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Edge turbulence is a key factor in the performance of fusion devices but is not well understood even
after many years of research. We assess the feasibility of using laser induced fluorescence to obtain
two-dimensional images of turbulent structures in the plasma. Based on theoretical expectations of
density fluctuations arising from turbulence and calculations of level populations in He-like and
noble gas ions we show that high signal/noise ratios £SIR0) may be expected for experimental
conditions in the magnetic reconnection experiment and on the National Spherical Torus
Experiment at PPPL. Schemes include exciting the ion emission lines such as B IV 282.3 nm or
Krll 441.8 nm by a tunable laser. @999 American Institute of Physics.
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I. INTRODUCTION 94 have been measured using a Lyman-alpha faBénar
laser fluorescence has been applied to measurements of the

Turbulence is a key factor limiting the performance of velocity flow of coherent drift waves in argon plasmas in the

fusion devices and other plasma related systems. Edge tuEncore TokamakR.Lithium beam emission spectroscopy has

bulence determines the boundary values of the plasma deheen applied to investigate edge plasma density and

sity and temperature, which in turn determines the internafluctuations’ In the field of fluid mechanics, 2D visualization

gradients and controls global plasma transport. The structurésing planar laser induced fluoresceri@&.IF) has been a

of the turbulence in the cold outer edge has been determinegfitical tool in understanding fluid flows and turbulerfce.

by local probe measurements, but these are not usable in tid-IF visualization of the chemistry and flow_patterns has

hotter plasma past the separatrix. Knowledge of the locaPeen applied to problems in combustion resedrch.

structure of the edge turbulence near the separatrix would be I this article the space and time scales of turbulence in

extremely useful in clarifying our understanding of the phys-Plasmas in the Magnetic Reconnection Ex_perir?]éNthX)
ics and empirical scaling of the—H transition, a key factor &nd on the National Spherical Torus ExperimgSTX)" at

in the ignition scenario of the International ThermonuclearPPPL are estimated. The application of PLIF techniques to

Experimental ReactqiTER) or other fusion reactor designs. v_|sual_|ze . den_sny_and f_Iow turbulence using ion transi-
. . . tions in both He-like iongLi ll, B 1V, and C V) and noble
Plasma devices such as reversed field pinches, stellarators, . . . :
and other innovative concepts would also benefit. In this ar—gaS lons Ar Il and Krll is considered. Level populations are
ticl | the f 'b'?t ¢ using | ) d' q1 calculated from collisional radiative codes and signal/noise
icle we explore (he feasibility of using 1aser induced MU0~ q, 615 for specific experimental conditions are estimated.

rescence(LIF) to provide the first experimental measure- go\arg) cases with signal/inoise ratios over 100 are identified.
ments of the two-dimensional2D) spatial structure of

density and flow of plasma turbulence in magnetically con-
fined plasmas. Il. EXPECTED TURBULENCE CHARACTERISTICS IN
Existing diagnostic instrumentation for the study of MRX AND NSTX

structure and magnitude of micro turbulent processes has a niversal feature of Tokamak plasmas is the presence
been recently reviewetiMuch work has been done how- density fluctuations near the plasma edge with an ampli-
ever, even broad issues such as whether the transport dgref/n~0.1-0.5'° Results from various turbulence diag-
pends on the size of the device or on the ion gyroradius, Opostics on tokamaks and stellaratdié;*? e.g., Langmuir
whether the turbulence induced transport is mainly eIectroprobeS, microwave scattering and reflectometry, heavy ion
static or magnetic have proven difficult to resolve. LIF tECh-beam probes7 and on the associated theory used to interpret
niques at a single point or along a chord in space have beeafese results enable us to estimate the expected turbulence
successfully applied to measurements of hydrogen densitgharacteristics of MRX and NSTX. The amplitude, space,
velocity, and magnetic field measurements in high temperaand time scales are listed in Table I.

ture plasmad.For example, radial profiles of density and In NSTX, the radial region of the LIF measurement is
velocity of atomic deuterium in the boundary of TEXTOR determined by the location of the zone in which the electron
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TABLE |. Estimated turbulence parameters for NSTi{g~1) and MRX
(r/a=0.5). L,, is the density gradient scale lengtin is the normalized
density fluctuationp 4 the toroidal drift velocity L, the poloidal correla-

tion length, r,, the autocorrelation time. laser
matched _
Parameter NSTX MRX to ion line S K - 7
of interest. 2 " . -y P
Te 25 (eV) 10 (eV) = gt AEEeli
B 2000(G) 300-900(G) o
L 3cm 5-10 cm focus to sheet  radial
'ﬁ?n 05 0.3-0.7 with cylindrical lens
vy 4x10° cm/s 1-3x10° cm/s
Lurb 3cm 5-15cm Fluorescence Turbulent structure
Turb 8 us 10-50us s ltmg%eg[;o revealed in plasma
gate:
detector

temperature i§.,~10-100 eV, where the appropriate ionic
states of carbon or argon impurity ions are located. This is
most likely in the outer edge region neda~1.0+0.1(ais

the minor radius where the toroidal field is very low due to
the low aspect ratio. The largest uncertainty here is in th

FIG. 1. Basic experimental scheme.

) : . %Iowly varying in the direction parallel to the main magnetic
Ejve1r15|ty .?[ﬁd'em scarl]e Ierrllgth, ;Vh:f:kh ,',mijy be as s?oﬂtnas field; therefore, the laser pumping and optical sight lines can
~1cmitthere is a sharpri-moge-like edge, or as fong as integrate over parallel lengths much larger than the perpen-

Ié“zs Cd”]lf fqr a ltspft_ tL-mot(_:le—Iltke ?d?ﬁ tdt(r)]mlnate(t:]. b% (ficular turbulence size scales. A possible experimental con-
ohm diffusion. It is interesting to note that these estimate iguration is shown in Fig. 1.

turbulence space and time scales are similar to those mea®
sured for the Macrotor tokam&kwhich had edge parameters
similar to those assumed above, but an aspect ratie/af  Ill. COLLISIONAL RADIATIVE MODELING OF HE-LIKE
~2 (Ris the major radius IONS

In MRX, the main plasma parameters and magnetic ge-

olmetry ﬁr? SL;]bStart]t'a"t{] dlf(l;e_rftent frothiTIX, and |_t”|st nkot for LIF were calculated using collisional radiative models.
clear what character the dnit wave turbulence will ta e‘For the lowZ ions of helium, lithium, boron, and carbon the

However, the estimates can be done using the same formaly, ;.o radiative coderLy was used. This code models
ism. The radial position of the LIF measurement for MRX .. 0 alium-. and hydrogen-like species fror
would be closer to the plasma center, since the central elec- ! y

ron temperature is in the ranga~10—20 eV. This calcu =2-26. Helium is an interesting candidate for LIF since it
e e : ~can be added to a hydrogenic plasma with no appreciable
lation implies that these types of drift waves in MRX would ydrogenic p M pprect

. e - jncrease in radiated power losses and has a transition at a
be comparable to the plasma size scale and lifetime, whlch b

ld make th imilar to alobal modes th IIconvenient wavelength, He Il 468.6 nm=3—n=4. How-
would make Ihem more simiar to giobal modes than smally, o then=3 andn=4 excited states were predicted to
scale turbulence. However, it should be emphasized that nej-

have similar populations, due to fast collisional transitions.
ther the experimental nor the theoretical data is available Y& iimulated efnispsion ana absorption induced by the laser
to verify these estimates.

Strong drift wave turbulence, is predicted from estimatesnbeam would not change these populations significantly and
. ' ~ ence it would be difficult to detect fluorescence. Fortu-
based on the “mixing length model!2 i/n~0.5 for NSTX twou ey ! "

= o . i nately, more accessible transitions in the rare gases, such as
andn/n=0.7 for MRX. This is consistent with the measured y 9

Ar I, are available for LIF in this low temperature regime
results for the edge pla}smas (.)f tokamgks and stgllarﬂt&?s. (see Sec. IY. These ions are also more suitable for velocity
The expected fluctuating radial velocity of the ions can be

: _measurements because of their large mass.
calculated based on the assumption that they are responding Helium-like ions are attractive for LIF because they have
to EXB drifts in these fluctuations. The resulting fluctuating

i > o a high lying %°S metastable state. Table Il shows the ion-
radial velocities aréy,~2x10° cm/s for both NSTX and

MRX. Assuming thafl;~T,, these velocities are about 0.1—
0.2 times the thermal velocity of carbon in NSTX, but com- 1agLE II. Candidate LIF transitions in He-like ions.
parable to the thermal velocity of argon in MRX. Excitation

The time dependent populations of several potential ions

of a particular velocity class by sub-Doppler LIF may enable o _ 2s’s-2p°P
velocity measurement to be made at the same place and time " lonization potential Wavelength
as the density fluctuation measurements, offering the poten- He| 24.6 eV 1,083 nm
tial for direct measurements of the local radial transport of Lill 75.6 eV 548.5 nm
ions due to turbulence. Be il 153 ev 372.2 nm
Edge turbulence usually has much longer scale lengths BV 259 ev 2823 nm

. . . Cv 392 eV 227.1 nm

parallel to the field than perpendicular to the field. The den- 552 eV 190.1 nm

sity fluctuations to be measured by LIF can be assumed to he
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He-like Li Il the (vacuum wavelengths for transitions from
the 2p3P,, 2p®P,, 2p®P, are at 548.5, 548.59, and 548.66
nm, respectively® For comparison, the Doppler linewidth at
9 eV (the peak of the Li curve in Fig.)ds 0.05 nm. These
lines will also be split by the Zeeman effect by an amount,
A,=g;ugB, whereg; is the Landeg factor (of order unity,
up the Bohr magneton, anB the magnetic field. In the
magnetic field of 900 G in MRX or 2 kG for NSTX this
corresponds to a wavelength splitting of 0.002 and 0.004 nm,
respectively, negligible compared to the Doppler width. The
partially blended transitions:$2S—2p3P;, 2p°P, would be
excited. The PP, sublevel will be populated by collisional
transfer, radiatively decay predominantly to the’S level,
and be available for reexcitation. One experimental compli-
cation is that one needs an effective laser beam dump to
1x105 Ty e avoid stray laser light contributing to the fluorescence signal.
3 ! 10 100 200 The fluorescence can be distinguished by its nonlifeatu-
Temperature (eV) ' rated dependence on laser power.
F1G. 2. Excited stat - ¢ helium-ike lithium. b 4 carb The signal/noise of the fluorescence is calculated from
as p-reaictxe(ijI gy fths EgggérﬁgspgsmealL(J:?mlpssiltiolr?riz,10%;?[5,? otrzéé:r ir?nthe eX(_:ItEd_ state population&ig. 2). within the tWO-leve.I
a background of 90% F the electron density is,= 103 cm™3. The upper ~ @PProximation. We treat a case with an electron density of
solid curve refers to the metastable levesg; the lower dashed curves to  Ne= 10" cm™3 (typical of edge plasma conditions in MRX
the 2p°P level. with 10% of the ion density being Li, B, or C, in a back-
ground of H". We consider high throughput/1.2, collec-
tion optics. To detect the image of the LIF signal, a 10 cm
ization potentials and the wavelength of the®8—2p3P X10 cm area of plasma is imaged onto a gated, intensified,
transition in neutral helium and some I@He-like ions. For  512X512 pixel CCD camera. For estimates of signal-to-
Lill, Be lll, B IV, and C V the transitions are in the 2000— Noise it is assumed that pixels are averaged together into a
6000 A wavelength range. Beryllium presents special hanteéduced 3& 30 element array corresponding to about an area
dling difficulties due to its toxicity and is not discussed fur- Of 0.34 cmx0.34 cm in the plasma. The fluorescent signal is
ther. The other ions can be readily introduced into plasmag:ollected from a volume element of 0.34 21@.34 cm
The range in ionization potential of these ions offers cover-<1.5 cm(assuming a 1.5-cm-thick planar laser bgawith
age of a range of different temperature regions of the plasma&?@ackground emission from a much thicker volume: 0.34 cm
This scheme avoids one of the difficulties of LIF with non *<0.34 cmx20 cm. The signal is estimated from the equation
He-like ions in higher temperature plasmabove 10 eYas S=An,A,V(Q/dm) 7T,
the other ions at these temperatures mostly have strong tran-
sitions in the vacuum ultraviolet where tunable laser operawhereSis the collected number of photoelectroisy, is the
tion is difficult. change, relative to the ground state, in the level 2 population
Figure 2 shows th&Ly calculations of He-like excited from laser pumpingA,; the spontaneous transition rate be-
state populations for steady state conditions. The high metdween levels 2 and / the volume from which the signal is
stable population of the £S level and the comparatively collected,Q is the solid anglez, the duration of the laser
low population of the upper level@®P provides very favor-  pulse, 7 is the detector quantum efficiency, afdis the
able conditions for LIF. The excited states of He-like ionsinterference filter transmission. There is a corresponding
are likely to be close to equilibrium with the plasma becauseequation for the background signal, based on the level 2
of the high ionization potential and correspondingly longpopulation without laser pumping. The signal-to-noise is de-
lifetime before further ionization. fined as,S/IN=S/\S+ B, whereSis the number of collected
In LIF, the 25°s and 203P levels may be approximated photoelectrons from the fluorescence signal Brigl the cor-
as a two level system excited by an intense resonant laseesponding photoelectrons from background emission.
pulse. With a laser intensity such that stimulated emission The signal intensity, background intensity, and signal-to-
dominates spontaneous emission the population dynamic®ise are shown in Table Il for a laser intensity
will be dominated by absorption and stimulated emission and.0>—~10* W/cn? (sufficient for stimulated emission to domi-
the populations distributed according to the level statisticahate spontaneous emissjptaser bandwidth set to match the
weights. The P3P population will rise on a nanosecond Doppler broadened linewidth, and pulse duration of 500 ns.
time scale to close to 3/4 of the combined previosd®and The laser intensity necessary for stimulated absorption to
2p°P level populations. Radiative decay by the®P—1s'S  equal the spontaneous emission rate for these transitions is
transition is forbidden and we expect the tota®@ and  0.15, 4.2, and 12 kW/cfrfor Lill, B IV, and C V, respec-
2p3P level populations to be largely maintained during thetively. Alexandrite lasers are available that meet these re-
500 ns laser pulse. quirements for the Lill and B IV cases, however they fall
The 2p°P level is split by fine structure. For example, in somewhat short at present for the C V case.

1x10°

1x108

L1l llllll

1x107

Density (¢cm-3)

1x10°
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TABLE lll. Signal/noise calculations for He-like ions. TABLE IV. Results for Kr Il and Ar |l transitionsn, is the initial level,n,
the level excited by the laseAn,/n, is the change in the population ratio
Parameter: Li B C due to laser excitation after an initial transiefss (s™%) is the spontaneous
transition probability for the fluorescent transition.
Te (eV) 9 38 60
Laser wavelength 548.5 nm 282.3 nm 227.1 nm lon Kril Arll Arll Arll
Upper state population &l 07 2.%2+08 2.2+08
—with laser ne (cm™3) 108 108 108 1013
Upper state population 20-06 2.6+ 06 1.6+ 06 Laser\ (nm) 441.8 385.1 433.1 611.5
—w/o laser Fluorescenca (nm)  503.4 392.9 443.0 460.9
A value (s} 2.3+07 3.4+07 5.%+07 n,/ng 2.0e—04 57%-05 7.2-05 4.6-05
Filter transmission 50% 30% 10% An,/ng 8.0e—04 1.8-04 2%-04 5@-04
Quantum efficiency 35% 25% 25% Ay (sh 45+08 3.%+07 6.3+07 1.2e+08
Signal (photoelectrons 2.1e+04 5.6+04 2.&+04 Signal 5&+06 1.2+05 2.8&+05 8.4+05
Background(photoel) 1.0e+04 5.%+03 1.2+03 Background 16+07 4.%+05 9.+05 9.&B+05
SIN 120 225 162 SIN 1,100 140 250 640

Since the background light is integrated through athat measured both the overall density fluctuations and the
plasma that is thick, it is assumed that the small scale densityensity of a particular velocity class of ions.
fluctuations are averaged out. Larger scale structure may not We conclude that visualization of turbulent structures in
average out completely. This would be measured separateplasmas is feasible using laser fluorescence techniques.
and subtracted out to yield the fluorescent signal. This can bBased on theoretical expectations of density fluctuations aris-
done with a single detector and comparing shots with andhg from turbulence and calculations of level populations in
without the laser. Alternatively, a dual camera system can béle-like and noble gas ions we have shown that the signal/
used to obtain two images, very closely spaced in timenoise ratios expected for experimental conditions in MRX
which would then be subtracted. The dual camera system @nd NSTX are more than enough for turbulence measure-
an advanced fast framing CCD systéfnwould be used to ments. LIF visualization of turbulence promises to be ex-
obtain information on the time dependence of fluctuationstremely useful in clarifying our understanding of the physics
As estimated in Sec. Il the fluctuation level at the plasmaof plasma transport.
edge is 30%—70%. For a measurement uncertainty of 10% of
the fluctuation amplitude and a very conservative fluctuation
level of 10%, then a signal-to-noise o100 is required. As ACKNOWLEDGMENTS
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