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ABSTRACT 

intensity and line profile measurements of the spectra of light 
hydrogenic ions which are excited by charge exchange reactions with fast 
neutral atoms are being widely used as diagnostics for fusion plasma 
research. This technique, which is referred to as charge exchange 
recombination spectroscopy, allows measurements of the densities of fully 
stripped impurity Ions and particle transport coefficients with only minor 
uncertainties arising from atomic processes. The excitation of long 
wavelength transitions in light ions such as He +, C 5 + , and 0 7 + allows 
relatively easy measurements of ion velocity distributions to determine ion 
temperatures and plasma rotation velocities. Among its advantages for such 
measurements are the facts that fiber optic coupling between a remote 
spectrometer and the iamediatis reactor environment is possible in many cases. 
The measurement is localized by the intersection region of a neutral beamline 
and viewing sightline, and intrinsic ions can be used so that injection of 
potentially perturbing impurities can be avoided. A particularly challenging 
application of this technique l.vss in the diagnosis of alpha particles 
expected to be produced in the present generation of Q « 1 tokamak 
experiments. 
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I. INTRODUCTION 

The use of charge exchange recombination spectroscopy (CXRS) as a means 
of actively probing the properties of magnetically confined high temperature 
plasmas has expanded rapidly in recent years. Since the pioneering work of 
Afrosimov and co-workers on the T-4 and T-10 tokamaks and Isler on the ISX-B 
tokamak, this diagnostic tool has reached such a level of maturity that it is 
used routinely on several large tokamak facilities for measurements of 
impurity behavior'"-6 ana plasma dynamical properties such as ion temperatures 

7—1 5 
and toroidal rotation velocities. The basic CXRS technique consists of 
measuring the intensity and/or spectral distribution of photons emitted in the 
charge exchange collision between fast neutral atoms and plasma ions: 

H° + A Z + H + + (A Z~ 1)* U ) 

The product ion is left in an excited state which then radiatively decays co 
produce the observable photons. In Eq. (1) the neutral is denoted as hydrogen 
but other light atoms such as D" or- Li° have also been used. These fast 
neutrals are provided by high energy neutral beam injection into the plasma, 
using either low power diagnostic beams or high power plasma heating beams. 
The most commonly observed product species are the hyclrogenic ions produced 
from reactions with fully stripped low-Z impurity ions such as C or 0 , 
which are usually present in fusion plasmas. 

The general advantages of CXRS over other passive spectroscopic 
techniques are: (1) the measurements are localized by the intersection volume 
batween the neutral bearaline and a collimated spectrometer sightllne; (2) the 
emitted photons range in wavelength from the X-ray range all the way to the 
visible spectral range, tibere very simple remote optical systeis can be used; 
(3) a single spectral line can be used for measurements across the entire 
plasma with the appropriate choice of elements; and (4) the photon emission 
rate resulting from reaction (1) is relatively independent of the local plasma 
environment (i.e./ n , Te» etc.) and depends only on the neutral beam 
characteristics and ion density in the intersection volume. The main 
disadvantages at present are: (1) a neutral beam is needed for most 
applications of CXRS and (2) some plasma environmental effects on the local 
emission rate and spectral line shape, although not of dominant influence, are 
not yet completely characterized. 
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We give here an overview of the use of CXRS as an active diagnostic tool 
for high temperature plasmas by concentrating on the following three 

i applications of central importance to plasma research: (1) r'iagnosis of 
impurity densities and transport of ions across magnetic field lines; <2) the 
measurement of plasma dynamical properties such as ion temperatures and bulk 
rotation velocities; and <3) the measurement of the density and nonthermal 
velocity distribution of alpha particles produced in a fusion plasma, other 
applications of CXRS such as spectrometer calibration, atomic physics 
studies, beam attenuation studies, specialized diagnosis of edge plasma 
properties, etc. are not discussed here in an effort to concentrate on the 
general applications of CXRS to plasma diagnosis. In the same spirit, we 
concentrate our discussion on the use of intrinsic, fully stripped, low-Z 
impurities such as C, 0, and often He for such measurements, although similar 
measurements can of course be made with any other elements and/or ion species 
which may be present in (or actively injected into) a plasma.1^ When the bulk 
plasma ions consist of a single isotope such as H + or D +, CXRS has also been 
used to measure the bulk ions themselves. '''° However, it is the low-Z 
elements. He, C, and 0, which are most commonly present, and for which atomic 
cross sections and energy levels are very well characterized, Finally, we 
note that the discussion here revolves around the use of CXRS as a tokamak 
plasma diagnostic, but it can obviously be employed on other magnetic 
confinement devices. The experimental results presented here are exclusively 
from the PDX/PBX tokaraak because we have ready "access to this data, but we 
note that equivalent data have been produced by other groups and are referred 
to below. 

II. IMPURITY DENSITY AND PARTICLE TRANSPORT MEASUREMENTS 

In plasmas typical of those in present tokamak devices, C 6 + and 0 8 + are 
the most abundant impurity species in the hot plasma core. Measurement of 
these ion densities and knowledge of their transport across the confining 
magnetic field are necessary for an evaluation of the performance of a variety 
of impurity control techniques. CXRS allows these densities to be measured 
directly instead of being inferred indirectly from measurements of lower 
charge states at the plasma periphery or estimates of the general plasma 
impurity levels. For impurity density or transport measurements it is 
desirable that the neutral beam be sufficiently low in power so that it does 
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not perturb the plasma or impurity ion species distribution. Very low beam 
powers and/or energies, however, will not provide enough penetration into the 
plasma core Cor good signal strength, so such beams will be most useful at 
lower plasma densities. Low signal levels on the PDX tokamak experiment were 
compensated for by st^are-wave modulation of the beam, allowing phase-locked 
detection of weak signals. When high power heating beams are used for these 
measurements, the contributions to the signal from changing impurity 
distributions and plasma parameters <iue to the beam injection itself cannot be 
ignored. on ISX-B this is accounted for by switching between heating beams, 
only one of which is viewed by the spectrometer.4 

A typical experimental setup for CXRS measurements of low-2 ion 
densities on the PDX tokamak is shown in Pig. 1. A highly collimated (FWHM ~ 
3 cm) low power (~ 8-10 kw) diagnostic neutral beam (iNB) injects H° or D° 
across the plasma midplane. The neutral beam can be aimed at different 
locations in the plasma midplane on a shot-by-shot basis. A grazing incidence 
spectrometer was used to view the DNB, and the signal resulting from reaction 
(1) was verified to come from the small interaction volume defined by the 
intersection of the two beams by vertically scanning the spectrometer 
sightline over the beam. 

An example of prompt charge-exchange-produced radiation from the 
experiment in Fig. 1 is shown in Fig. 2, in which the sharp pulses of 0 VIII 
102& (n = 3-2) emission are produced by the modulated DNB pulse. The beam-
produced component in the overall signal is clearly seen above the background 
radiation which is produced by electron impact excitation of 0 7 + in the plasma 
periphery and charge exchange recombination of 0 8 + with the background thermal 
neutrals in the plasma. 

The choice of which spectral line to observe with CXRS depends to a 
large degree on which measurements are desired and, less importantly, on 
available instrumentation. The charge exchange reaction (1) is a resonant 
process which populates a distribution of excited states with orbital and 
angular momentum quantum numbers n, £. Theoretical partial cross 
sections aln,i) for populating specific states are available from several 
authors. 1 7" 1 9 In general, the total cross section for populating a given n 
level o(n) = 1^ a (n,A) peaks in n with n m a x » Z 0 , 7 5 . As the beam energy 
rises, the distribution of o(n) broadens in n and progressively higher states 
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are excited. The I distribution is quite peaked at high I for n < n m a x while 
it levels off or peaks at £ » nmAx t o r n > "max* T h u s ' t*16 observed photons 
are produced tn a complex cascade process which can obscure the original o(n, 
i) distribution. In practice, the fine structure is not observable in the 
transitions, and the total emission rate for a transition between states with 
different principal quantum number n is of interest. The to = 1 transitions 
are the most frequent and transitions between lowest n states will be 
brightest and least sensitive to uncertainties in the original electron 
distribution. This tends to make the short wavelength transitions between low 
n states most attractive for quantitative impurity measurements. As our 
knowledge of the tr(n,A) distribution and possible plasma effects on the 
cascade process improve, the higher wavelength transitions between Rydberg 
states will become more attractive due to simpler instrumentation 
requirements. 

The determination of impurity densities from signals such as in Fig. 2 
involves several steps. First, an average beam-excited intensity is 
determined by simple measurement for strong signals or cross-correlation of 
the beam and spectrometer waveforms for weaker signals. The beam particle 
densities in the intersection volume must be calculated using standard beam 
attenuation codes using the measured plasma profiles as input, ° Finally, 
cascade-corrected emission rates must be calculated for the transition and 
beam energies of interest. If the intersection volume is large, a model 
density profile may be necessary to integrate the emission rate over the 
intersection volume. 

Impurity particle cross-field transport is conveniently modeled via the 
one-dimensional continuity equation for each ion species: 

8n , - „ 
IT + 7 fa" r l- D' rL-q n V V ( r ) ) = - 4 X V >qn \h q2l 

n 
+ R , n , - - 2 " + S . (2) 

q+1 q+1 Tj q 
Here, n is the density of charge state q, D is a radial diffusion 
coefficient, v denotes a convective velocity for cross-field transport, I- and 
Rq are the electron impact ionization and total recombination rates, 
respectively, T|| is a parallel particle loss time at the plasma edge and S„ ig 
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a volume source for g. = 1 from edge neutral particle influx. For simplicity, 
the radial flux is often modeled by a simple diffusive/convective term as in 
Eq. (2), and the problem is to determine the magnitude and functional forms of 
D(r) and v(r). 

The particular virtue in using fully stripped, low-Z species for 
particle transport measurements lie9 in the fact that the time and spatial 
variations of n <rtt) are determined mainly by transport processes, in 
contrast to the case of partially ionized higher-Z ions where the atomic 
processes on the right side of Eq. (2) dominate. Uncertainties in tJ:ese 
atomic rates and/or basic plasma parameters have so far hindered efforts to 
derive detailed transport coefficients in fusion plasmas,21 

Observations of the steady-state radial profiles of 0 B + or C 6 + on PDX 
were sufficient to show conclusively that these impurities are not in coronal 
equilibrium and that cross field transport must be considered.3 Even for C 
and 0, however, the atomic processes were important in PDX and steady-state 
profiles of C 6 + and 0 8 + were insufficient to get accurate transport 
coefficients. 

Since steady-state profiles of low-Z fully stripped ions allow only the 
ratio v(r)/D(r) to be determined, detailed measurements of particle transport 
involves introducing a source of impurities at the plasma edge and following 
them as they diffuse into the plasma. Such CXRS measurements with He + + were 
performed on PDX as an example of transport coefficient determination,^ 
Figure 3 shows the measured time variation of the central He + + density 
following a puff of helium at the plasma edge using the apparatus in Fig. 1. 
also shown are solutions to Eq. (2) for different values of D(r) = D (i.e., 
radially constant diffusion coefficient) with v<r)/D « (3 In n e / 3 r ) 0 , 8 , as 
derived from measurements of the steady-state radial profiles. The 
sensitivity of this relatively noisy data to distinguish different values of D 
and v is evident. Indeed, with measurements of n H e++ (t) at several radii, it 
should be straightforwardly possible to measure the 3patial dependence of the 
transport coefficients D{r) and v(r) for the first time with reasonable 
accuracy in tokamaks using CXRS, Once such measurements are made, comparison 
with more theoretically based transport models will be feasible. 
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III. PLASMA IOH DYRSHICS 

The most widespread and immediate use ot CXRS has been the determination 
of plasma i->n velocity distributions through measurement of spectral line 
shapes and positions. Since the charge exchange process does not involve any 
significant momentum exchange between the reaetants, the spectral distribution 
of the emitted photons reflects the velocity distribution of the target ions 
A z in Eq. (1). This is, of course, strictly true only if the beam neutral 
velocity is much greater than the thermal velocity of the target ions (i.e., 
v » v z ) . Otherwise, the velocity dependence of the c(n,A)'s must be 
considered. r*w thermalized ions in a reactor grade plasma, the condition 
v << v B is usually satisfied. Several measurements of plasma Ion temperature 
using CXRS with H +, He++, or Cr* as the target species have verified that the 
derived values of T^r) agree well with values obtained with conventional 
particle charge exchange and neutron measurements, and, in most cases, can 
probably be considered more accurate than those measurements. 

Since C and 0 occur naturally in most devices and their fully stripped 
ions occur at all radii due to cross field diffusion, a single ion and 
wavelength may be used to establish a radial profile. This is in contrast to 
the more conventional spectroscopic measurements which use a variety of 
impurity charge states to establish a radial profile of Tj (presupposing 
knowledge of the charge state radial distributions). 

For spectral line profile measurements, one clearly desires to work with 
the longest possible wavelength emissions to ease instrumentation requirements 
on optical access, resolution, throughput, etc. Long wavelength lines 
originating from transitions between Rydberg states (n > 4) in hydrogenic 
spectra are excited by charge exchange, but the excitation rate coefficients 
decrease as n increases. An important feature for excitation of the longer 
wavelength lir;es is the need for high neutral particle energies. Even with 
such limitations, lines from He+.- C 5 +, and 0 7 + in the near-UV to visible 
spectral ranges have all been observed yith reasonable intensities for line 
profile measurements in several tokamaJcs. The low mass and high temperature 
of these ions results in easily measured line widths with standard moderate 
resolution spectrometers. 

An especially attractive feature of measurements in the X > 3000 A range 
is the ability to use radiation-hjirdened, fiber-optic imaging systems to 



8 

provide easy remote access to a reactor environment for ion velocity 
distribution measurements. This is a tremendously simplifying advantage of 
this technique over other approaches to T\, measurements. It offers 
flexibility for varied access to the machine and sophisticated imaging systems 
can be used to provide time-resolved radial profiles of ion temperature and 
bulk velocities in a single 3hot. When the beam energy is too low to 
sufficiently excite near-UV and visible spectral lines for fiber optic access, 
lines in the UV range (1000-3000A) are sufficiently intense for reasonable 
measurements without extreme instrumentation requirements. 

Assuming sufficient line intensities and good beam/Bpectrometer 
geometry, the major limitations to the CXRS technique for ion velocity 
distribution measurements arise from background light obscuring the desired 
signal and the possibility of nonthermal line broadening effects being 
present. Since all ions of an impurity species are present in the plasma, 
background radiation at the wavelengths of interest can be excited from the 
plasma periphery and fall in the spectrometer line of sight. Excitation via 
electron impact and/or charge exchange with thermal neutrals is moat important 
for very low-Z ions such as He + +, but can also pollute measurements with o" + 

at the plasma edge where the CXRS signal is aiao weak. If the neutral beam is 
not modulated to discriminate the signal excited by the beam in the 
intersection region, this radiation must be considered in the line profile 
analysis. 

With very light ions such as Ho +, the line broadening of the CXRS signal 
from the plasma interior is so much larger than the thermal broadening of the 
edge signal that a simple two-line model fitting procedure allows the CXRS 
signal to be isolated, as was done on D-III9 and PDX. 1 0 With C 5 + and 0 7 + , the 
background component comes from regions nearer the hot plasma core, and it is 
better to rely on observations in which the CXRS signal is much larger than 
aie background signal to ensure a localized measurement. For 0 7 + , the 
electron excitation rates for high n transitions in 0 7 + and thermal neutral 
charge exchange with 0 8 + is so low that the charge-exchange-induced signal 
completely dominates when the interaction volume is in the plasma core 
region. At the plasma periphery, however, the reduced CXRS signal {due to 
decreasing n z) and increased background signal (due to increasing nz_., and 
increased thermal neutral density) conspire to make edge TJ measurements more-
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difficult using C 5 + and 0 7 + in present machines with relatively low beam 
energies (£40 keV/amu). 

All the above considerations, plus coincidental overlap with other 
plasma ion emission lines, tends to limit the number of transitions available 
for routine T^ measurements when the neutral beam is not modulated. In 
practice, the Hell 4686A (4-3) and OVIII 2976A (8-7) transitions are moat 
cimmonly used on present machines. 

An example o? En experimental setup for CXRS measurements of T̂  and v± 

in the PBX tokamsk is shown in Fig.4. A standard air-filled spectrometer 
with an optical multichannel detector views across a (perpendicular) heating 
neutral beam through a simple optical system. The rotating mirror allows a 
shot-by-3hot spatinl scan of T^r^t) and v,j{r,t). An optional fiber optic 
connection to another scanning mechanism allows optical access to one of the 
tangentially injected bearalines when only tangential injection is employed. 
The low beam energy of 22 keV/amu and lack of modulation precludes th3 use of 
any but the two spectral lines mentioned above for routine measurements. 

A sample measurement of the time evolution of the 0VII1 297fiA line 
intensity is shown in Fig. 5a. The intensity clearly is correlated with tne 
turn-on cf the NW beam and only a negligible background signal exists when the 
besm *a off. In contrast, the OIII 2983.8A line, which is excited by electron 
collisions at the plasma edge, is present throughout the discharge (Fig = 
5 D ) . Sample spectra early and late in the beam heated phase (Figs. Sc ana d) 
show the large broadening and shift of the OVIII line, indicating increased 
plasma temperature and toroidal rotation speed at the plasma center. 
Meanwhile, the OIII line has hardly shifted at all, indicating the reduced 
rotation velocity at the plasma edge and coincidentally providing a convenient 
calibration wavelength. 

The charge-exchange-excited-OVIII line is easily fitted with a gaussian 
profile to provide T\, and vu and any non-Maxwellian features to the n 
velocity distribution if present. Such a fit of a measured line to a s .an 
in shown in Fi--, 6a for a sample spectrum. Besides the usual correr _^ due 
to the instrumental profile width (which is almost negligible here), the 
measured line width must also be corrected for possible broadening due ^o the 
spectral distribution of atomic fine structure components of the line The 
intensity distribution of these components can vary depending on zee dn and 
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motional Stark effects, beam energy, and collisional nixing, and a full 
calculation of such effects is exceedingly complex. However, since the 
thermal width is usually much broader than the fine structure splitting, only 
a.- crude approximation is needed to adjust the measured width to produce an 
accurate T.. in Fig. 6b we show unperturbed field-free fine structure 
components as calculated for a 25 KeV/amu beam. Comparison of the FWHM of the 
composite spectrum constructed by adding all fine structure contributions and 
the assumed T^ indicates that the measured T A is ~ 3* less than inferred 
directly from the measured FWHM. The adjustment is usually small enough that 
>. ly rough approximations are sufficient. 

The time evolution of T* and v 4 obtained from such analyses for a sample 
discharge in PBX are 3hown in Fig. 7. This technique is sufficiently 
sensitive that a time resolution of 4 ms in T* measurements is readily 
achieved, and even higher time resolution appears feasible, A straightforward 
extension of such measurements to provide measurements at several sr-atial 
locations simultaneously allows radial profiles to be obtained in a single 
shot. Such a system has been employed on the D-III tokamak23 and will be 
employed with a modulated neutral bean on the TFTR tokamak. With high 
spectral, time, and spatial resolution all required in a single shot, the data 
flaw rate increases dramatically, which will lead to considerations of more 
sophisticated detector designs to minimize the amount of stored data, 

IV. ALPHA PARTICLE DIAGNOSIS 

The third major area of application of CXRS for diagnosis of fusion 
plasmas lies in the realm of measuring the densities and/or velocity 
distributions of alpha particles which are produced in a burning plasma. 
Significant densities of fusion-produced alphas (n a - to 1 2 cm" 3) are expected 
in the present generation of large tokamaks such as TFTR and JET. The ability 
to measure properties of the confined alpha distribution is necessary to study 
the behavior and confinement of these particles in an ignited plasma. In 
addition, the ability to measure fusion ash products (i.e.. He-1-1" in the core 
plasma) allows the evaluation of such devices as magnetic divertors and 
particle scoop limiters for controlling ash buildup in a burning plasma. 

Measurements of thermalized He + + via CXRS hare already been demonstrated 
on PDX (c.f. Fig. 3 and Ref. 6), but the measurement of the fast (i.e.. 
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unthermalized) alpha particles entails -jperating in a different velocity 
regime than usual for CXRS. In this case, the alpha particles have speeds 
much greater than that of the typical neutral beam atom {i.e., v Q » v f i), and 
the velocity dependence of the cross sections cannot be ignored. 

Post and co-workers have developed several concepts for using charge 
exchange to detect and study fast alphas. 2 4 Their basic idea takes advantage 
of the resonant character of the charge exchange process by noting that the 
cross sections for charge exchange fall rapidly abova a relative oucoff speed 
denoted by v c « 2-3 x 10 e cm/s. If a very high energy beam ia used, only 
particles with |v"B - $ J £ v c undergo charge exchange reactions with 
subsequent photon decay, thus allowing one to sample regions of the alpha 
velocity phase space -li3tribution {Fig. 8a). The resulting spectrum emitted 
by the fast recombined He + depends strongly on the slowing down distribution 
of the alphas and allows a discrimination between classical and nonclassical 
fast alpha loss processes. The charge exchange excited line shape will be 
shifted roughly by v./c where vj denotes the speed of the beam particles along 
the spectrometer line of sight, and it will be broadened by a width 
corresponding to a speed of "Vc» 

Figure 8b shows a conceptual experimental approach to sampling the a 
distribution near the birthing energy of 0.a3 MeV/amu by viewing the shifted 
and broadened spectrum of the 304A (2-1) transition in He +. The choice of 
transition to observe is limited by practical and atomic physics 
considerations. The n = 4 state He + is subject to substantial proton-impact 
ionization for fast He + ions and hence the photon emission rate from that 
transition will be suppressed. Also, the partial cross sections for 
population of a given n level in He + due to charge exchange reactions of a 
neutral atom with H e + + peaks at n - 2 and 3 for H° and Li" neutrals, 
respectively. The n = 2-1 transition at 304A is not very favorable due to 
strong impuritv emission lines in that region and the need to use grazing 
incidence optics there. Since estimates of the expected signal strengths are 
very low for n ~ 10 1^ cm~^, high optical throughput is required to get good 
statistics and allow discrimination from the background bremsstrahlung 
continuum radiation. Hence, the n = 3-2 transition at 1640A appears to be the 
best candidate for alpha diagnosis using CXRS. In addition, since Li° beams 
will preferentially populate the n = 3 level in He +, a multi-HeV Li neutral 
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beam is the best choice for detailed measurements of •he fast-alpha 
distribution. The time and expense involved in developing such high energy 
beams appear to be high. 

Substantial progress can be made by using available H° or D° bean 
systems on present tofcamaks. For example, the diagnostic neutral beam system 
on the TFTR tokamak U ? I N J « 700 kW, E Q = BO kev H° or D ° ) 2 5 has sufficient 
energy to sample far enough into the alpha velocity distribution to allow one 
to determine if the slowing-down energy spectrum ia highly nonclassical or 
not. A very crude idea of the expected spectrum around the He + 1640A line 
with the TFTR DNB used as a dcping beam for CXRS is shown in Fig. 9 for a 
typical Q = 1 model plasma. Two distributions are shown, one assuming a 
classical slowiny-dawn spectrum for the alphas, the other assuming that a non-
classical loss process produces an anomalous loss of fast alphas during their 
slowing-down process, which results in a depleted velocity distribution at low 
velocities.24 The profiles shown in Fig. 9 were constructed using the 
calculated rate coefficients und spectral line shift from Re£. 28. The 
profile of the line is taken to be gauasian with ?. FWHM corresponding to v ~ 
v c. Contributions from all three beam energy species (i.e., E Q, E Q/2, EQ/3) 
are included. We have not included estimates of either the narrow width 
background signal at ii = o due to edge recycling of thermal He + + or the broad 
component arising from charge exchange excitation of the thermal He"1"*" in the 
plasma core. Finally, the continuum bremsstrahlung emission level is also 
indicated in Fig. 9. We see that the expected CXRS signal from the fast 
alphas is comparable to the continuum level. Such a signal should be 
detectable with a high contrast spectrometer with large optical throughput to 
achieve sufficient statistics, and the difference between a classical and 
strongly nonclassical slowing-down process should be evident. For 
measurements of the alpha distribution in TFTR to be successful, modulation of 
the neutral beam is necessary to'eliminate the background signals due to edge 
recycling and continuum radiation, and square wave modulation up to a few kHz 
is planned. 

V. PLASMA ENVIRONMENTAL EFFECTS 

The charge exchange and subsequent radiative decay processes are also 
influenced by the surrounding plasma environment, without significant mixing 
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among different I levels, the selection rules AJ5 - i1 holds rigorously during 
the cascade process. If, however, significant mixing occurs, the cascade 
process can differ considerably from that expected in a field-free 
environment. Detailed calculations of such effects are quite complex, and 
simple approximations are usually made to estimate the degree of level 
mixing. zeeman and motional Stark effects can cause mixing among the fine 
structure levels in a given excited state and perturb the radiation pattern 
from that expected by field-free calculations of the partial cross sections 
ff(n,4). Mixing of states by coupling 4j = o levels occurs due to the motional 
Stark and plasma microfields, and zeeman mixing of Aj « 1 levels can occur, 
especially among levels with high j. ' 

An important mixing process which can occur in reasonably high density 
plasmas is the collisional mixing among fine structure levels due to ion-ion 
impact. The principal quantum level n at which significant collision?! mixing 
occurs for a given plasma density is indicated in Fig. 11, where we plot the 
results from two analyses for the onset of Jt mixing. For either curve, one 
calculates the value of the ordinate for given plasma conditions. If the 
value of the ordinate lies above the corresponding curve for a given n state, 
collisional % mixing can be ignored, while it is of increasing importance as 
the value falls below the curve. 

The solid line in Fig. 10 indicates collisional mixing criteria 
developed by Pengelly and Seaton and extrapolated to fusion plasma parameters 
in Ref. 10. They simply require that the 2-averaged value of A . tfj be 
greater than 1, where A n ) l is the spontaneous emission rate from level ni. to 
lower level and tjĵ  is the ion-Ion collisional lifetime of level n9, for 
transfer to levels n*±1. This is a relatively soft criterion that indicates 
when t mixing is important among high-i. levels. The dotted line, on the other 
hand, denotes estimates by Sampson for the condition of complete statistical 
mixing derived by demanding that A ^ T°. > 1 for all levels nj (where j = 
£±1/2)«26 Since the np levels are strongly coupled to the ground state, this 
criterion is considerally more stringent than the first. It denotes the 
extreme plasma density above which a statistical distribution among excited 
levels must be assumed during the cascade process. Significant changes in the 
total emission rates occur if complete mixing occurs. 

As an example, for n e * 3 x I0 , 3cm~ 3, He + levels are completely mixed 
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for n > 3 while 0 7 + is fully mixed for n ^ 10, although significant nixing 
among higher I levels may occur for n ;>, C. Thus, while collisional mixing 
will be important in alpha particle diagnostics, the calculated rate 
coefficients for C 5 + and 0 7 + to = 1 transitions are reasonably accurate for 
impurity measurements. nixing among higher-A levels can, however, affect the 
fine structure correction to ion temperature measurements. Fortunately, these 
corrections vary by only 5% or so whether no or full mixing is assumed, level 
mixing should be most evident in the relative intensities of In > 2 
transitions, which are so far of little plasma diagnostic interest. 

In addition to the aforementioned intrinsic background radiation near a 
spectral line of interest, another source of nonlocali2ed radiation in the 
spectrometer line of sight at the same wavelengths as those of interest arises 
from electron-impact excitation of hydrogenic ions created along the neutral 
beam but outside the beam/spectrometer intersection region. These recombined 
ions form a plume which drifts along the magnetic field lines and can emit 
radiation in the plasma outside the intersection volume before ionizing. This 
ion plume effect is most severe for very light ions such as He +, whose 
electron impact excitation rates are high.i" It is also most important at low 
beam energies when the charge exchange excitation rate for the higher Rydberg 
transitions is very low but the total charge exchange rate is high, in both 
of these cases, appropriate choice of beam/spectrometer geometry minimizes 
these effects. 

VI. CONCLUSIONS 

Charge exchange recombination spectroscopy clearly provides a very 
versatile active diagnostic tool to probe the properties of high temperature 
plasmas. Its simplicity and modest instrumentation requirements have made it 
become a standard technique for ion temperature measurements in most major 
tokamak facilities. Despite its versatility, it does have limitations due 
mostly to the desire to use long wavelength transitions for these 
measurements. It is just the high-n Rydberg transitions of interest which 
require high beam energies for large excitation rates and which are mo3t prone 
to be perturbed by the surrounding plasma environment. However, th= ability 
to use fiber optic coupling and/or sophisticated optical imaging systems at 
long wavelengths is a tremendous advantage of this technique over other 
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spectroscopic diagnostic techniques. 

Future development of CXRS as a high temperature plasna diagnostic will 
inevitably proceed in several directions. Further refinements of the 
excitation rates for long wavelength transitions should allow these 
transitions to be used for absolute impurity density measurements. 
Increasingly sophisticated instrumentation involving imaging detectors, 
modulated diagnostic neutral beams, high throughput moderate resolution 
spectrometers, etc. are all being developed for present and future fusion 
devices. Experimental applications of CXRS to spectrometer calibrations, 
atomic rate coefficient determinations, neutral beam attenuation measurements, 
atomic physics studies of charge exchange with higher-Z ions, etc. will also 
Continue to mature in the near future. 

The measurement of fusion-produced alpha particles is one of the most 
challenging yet most important future applications of CXRS in fusion 
research. Operation in the qualitatively new physics regime where v„ > v „ 
will require an increased level of sophistication in both data acquisition and 
analysis procedures. However, such a diagnostic will be necessary to study 
the production of alphas expected in the present generation of large tokamak 
experiments. 
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FIGURE CAPTIONS 

FIG. 1 Experimental apparatus for charge exchange recombination 
spectroscopy on the PDX tokamak. (From Ref. 5) 

FIG. 2 Excitation of O VIII 102A (n = 3 •+ 2) emission by charge exchange 
induced by the pulsed diagnostic neutral bean in Fig. 1. (From 
Ref. 5). 

FIG. 3 (a) Time evolution of near-central H e + + density in the PDX tokamak 
after a short helium gas puff at the plasma edge. 
(b) Change in the central chord He + 304A radiation at the plasma 
edge. The H e + + density was measured with the apparatus in Fig. 
1. The solid and dashed lines in <a) represent solutions to the 
coupled transport equations [Eq. (2> in the textl tilth. v(r)/ D = 
0,8 9(ln ne)/3 r. (From Ref. 6). 

FIG. 4 Experimental arrangenent for ion temperature measurements in the 
PBx tokamak using CXRS. 

FIG. 5 Spectral signals from the PBX tokamak during neutral beam 
injection. (a) Time evolution of the charge-exchange-induced 
signal of O VIII 2976A (7-6) emissions, showing the 3harp increase 
in intensity when the northwest beam is on. (b) Behavior of the 
edge O III 2983A intensity which is excited by electron collisions 
throughout the discharge duration. (c) Spectrum in the 2980A 
range at t = 400 - 420 ms, just after the SW beam turns on. (d) 
Spectrum at t » 660 ms, showing the shifted and broadened charge-
exchange signal. 

FIG. 6 (a) Gaussian fit to a single line profile (At = 20 ms) of o VIII 
2976A obtained on PBX. (b) Relative intensities of the field-free 
fine structure components for excitation by 25 kev/amu neutrals. 

FIG. 7 Time evolution of the central ion temperature and rotation velocity 
in PBX obtained via CXRS. 
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FIG. 8 (a) Schematic of alpha particle velocity space, wherein the large 
circle represents Vgf the edge of the alpha-particle distribution, 
and the small circle indicates the relative size of v (b> 
Schematic diagram of CXBS experimental arrangement for measuring 
the fast alpha distribution. [(a) from Ref. 28]. 

FIG. 9 Rough estimates of the axpected CXRS signal in TFTR using a 40 
keV/amu D° diagnostic beam in a fi = 1 plasma. (a) Expected 
spectral distribution assuming classical slowing-down processes, 
(b) Spectrum calculated assuming a nonclassical distribution which 
is heavily depleted for v £ 8 x 10 8 cm/sec. The bremsstrahlung 
continuum intensity is also noted in (a>. 

FIG. 10 Estimates of critical n value for onset of fine structure level 
mixing due to plasma-ion collisions. The solid line represents 
estimates for the onset of mixing among the higher-% levels, while 
the da3hed line represents the condition for complete statistical 
mixing among all levels. S e is in units of 1 0 1 3 cm"3, TJ in ttev, 
and 3 is the nuclear charge of the hydrogenic ion. 
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