES sysaeed for cryogenically cooled preamplifiers and associated
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FIG. 3. (Color online A comparison of signal level of original and upgraded Freqeuncy (kHz)
BES system shows an order of magnitude increase in observed signal. Neu- ) )
tral beam is on from 2.8 to 3.4 s. FIG. 4. (Color onling Comparison of density fluctuation coherency spectra

of raw signals(Ax=1 cm) from the upgraded and original BES channels,

acquired near/a=0.7 in a H-mode discharge.
e-noise. However, the excess noise factor in an APD effec-
tively offsets this advantage for the plasma turbulence angower measurements will improve in the range of 14-30
BES signal parameters of interest. The high quantum effidepending upon the plasma properties and frequency depen-
ciency (=85%) PPD along with the increased photon flux dence of the fluctuation and noise power spectra.
offer an advantage up to a factor of 3 or more over APD for  To demonstrate the capabilities of the substantially in-
the BES upgrade and are thus being utilized. For the upereased signal levels, the coherency spectra of raw signals
graded BES system, a 2.91 ramectangular PPD collects from two adjacent channels from the upgraded and original
the full image of the new fiber bundle when rotationally BES systems are compared in Fig. 4. Measurements from the
aligned. The input capacitance of the high quality FET inupgraded system show a clear broadband density fluctuation
first-stage preamplifier is the dominating capacitance in designal in the 60—200 kHz range that is simply not observable
fining the total capacitance contribution toward #saoise.  with the original system in H-mode discharges. The signal in
Hence even after about three times increase in detector artiee 0—50 kHz range appears to result from edge localize
and thus its capacitangevhich adds to the FET capacitance modes, edge-turbulence imprinted on the beam or other
for the total capacitance towardsnoise, only a modest source of neutral beam modulation rather than from local
20%-50% increase in the amplifier noise is observed wittdensity fluctuations. Common-mode analysis techniques may
respect to the-noise in the original BES system. be used to isolate and subtract these effécts.

A 14 bit resolution Linux-based data acquisition system  The substantial increase in measured light signal levels,
has replaced the original 12 bit CAMAC digitizét&he 32  and corresponding quantum leap in signal-to-noise ratio, as
channel high-speed digitizeférom D-tAcq Solution$ can  well as the demonstrated measurement of a strong fluctuation
acquire up to 4 s of data at 1 MHz sampling rate, comparedignal in H-mode discharges demonstrates significant new
with 0.5 s the for original CAMAC digitizers. This effec- capability with the upgraded BES density fluctuation diag-
tively improves SNR by about three times for ensemble-nostic system. Longer-term plans are to deploy up to 64
averaged measurements of stationary turbulence and also tagh-performance channels for wide area, high-sensitivity

duces the need for shot repetition. turbulence imaging capability in the core of advanced toka-
mak discharges along with detailed studies of the nonlinear

Il. PRELIMINARY RESULTS characteristics of turbulence driving cross-field plasma
transport.
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