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Abstract

Doppler-free two-photon induced fluorescence in the Lyman-o: lines of
H, D and T has been suggested previously as a local and isotope-selective
diagnostic of the intrinsic neutral hydrogen densities in magnetically confined
fusion plasmas. In the present paper it is shown that the diagnostic potential
of this method is significantly increased if it is combined with neutral atom
beams whose characteristics are such that efficient production of thermal
groundstate atoms via charge exchange reactions is achieved. Considerably
deeper plasma regions than just the plasma edge can thus be probed and
local, isotope-selective information is obtained on the more relevant ions
rather than on the neutrals. Additional diagnostic possibilities, e.g. those
arising from the spectroscopic investigation of the beam particles themselves,
are also discussed.



I. Introduction

In nuclear fusion experiments which use a D/T fuel mixture and in future
fusion reactors the control and therefore the measurement of the D/T isotope
mix is indispensable for optimizing the fusion rate. A number of methods
for measuring this isotope mix, such as neutron flux measurements1 and the
analysis of escaping fast neutral particles,2'3 have been suggested in the past.
Generally, these methods are indirect and suffer from poor spatial resolution,
except perhaps the techniques which exploit active charge exchange reactions
with a neutral beam.3

Recently it has been proposed to use Doppler-free two-photon induced
laser resonance fluorescence in Ly-a for the temporarily and spatially resolved
measurement of the neutral hydrogen isotope densities.4"6 Without need
for absolute calibration, this technique would allow the determination of
the neutral isotope density ratios Tiff/no/nx, the concentration of H being
of interest for checking the plasma dilution. The density detection limit,
however, was found to be on the order of 1014m~3, which implies that in
large fusion machines the method is only applicable at the plasma edge.

While knowledge of the isotope mix in the plasma edge is of great impor-
tance for an understanding of the plasma and its interaction with the walls, it
is obviously not sufficient for an optimized burn control of a reactor. Indeed,
owing to the different transport properties of the three hydrogen isotopes,
the neutral isotope mix in the edge is very likely to be different from the
ionized isotope mix in the inner plasma regions. For complete information
on these mixes the total radial profiles of the density ratios njf/n^/nx and
nH+ /nD+ /UT+ would be required. Such complete information, however, is
difficult to obtain and present efforts conveniently concentrate on obtaining
the wanted information in some restricted domains of the plasma.

In the present paper we wish to draw attention to the diagnostic poten-
tial residing in the combination of two techniques which have so far been
investigated or applied only separately. One of them is the Doppler-free two-
photon spectroscopy mentioned above, the other is the use of a diagnostic
neutral beam, such as nowadays routinely installed on tokamaks. Neither
technique, when applied alone, would provide a spectroscopic means for de-
termining the D/T and H/D mixtures away from the plasma edge. Indeed, as
stated above, two-photon spectroscopy requires rather high neutral densities
which are not available in the deeper plasma regions. Similarly, the spectro-



scopic determination of densities by unique use of a neutral beam relies on
the observation of charge exchange recombination lines whose broad Doppler
profiles cannot be resolved for the different hydrogen isotopes, except per-
haps in the very edge. The application of two-photon spectroscopy to plasma
regions traversed by a neutral beam, however, might lead to an appreciable
extension of the plasma domain which can be explored. Charge exchange re-
actions between neutral beam particles and plasma ions may indeed produce
significant neutral particle densities also in the deeper plasma regions, which
then become accessible to Doppler-free two-photon spectr,oscopy. Moreover,
the information thus obtained actually concerns the intrinsic isotopic ion
densities rather than the intrinsic neutral densities, i.e. provides the more
relevant ratios nH+ /nD+/nT+ rather than the ratios nH/nD/nT of passive
(i.e. beam-independent) neutral densities.

For an optimal arrangement of such a diagnostic the two exciting laser
beams would have to be colinear with the neutral particle beam. With a
single beam geometry and different viewing lines one would thus be able to
explore all those points along the beam line in which the neutral particle
detection limit is attained.

The laser beams as well as the neutral particle beam have to meet crucial
requirements for the diagnostic to be applicable. Those of the laser beams are
discussed in the following Section II, which summarizes the main features of
Doppler-free two-photon induced Lyman-a fluorescence in magnetically con-
fined fusion plasmas. Section III will be devoted to the production of thermal
neutrals by neutral beam injection and to the conditions which delimitate the
domain in which Doppler-free two-photon spectroscopy is applicable. Fur-
ther output of this diagnostic technique, in particular the information ob-
tained from spectroscopic investigation of the beam particles themselves, is
discussed in Section IV. The main conclusions of this paper are presented in
Section V.

II. Doppler-free two-photon induced fluorescence in
Lyman-a

A. Principle of the process

"Doppler-free" two-photon induced Lyman-a fluorescence in a plasma
environment can be viewed as a three-step process. In a first step hydro-



gen ground state atoms are excited in the Lyman-a: transition by absorp-
tion of two photons, one from each of two counterpropagating laser beams
with frequencies close to half the Lyman-a frequency. In a second step the
atoms undergo collisional transitions (mainly caused by interactions with the
plasma ions) between the excited states; this leads to a redistribution among
the upper level populations. In a third step the atoms emit a fluorescence
photon by spontaneous decay from one of the excited states to the ground
state.. It is important to notice that the process is strongly influenced by the
combined Stark-Zeeman effect originating from the magnetic field B and the
electric field v x B (which is seen by an atom with velocity v). As a result
of this all but one of the excited states are linear superpositions of S and P
states5; hence they can connect with the ground state via both two-photon
(first step) and one-photon (third step) transitions.

The process is called " Doppler-free" because in the first of the three steps
the linear Doppler effect is largely eliminated by the antiparallel arrange-
ment of the two laser beams,5.6 As a consequence, the Doppler broadening
of the two-photon transition is reduced by several orders of magnitude. This
is essential for two reasons. First, the efficiency of two-photon absorption
relies heavily on a very narrow absorption profile which is necessary to com-
pensate for the intrinsically weak two-photon transition probability. Second,
for a clear spectral separation of the Lyman-o; lines of the three hydrogen
isotopes the widths of their absorption profiles must be much smaller than
the wavelength distances between the lines.

Owing to the elimination of the gross of linear Doppler broadening, the
two-photon absorption profile of each isotope appears well separated from
those of the others and basically forms a triplet corresponding to the Stark-
Zeeman effect. While the central component of the triplet remains nearly
unshifted from the unperturbed Lyman-a position and has a narrow profile,
the two outer components exhibit considerable shift and broadening. The
reason is that for a given atomic velocity v the outer frequency positions

are displaced by ±uL\/l + (6v±/ac) (LJL being the Larmor frequency, a the

fine structure constant and v± the component of v perpendicular to B ) and
show thus a wide spread due to the thermal distribution of i>j_ (motional
Stark broadening). It can be shown5 that this broadening is by far too large
to allow any efficient two-photon absorption in these transitions. We are
thus left with the central component as the only one which can be used for
our purpose. In the following we present a detailed discussion of its strength



and spectral profile, as these are most important for the determination of the
fluorescence yield.

As a consequence of the mixing between S and P states, the central com-
ponent includes only a fraction of the total 15" — 25 line strength. For an
atom with given velocity component v±, this fraction equals 1/(1 +/?2), where
P = 6vx/ctc. The remaining fraction is shared by the two outer components
each of which includes the portion /?2/2(l + ft2). Note that typical mean
values of 01 range between 0.5 and 5 when the temperature varies from 1-

To study the profile of the central component we notice that it is actually
made up of 2 (21 + 1) two-photon transitions (/ denoting the nuclear spin),
according to the different possible values of electronic spin quantum number
ms and nuclear spin quantum number m/. Thus we have four transitions for
hydrogen *H and tritium (where / = 1/2) and six transitions for deuterium
(where 7 = 1). Since the transition frequencies lie close together, however,
the influence of the corresponding splitting on the line profile is usually small,
although not always negligible. The profile is mainly governed by four broad-
ening mechanisms, which add to the natural broadening that is inherently
present. These mechanisms are

(a) residual linear Doppler broadening
(b) quadratic (relativistic) Doppler broadening
(c) motional Stark broadening
(d) collisional Stark broadening
Note that in strong laser fields one may also have ionization broadening,

which results from the shortening of the life time of the excited states due to
ionization by a third laser photon.

The mechanisms (a-c), which are all caused by the thermal motion of
the atoms, are conveniently elucidated by writing the detuning between the
sum of the angular photon frequencies and the atomic resonances Ui (v) (i —
1, 2, ...2 (21 + 1)), such as seen by an atom in its rest frame. This detuning
is given by

— ( fcl + &2 ) 'V
V J (^ (if), (1)

V 1 - W c)2

where k\, k% (with k\ + k^ — 0) denote the wave vectors of the two photons



and u)\, u-i their angular frequencies.

The term (&i + £2) • v in the numerator represents the linear Doppler
shift which, for any two photons taken from the two beams, vanishes ap-
proximately but not exactly. This is a consequence of the finite divergence
and finite bandwidth of the laser beams, which thus cause a residual linear
Doppler broadening. The denominator in (1) introduces a relativistic de-
pendence on the atomic velocity which is the cause for quadratic Doppler
broadening. Finally, the atomic transition frequencies LJ{ (y) , even though
they belong to the central component of the Stark-Zeeman triplet, show some
velocity-dependence caused by the Stark mixing of fine structure components
in the electric v x B field. This is the source of motional Stark broadening.

Equation (1) demonstrates that the three broadening mechanisms do not
act independently but are mutually correlated. This is illustrated in Fig.l
for the motional Stark and quadratic Doppler effect in the case of tritium.

Using the definitions i/t (v) = (2TT)~1 ut (v) yj 1 - {v/cf and vc = 2.4669541 x
1015 Hz, the curves represent the differences Ap(tT) = (i/i (v) — vc) /2 as a
function of f3 for the case where the component of v parallel to B vanishes.
The factor 1/2 in the frequencies has been introduced to make correspondence
with the mean laser frequency, which we assume equal in the two beams. The
magnetic field is chosen to be AT. The upper curves have been calculated
without quadratic Doppler effect, the lower ones without motional Stark
effect. The curves in the middle include both the motional Stark effect and
the quadratic Doppler effect. These curves show that there is a significant
cancellation between the two effects. Indeed, in the /3 interval presented in
the figure (which corresponds to temperatures of a few keV) the variation of
the transition frequencies is reduced from about 3GHz (which one would have
if each effect acted alone) to about lGHz as both effects act together. This
is equivalent to a substantial reduction of the corresponding line broadening.
As a fortunate consequence of this reduction, the two-photon absorption
probability is considerably higher than it would be if only one or the other
of the two broadening mechanisms would solely exist.

Note that the situation is quite similar for hydrogen 1H and deuterium.
The main difference is that for deuterium one has 6 (instead of 4) two-photon
transitions which, due to the smaller nuclear g factor of the deuton, lie closer
together than in the cases of hydrogen 1H and tritium.

For simplicity we henceforth assume the divergence and bandwidth of the
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laser beams so small that residual linear Doppler broadening is negligible.
Gathering the broadening mechanisms (b) - (c) mentioned above, the two-
photon absorption profile (as a function of the sum V\ + v2 of the two laser
photon frequencies) is the velocity average of a sum of Lorentzians,

2(2/ + 1) 4 - („ - Vi(v

where v = {y\-\-v-i) fa — (ki+k-^-v/An. The width parameters W(/3) are equal
for all of the 2(2/ +1) Lorentzians and represent collisional Stark broadening
plus natural broadening. Explicit expressions for these parameters in terms
of Zeff are given in Ref.6 for the case where one main isotope species (besides
impurities) causes the collisional broadening. The generalization to arbitrary
plasma compositions has meanwhile been performed7 and has been applied
in the profile calculations of the following section.

B. Fluorescence yield

The quantity of interest for the diagnostics under consideration is the
total (i.e. frequency-integrated) fluorescence yield as a function of the laser
frequency, observed in a given direction and possibly analyzed for a given
polarization. Assuming the process to be far from saturation and stationary
(which is legitimate for laser pulses longer than the 2 ns spontaneous decay
time of the excited atoms), the number of detected fluorescence photons can
be expressed as6

AT = 2 . 7 x l 0 - 9 ^ ^ ^ ^ ( | e 1 . e 2 | 2 F c ( , ) > , (3)

where all quantities are in SI units and where

In Eq.(3), UA is the atomic ground state number density, E\ and E2

are the pulse energies of the two laser beams, At is the pulse duration and
observation time (both assumed equal), r and I are the radius and length of
the observed volume (assumed cylindrical) of the overlapping beams, and fi
is the solid angle of the observed light cone. Further, fj, and e are loss factors;



the first includes losses of the excited atoms caused by ionization by a third
photon, by stimulated two-photon emission and by escape from the observed
volume; the second represents all transmission losses of the optical detection
system, including the quantum efficiency of the detector. (Note that owing
to the large Doppler width of the emitted fluorescence, losses due to radiation
trapping in the plasma are usually negligible.) (• • •) denotes an average over
the radiation modes of the two laser beams, characterized by the frequencies
v\i vi > wave vectors ki, &2 and polarization vectors e\, e2. The function Fc

occurring in the average is defined in Eq.(4); it represents an average over
atomic velocities with /(t?) denoting the velocity distribution. The numerator
in (4) is of the form Z(J3,0, i/>) = Z'(J3) + Z"(J3) sin2 •& cos2 xp, which is a weak
function of (3 and the plasma parameters. Here, $ is the angle between the
line of sight and the magnetic field and tp the angle of a linear polarizer
analyzing the fluorescence; Z'(/3) and Z"(/3) are related to the quantities X
and Y defined in Ref.5 by Z' = 3(1+f32)X and Z" = 3(l + f32)Y. The
function Z remains of order one for all values of /5, $ and tp and becomes
exactly one upon averaging over $ and summing over two perpendicular
polarizations tp. It reflects the anisotropy and polarization of the fluorescence;
both are induced by the magnetic field and subsist due to an "incomplete"
collisional redistribution among the excited levels.

If the spread of the laser modes (k, e) can be neglected and the scalar
product of the polarization vectors has the maximal value of one (e.g. linear
polarization in the same plane or circular polarization in the opposite sense),
the average in Eq.(3) simply yields Fc (VL), where VL is the mean laser fre-
quency. Fc (VL) characterizes the variation of the fluorescence when a laser
with small bandwidth is tuned over the atomic resonances.

Figure 2 shows Fc{yL) for various temperatures (assumed equal for all
particle species) and Zeff—values as a function of the laser detuning AVL =
vL - ve/2, where vc = 2.4660563 x 1015 Hz for 1H,vc = 2.4667273 x 1015 Hz
for D and uc = 2.4669541 x 1015 Hz for T. All profiles are calculated for
& = TT/2 (observation perpendicular to the magnetic field) and summed over
the two polarizations. The electron density and the magnetic field are ne =
3 x 1019m~3 and B = 4T, respectively. The plasma is assumed to contain
equal portions of deuterium and tritium plus some impurities.

The curves in graphs (a) and (b) have been calculated for deuterium
atoms, those in graphs (c) and (d) for tritium atoms. The effective ion
charge number is Zeff = 1 in (a) and (c) and Zeff = 3 in (b) and (d). In
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each graph the temperature changes by a factor of about three from one
curve to the other. The relatively strong dependence on the temperature in
(a) and (c) is due to the predominance of inhomogeneous (motional Stark and
quadratic Doppler) broadening over collisional Stark broadening. It shows
that knowledge of the temperature is indispensable for absolute neutral den-
sity measurements. (It might in such cases be obtained from independent
diagnostics or from the present diagnostic if the shape of Fc (vL) can be deter-
mined by tuning the laser over its profile.) On the other hand, the situation
is less critical for measurements of the fuel mix because these basically re-
quire the peak ratios of the corresponding Fc (UL) curves for D and T. These,
however, show only a weak dependence on the temperature, which is thus
not required with high precision.

In graphs (b) and (d) the dependence on the temperature is less pro-
nounced because collisional Stark broadening here provides a significant con-
tribution and prevails for the lower temperatures. Also, there is no clear ten-
dency of the temperature-dependence in cases where the contribution of in-
homogeneous broadening is small: increasing the temperature monotonously
from O.lkeV to lkeV leads to first raising and then lowering the fluorescence.

Comparing graphs for equal temperatures but different Zeff shows a
strong Ze//-dependence for temperatures below ikeV, where collisional Stark
broadening prevails. Which kind of broadening predominates in a given pro-
file can to some extent be inferred from its shape: it is strongly asymmetric
when inhomogeneous (motional Stark plus quadratic Doppler) broadening
prevails and resembles a Lorentzian (like the low-temperature curves in the
right graphs) when collisional Stark broadening is dominant.

A general feature of all line shapes presented in Fig. 2 is the drastic
decrease of the peak intensity with increasing temperature. This is only
partly due to the larger inhomogeneous broadening. A second reason is that
when T becomes large, the two-photon excited states gradually loose their
S-contribution (which is picked up by the excited states of the outer compo-
nents of the Stark-Zeeman triplet) and tend to pure P-states (see the factor
l/(l+/32) in Eq.(4)). Hence, as T tends to infinity, the two-photon absorption
rate and thus the total fluorescence yield then tend to zero.
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C. Experimental requirements and detection limit

For a maximization of the fluorescence yield and also for a good resolution
of the spectral structure of Fc (v) the spread of radiation modes (k, e) in
the laser beams should, if possible, be kept so small that no appreciable
broadening is added to the intrinsic broadening of Fc (is). The width of the
latter being typically on the order of lGHz (see Fig.2), it is thus desirable
that both the laser bandwidth and the broadening introduced by the beam
divergence be kept below this value. This implies6 that the divergence angle
should stay distinctly below lmrad.

Maximization of the first factor in the rhs. of Eq. (3) is achieved by an
optimal choice of the intensities of the two laser beams. For given laser
pulse energies E\ and E-i this amounts to choosing for r2At the smallest
possible value that is compatible with reasonable values of the loss factor
fji. The most restrictive lower limit turns out5 to arise from the ionization
of the excited atom by a third laser photon. Indeed, when for instance
the focal radius r is steadily decreased, the laser intensity (for given pulse
energy) eventually increases to values where the probability for ionization
of the excited atoms exceeds the one for spontaneous decay. Denoting by
rCi the critical focal radius where both are equal and assuming the same
pulse energy E\ = £72 = EL for the two beams, we have approximately5

r%At = 7.8 x 1Q-13EL [SI]. Putting this into Eq.(3) causes the photon
number to be directly proportional to the laser pulse energy EL-

For an evaluation of the precision of the diagnostic, we write the expected
experimental error (noise -to-signal) for the observed photon numbers as

AN
N

where Np is the number of background photons entering the measurement.
This expression assumes that the shot noise of the detector is the main error
source and that it obeys Poisson statistics. It holds under the assumption
that the background emission can be measured on a much longer time scale
(e.g. between the laser shots) than the fluorescence; otherwise Np in Eq.(5)
would have to be multiplied by a factor of 2. Essentially in accordance
with Ref.5 we evaluate the error for Np = 2rlClAt x K F n r ' s r - V 1 . The
assumed photon flux is characteristic for the cool edge emission at the Ly-
a wavelength far from limiters, antennas and cold gas injection ports. It
is quite independent of the tokamak size and exceeds the Bremsstrahlung,
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even in such large tokamaks as ITER. Ly-a background emission arising from
beam-created neutrals (in case a neutral beam is used) can be ignored because
it remains much smaller than the cool edge emission in all cases where the
background is the dominant factor for the determination of the noise. For the
remaining parameters we choose r = rc,, I = 0.15 m, Q, = 10~2sr, At = 3 ns,
fi = 0.5, e = 0.13. The number of photons iV is calculated from Eq.(3) on
assuming the line shape of Fc(v) unaffected by laser broadening; it is taken
at peak intensity. Table 1 presents the results thus obtained for deuterium
atoms. The relative error AN/N is indicated there for ne — 3 x 1019rn~3,
Zeff = 1 and for different values of HA, T and EL- The numbers in parentheses
indicate the errors AN/N that one would have if there were some way to
suppress the Ly — a background radiation (Np = 0). Since this is primarily
emitted from the cold plasma edge, implying a spectral width smaller than
that of the fluorescence line, a filter with a bandwidth adapted to this narrow
line might diminish Np significantly and lead to approaching the relative
errors given in the parentheses.

Assuming background radiation to be fully present, it is seen from Table
1, that for not too high temperatures (T < 3 fceV, say) it should be possible
to measure neutral particle densities down to values of the order of nc =
1014 mT3. We will take this number as the detection limit in the forthcoming
considerations. Note, however, that to achieve measurements near this limit
for temperatures exceeding a few keV, considerably higher laser pulse energies
than those indicated in the table would be required.

With regard to the present status of laser technology we refer to the re-
cent progress which has been achieved at PTB in Berlin.8 A high quality
solid-state laser spectrometer has been developed there, which is tunable at
243nm, provides pulses of 3ns duration with energies of 30 — 50mJ (very
probably extensible to lOOmJ in the near future), has a bandwidth smaller
than 500MHz and a beam divergence less than 1 mrad. With these perfor-
mances the diagnostic should presently be applicable in edge and divertor
regions of large tokamaks; it should further be applicable in the main plasma
up to temperatures of 1-2 keV if there is some way to create neutral densities
in excess of nc. It will be shown in the next section that this can be achieved
with the help of a neutral beam.
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III. Thermal neutral atom production by neutral beam
injection

A. Definition of the model

In order to investigate the conditions under which a diagnostic beam
can produce neutral densities above the detection limit nc, we have per-
formed a model calculation for a neutral deuterium beam penetrating radi-
ally a deuterium or deuterium-tritium plasma that may contain some C6+

impurities. For the numerical applications we have considered three toka-
mak scenarios, one corresponding to a tokamak of medium size (small ra-
dius a = 0.76m), represented by an ohmic deuterium discharge (#14317
@ 5s) of Tore Supra, the other two to ITER-like plasmas with small ra-
dius a = 2.8 m. The density profiles of the two ITER scenarios are ne =
ne\ + (ne0 - nel) (l - {r/a)2)P with n^ = 1.4 x 102Om-3, nel = 0, p = .5 for
the first case and n^ = 1.3 x 102Ora~3, % = 5 x 1018m"3, p = .1 for the
second case. For the temperature (assumed equal for all particle species) an

analytic profile, T = 20 keV (l — (r/a)2) , has been chosen in the first case,
while in the second case it was taken from a model calculation for ITER.11

The density and temperature profiles of the three scenarios are shown in
Fig.3. We have chosen plasma compositions corresponding to Zeff — 1 or 2
in all of the three cases and to equal portions of D and T in the two ITER
cases.

The neutral beam was assumed to have cylindrical geometry with Gaussian
distribution in the directions perpendicular to the beam axis. The number
density of the beam atoms is thus of the form

(6)
*Pb

where x is the space vector which is here expressed in terms of cylindrical
coordinates, p and r (plasma radius) being the radial and axial coordinates.
Further, nD(r) denotes the line density along the beam axis and pb charac-
terizes the beam radius.

To derive the thermal neutral densities originating from charge exchange
in the beam and to determine the beam characteristics required for maximiz-
ing these densities for the application of two-photon spectroscopy, we have
proceeded in three steps, as described in the following three subsections B,
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C and D. These sections address, consecutively, the calculation of the beam
attenuation, of the density of beam-created neutrals, and of the beam par-
ticle energy and beam power required for creating sufficiently high neutral
densities to allow spectroscopical application.

B. Beam attenuation

The attenuation of the neutral beam has been calculated on accounting for
all possible ionization processes. These include impact ionisation by collisions
with electrons and all ion species (D+,T+, C6+) as well as charge exchange
processes with all ion species. The ionisation of excited fast neutrals was
accounted for by calculating effective beam attenuation coefficients using the
cross section data and the radiative-collisional model of ADAS.12 For high
plasma densities (ne > 6 x 1019m~3) and/or high beam energies (Ebeam >
100 keV/amu), this effect was found to contribute as much as 10 — 20% of
the total effective ionisation rate.

The resulting expression for the density of beam atoms shows an expo-
nential decay towards the interior of the plasma. Assuming radial beam
injection in the equatorial plane of the tokamak, the line density is given by

nD(r) = nD(a)exp(- aeffnedr'). (7)
JT

where a is the plasma radius and aeff the effective attenuation cross section
covering globally all the ionisation processes mentioned above. The beam
attenuation factors nD(r)/nD(a) resulting for the three scenarios considered
are presented in Figure 4 for various beam particle energies.

C. Density of thermal neutrals

1. Birth and loss processes

The densities n^o and riro of thermal neutral D and T atoms in the vicin-
ity of the neutral beam result from competing birth and loss processes. The
birth processes are charge exchange reactions between the plasma ions and
the beam neutrals. Losses of the beam-created neutrals are due to impact
ionisation by electrons and D, T and C ions (the electrons being predomi-
nant), as well as to diffusion of the neutrals out of the beam (halo effect21).
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The local birth rates (per unit volume) of the two particle species are, in
obvious notations,

D+ (acx \vD+ - vbeam\), bT = nb£aTnnT+ (acx \vT+ - vbeam\),
(8)

where the brackets signify thermal averages over relative velocities.
The local loss rates (per unit volume) due to impact ionisation are given

by

= nD0 I ne {aDeve) + J ^ m{am\vD+- vi+\)
i=D,T,C

ne (°Teve) + 2 ^ rii {aTi \vT+ - vi+\) \ , (9)
i=D,T,C /

where the first term in each of the parentheses corresponds to ionisation by
electrons, the second to impact ionisation by ions. The pointed brackets
denote again thermal averages over all velocities they involve. In our numer-
ical calculations we have used well validated cross sections from the ADAS
atomic data base12for all ionisation processes (impact and charge exchange
ionisation). For electron impact ionisation we have adopted the more recent
cross sections from the ALADDIN base.13

The diffusion is governed by the various charge exchange processes (D/D+,
D/T+,T/T+,T/D+) that may occur between the thermal neutrals and the
thermal main ions. After a neutral thermal D or T atom has been gener-
ated by charge exchange with a beam atom, it propagates along a straight
line until it undergoes a collision. This may be a charge exchange collision
by which a new neutral (D or T) is created which continues to propagate
along another straight line until a new collision, or an ionizing collision by
which the neutral is lost. One is thus dealing with a quasi-diffusive process
where a neutral particle that consists of an individual bound electron and
an interchangeable nucleus follows a diffusive trajectory until it is lost by
an ionizing collision. Typically some five thermal-thermal charge exchange
reactions occur before ionisation.

In cases where the neutral isotopic density ratio deviates from the ion-
ized one (see subsection 3), the thermal-thermal charge exchange reactions
mentioned also enter the birth and loss rates given in Eqs.(8) and (9). The
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reason is that the transfer rate of bound electrons from D to T nuclei is then
not necessarily equal to the one from T to D nuclei; this implies an additional
loss rate for one particle species and a corresponding gain rate for the other.

2. Quasi-diffusive model

An approximate way of investigating the extent of the neutral halo con-
sists of looking upon the diffusion as a random walk process that is based on
the same probability distribution for the lengths of all single walking steps.
A necessary condition for such an approximation to be reasonable is that the
diffusion process can be localized to a domain where the plasma parameters
do not vary noticeably. This is the case when the extent of the halo is small
compared with the characteristic lengths over which the plasma parameters
vary.

Let us assume a charge exchange reaction has created a thermal neutral
D or T atom at some point a? in the plasma. One may then ask for the
probability distribution w(x, t) that after time t the bound electron of the
created particle is tied to some D or T nucleus at point x. If no impact
ionisation has taken place up to this time and if the number of steps is large
compared to one, this probability distribution is given by14

/ "\T \ 3 / 2

^k exp("3r |f/"*'/2Xh)

Here r and A2 denote the mean step duration and mean squared step length,
respectively. Note that the assumption of a large number of steps made to
derive (10) leads to a slight overestimation of the extent of the halo. Assum-
ing the steps to be stochastically independent (which is an approximation),
the variance X2t/r is composed additively of the contributions provided by
the single steps. This implies

A_£ _ XDtp \Ttr , v

T TD TT

where subscripts D and T refer to situations where the bound electron belongs
to a D or T atom, respectively. Thus tD (tr) is the part of the total duration
t which the electron has spent with D (T) nuclei. Writing the total (main)
ion density as n+ = UD+ + nr+y the mean number of steps corresponding
to the two situations is tT>lTD = {nD+/n+){t/T) f°r D atoms and £r/rT =
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(riT+/n+)(t/T) for T atoms. Since t = tr> + tr and t/r = t^/Tv + tr/Tx, we
find

A2 = — (nD+\2
D + nT+\%) , T = — (UD+TD + nT+rT). (12)

Here

XD = V2(vDt[nD+ (vDDacx{vDD))f+nT+ {vDTacx(vDT)) / ] ~ 1 ^

\T = y/2 (vTt[nD+ {vTD(Tcx{vTD))} + nT+ (VTT^CX(^r))/]"1}^ (13)

are the square roots of the mean squared free paths (larger by a factor of
y/2 than the mean free paths1) of neutral D and T atoms against charge
exchange and

r= [nD+ (VDDVCX (VDD)) + nT+ {vDTacx {vDT))]

(14)

are the corresponding mean life times. Velocities with two subscripts signify
relative velocities, e.g. VDD = vDt — v^f, Vjyr — ̂ Dt ~ ^Tf 5 where subscript
t refers to a test particle and subscript / to a field particle. The averages
(...) are over all velocities involved, the averages (...)t and (...)f over test and
field particles, respectively.

In order to convert the probability density (10) into a neutral particle
density, we introduce the total neutral density and the total birth and loss
rates per unit volume as

no = nD+nT, b = nb£amb, I = rial (15)

where b and I are the total birth rate per beam atom and loss rate per thermal
atom, respectively. Prom Eqs.(8) one has

b = (™D+ (°cx Î -D+ - ^eoml) + ™r+ ((?cx WT+ ~ Vbeam\}) , (16)

while I is approximately

I « - {ID + h) , (17)

assume the single step lengths to obey an exponential distribution.
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where ID and IT are given in Eqs.(9). In our calculations all cross sections in
Eqs.(8), (9), (13), (14) and (16) have been taken from Ref.13

To calculate the thermal neutral particle density no(x) at point x we first
evaluate the contribution to no(x) arising from those atoms that are created
in a volume element d3x* at point x1. With the loss due to impact ionisation
included, this contribution becomes

dn0 = b(x*)d3x' f w(x,t- t')e-V'^dt' (18)
J—oo

Using Eq.(lO) the integral in this expression evaluates to (3T/2TTA2 |af — x\) x

exp (— y/&lr/\2 \x* — x\ 1. On summing up the contributions of all locations

in space we thus obtain

-x\/Si) 3 ,
| dx

where we have introduced the ionisation length

Si = X/V&r. (20)

In addition to neglecting the variation of the plasma parameters in the
integration domain of (19) we now also ignore the variation of n£>{r) in that
domain, i.e. we assume the attenuation length of the beam much larger than
the ionisation length Si (which is roughly the extent of the halo). Using
Eqs.(6) and (15), the birth rate in (19) can then be written as

5(*) = H?- eM-(p'/pb)
2W) - ^mie-^? (21)

Since (19) is a convolution integral, it can be evaluated by Fourier trans-
formation. With the help of (21) we thus obtain

(22)

where

H(p,a)= r Jo
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is a universal function of the quantities p = p/pb and a = Si/pb, which are,
respectively, the distance from the beam axis and the ionisation length, both
normalized to the beam radius. Jo is the Bessel function of the first kind of
order zero. The quantities fiD,b,l,Si have all to be considered as functions
of r.

Of particular interest is the value of H on the beam axis which is

L ( L ) ( i ) , (24)

where Ei (z) = — ff° (e*/t) dt denotes the exponential integral. For ionisation
lengths much shorter than the beam radius (a <C 1), diffusion effects are
negligible and H takes the form of the distribution of the fast beam atoms:

H(p,0) = exp(-p2). (25)

This is also the result one obtains when neglecting the halo from the outset.
For ionisation lengths comparable to or larger than the beam radius, H (p, a)
spreads out with respect to (25), implying a significant extent of the halo
and a lowering of the thermal neutral density no on the beam axis. Some
examples of this behavior are shown in Fig. 5 (a) which presents halo profiles
for constant beam radius and different ionisation lengths Sj. The highest
curve (SJ = 0) has the same form as the beam profile.

It is also interesting to analyze how no varies with the beam radius pb
when the line density nD is kept constant. This situation occurs, e.g., when
one tries to focus a beam with given power to a minimal cross section. For
constant nD, Eq.(22) is conveniently written as

, r) = ̂ F (£,<?), F (p, a) = a2H (pa, a) (26)

where the radial coordinate p and the beam radius pb are now referred to
a fixed value of the ionisation length Sj. Halo profiles for various values of
Pb/si — a"1 are shown in Fig.5(b). For comparison, the corresponding beam
profiles (normalized to the halo peaks) are also shown. It is seen that nar-
rowing the beam favors high thermal neutral densities on the beam axis in
spite of the fact that the halo cross section becomes then much larger than
the beam cross section. In the case of very narrow beams (a ̂ > 1) the rhs. of
(24) simplifies to In (4a2/j) /4a2 (7 = 1.7811 being Euler's constant) so that
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the thermal neutral density on the beam axis can then be expressed as

$K>- (27)

It follows from this result that to maximize no(0, r) the beam radius pb should
be chosen as small as possible within the constraints arising for technical
reasons. In our numerical applications pi, was set equal to 10 cm.

In order for two-photon spectroscopy to be applicable, the detection limit
established in Sec.II (nc = 1014m~3) must be attained on the beam axis by
the densities of both D and T atoms. To the extent that n£>/nT = n£>+/nr+
(which is assumed in the above model) these densities are obtained from (22)
as nD(p,r) = (nD+/n+)n0(p,r), nT(p,r) = (nT+/n+)no(p,r).

While the above model is sufficient for an investigation of the conditions
under which the diagnostic is applicable, it does of course not provide all
the details that are required for a quantitative evaluation of the measure-
ments themselves. For example, the model cannot account for differences
in the D and T halos which may arise from the different thermal veloci-
ties. Slight differences in the two halos may contribute to deviations of the
beam-created neutral density ratio XIDJUT from the original ion density ratio
nxj-f /TIT+ • Since the aim of the diagnostic is to determine 7iD+/ny+ through
measurement of UD/TIT , it is clear that a more refined halo model is needed
to permit accurate evaluations of the diagnostic itself. As will be discussed in
the following, still larger deviations between TID/HT

 a n d n£)+/riT+ may arise
from the velocity-dependence of the beam-ion charge exchange cross sections
occurring in Eqs.(8), especially when the beam energy is small.

3. Deviation between neutral and ionized isotope density ratio

When the beam particle energy is not much larger than the thermal
energy of the ions, the thermal relative speeds of the D and T ions with
respect to the beam atoms become noticeably different. Hence the beam-
ion charge exchange cross sections and thus the birth rates per plasma ion,
^DI^D-V and 6T/^T+ (see Eqs.(8)), become different too. As a consequence
one expects that nnfriT deviates from nz>+/nr+- Since this effect may be of
importance for the diagnostic we propose, we give here an estimate of its
order of magnitude.

On neglecting diffusion (which affects the absolute densities UD+ and
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TIT+ but scarcely the ratio riD+/nT+) but including the birth and loss terms
arising from thermal-thermal charge exchange processes between D and T,
the total birth rates for D and T atoms are, respectively, ftp +nD+nrC£>T and
bx + TIT+TIDCDT, while the corresponding loss rates are ID + TIT+TIDCDT and
ir + nD+riTCDT- Here we have defined CQT = {\VDT\ ̂ ^DT)), which measures
the charge exchange rate between D and T. Defining further the birth rates
per ion, bjj = bD/nr,+, b? = br/nr+i and loss rates per atom, lD = lD/nD,
IT = ITI'^TI and equalizing, for each particle species, the total birth and loss
rates to account for a stationary situation, we obtain the balance equations

+ nD+nrCDT = I D U D + T + D D T

(28)

Solving these equations for HD/TIT yields

nD/nT = a (nD+/nT+) (29)

with
_ ftp {h + np+cDT) + nT+brcDT . ,

br (ID + n T + c D r ) + ^ f t c

The deviation factor a is presented in Fig.6 as a function of the beam particle
energy for ion temperatures ranging between 1.5 and 20 keV and for three
very different values of nD+/nx+- It is seen that a depends only weakly on
this ratio and that it does not descend below 0.94, even when the thermal
ion energies are comparable to the beam particle energy. Deviations between
nr)/nT and riD+/nT+ are thus less than 6%. It is noteworthy that corre-
sponding deviations in a H/D plasma are higher, but still remain below 15%.
In diagnostic applications such deviations can, if necessary be accounted for
by using Eqs.(29) and (30).

D. Required beam characteristics

1. Optimal beam particle energy

The thermal neutral density on the beam axis, as given by Eq.(27), de-
pends on the beam parameters through two factors, namely the line density
of the beam atoms, no(r), and the birth rate per beam atom, b(r). These fac-
tors show an opposite dependence on the beam particle energy: while
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increases with rising energy due to better penetration (see Eq.(7)), b(r) de-
creases with rising energy due to smaller charge exchange cross sections (see
Eq.(16)). As a consequence, for each value of the radial coordinate r, there
is an optimal beam particle energy Eopt(f) for which the product nD{r)b(r)
is maximal.

We have evaluated the function E^^) for the three tokamak scenarios
mentioned earlier. The results, wich are presented in Fig. 7, show that fairly
small beam particle energies (20 — 50 keV/amu) are optimal for tokamaks
of medium size and also for moderate penetration depths (a — r < 0.6 m)
in tokamaks of large size. Energies of 80 keV/amu and higher are optimal
in large tokamaks when the penetration depth distinctly exceeds 1 m. Note
that at these higher energies (« 100 keV/amu) the exact choice of Eopt(r) is
not critical because the energy dependence of the production rate of thermal
neutrals is here rather weak.

2. Required beam power

Once the optimal beam energy E^iy) has been determined for a given
radial coordinate r, the birth rate per beam atom, b(r), is fixed and the only
open beam parameter remaining in the expression for the neutral density
no(0,r) (see Eq.(26) or (27)) is the line density nD(r). Through Eq.(7) this
parameter is related to the line density nD(a) at the plasma edge, which is
in turn connected with the beam power P by the relation

(31)

Thus in order for no(0,r) to attain the spectroscopical detection limit of
10um~3, the beam power must exceed a critical value Pcrit(

r) which follows
from Eqs.(7), (27) and (31).

The results we have obtained for Pcrit(
r) a r e plotted in Fig.8 for the three

tokamak scenarios we are considering2. The figure presents the required
beam power as a function of the penetration depth of the diagnostic (distance
I = a—r from the edge). It is seen that with a beam power of less than 1 MW
the diagnostic might be applied to the whole plasma radius of a tokamak like
Tore Supra and that with 10 MW it might cover more than a meter of the

2 Due to the more accurate optimization procedure and refined halo model used here
the Pcrit values of curve 2 are distinctly lower than in our preliminary treatment presented
in Ref.15
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outer plasma radius of a tokamak like ITER. As can be seen from Fig. 7, the
corresponding beam particle energies for the two ITER scenarios are about
40 — 50 keV/amu. The required laser pulse energy is of the order of 50 mJ
for these cases.

As an example of a short-pulse (J=S 1 /is) multi-GW beam (under develop-
ment, but not yet accomplished16) or of several high-power beams focussed
onto the same point it is also reasonable to tentatively consider a beam power
of 2 GW for which the diagnostic would cover more than two meters of the
outer plasma radius of a tokamak like ITER. In such cases the beam particle
energy and the required laser pulse energy would be about 100 keV/amu and
700 mJ, respectively.

We note that according to the model chosen above the results mentioned
hold for the determination of the mixture D/T. Owing to the much lower
densities of traces of 1H similar measurements concerning H/D would require
considerably higher beam powers or would have to be restricted to plasma
regions closer to the edge. For example, one may deduce from curve 3 of Fig.8
that with a beam power of about 10 MW it would be possible to detect 1H
traces down to 5% of the electron density up to half a meter from the edge.

Finally, we would like to emphasize that the precision of the results pre-
sented in Fig.8 is necessarily poor, beause any small error in the beam stop-
ping cross sections is amplified by the exponential in the rhs. of Eq.(7). Thus
a 10% error of aeff would induce an inaccuracy of about 30% at a beam pen-
etration depth of I = Ira. At I — 2ra the inaccuracy would even attain a
factor of two.

IV. Further diagnostic output

A. Information from spectrally resolved line shapes

Several plasma parameters in addition to the isotopic density ratio can
in principle be inferred from the laser-induced fluorescence when the laser
bandwidth can be kept small compared to the intrinsic spectral widths of
the profiles Fc(uL) (see Eq.(4) and Fig.2). By tuning the laser frequency uL

over these profiles and measuring their shape, information is obtained on the
causes of the broadening mechanism that is prevailing in a given situation.
Thus collisional Stark broadening provides knowledge on Zeff (assuming the
electron density to be known from independent diagnostics) while quadratic
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Doppler and motional Stark broadening provides knowledge on the temper-
ature of the emitting particle species. As already mentioned, the dominant
broadening mechanism can to some extent be identified from the detailed
form of the line profile. Thus when it is symmetric and close to a Lorentzian,
it is essentially collisional Stark broadening; when it is distinctly asymmetric,
it is essentially quadratic Doppler and motional Stark broadening.

Measurement of the temperature and even of the velocity distribution of
the emitting particle species is also possible by giving the two laser beams
a slight crossing angle instead of aligning them in exactly antiparallel direc-
tions. Some linear Doppler broadening is thus deliberately introduced, with
the possibility of controlling the line width by an adequate choice of the an-
gle between the two beams. The Doppler profile thus observed corresponds
to the distribution of that velocity component which is perpendicular to the
beams and lies in the plane spanned by them. By rotating this plane about
the beam axis, the velocity distribution in all directions perpendicular to the
beams can thus be explored. Generally, this provides a possibility of mea-
suring both the toroidal and the poloidal component of the plasma rotation
velocity.

B. Information from the polarization of the fluores-
cence

As a consequence of incomplete collisional redistribution among the ex-
cited states the fluorescence is polarized5".7 For not too small temperatures
(typically T > 0.3keV) one has a polarization, i.e. the polarization plane
is perpendicular to the magnetic field. The reason is that due to the high
electric v x B fields the two-photon excited central component of the Stark-
Zeeman triplet has large P contributions from the (I = l,ra = ±1) states
which enable it to radiate a a photon by direct decay to the ground state
before undergoing collisional transitions to the other excited states. For
small temperatures and not too small electron densities (typically neZeff >
1018m~3) the situation is reversed. The vx B fields are then small so that the
central two-photon excited component has only small P admixtures. Hence
it is almost metastable, with the consequence that the fluorescence is mainly
induced by collisional transitions to the neighboring states. The nearest and
thus favored one is the central P (m = 0) state, which gives rise to vr polar-
ization..
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It follows from the above that the polarization of the fluorescence can in
principle be exploited for a determination of the magnetic field direction. A
detailed analysis5'7 of the expected experimental error has shown, however,
that the neutral densities required for such measurements are noticeably
higher than the detection limit that has been established for neutral density
measurements. An alternative way of determining the magnetic field direc-
tion consists of analyzing the fluorescence of laser-excited beam atoms, as
will be discussed in the following.

C. Information from laser-excited beam atoms

Besides the thermal neutrals resulting from charge exchange, the fast
atoms of the neutral beam can likewise be excited in their two-photon tran-
sitions3. In contrast to the thermal neutrals, however, not the central com-
ponent but the outer components of the line multiplet are here accessible
to the excitation process. The reason is that owing to the large velocity of
the beam atoms the motional Stark effect entirely dominates over the Zee-
man effect, with the consequence that only the two outer excited levels have
S-contributions, while the central upper level corresponds to pure P states.
Also, the outer components of the beam neutrals, as opposed to those of the
thermal neutrals, do not show significant broadening because the beam is
essentially monokinetic. Hence the excitation of these components can be
achieved with high efficiency.

Owing to a large linear Doppler shift, the fluorescence lines of excited fast
neutrals are clearly separated from those of the thermal neutrals (assuming
the direction of observation is not perpendicular to the neutral beam). In
contrast, the various components of the Doppler-free two-photon absorption
lines of fast and thermal H, D and T atoms lie rather close together and
may even coincide accidentally for some particular beam particle energies
and magnetic field values. Figure 9 presents these components as a func-
tion of the beam particle energy for the case B± = 4T, where B± is the
magnetic field component perpendicular to the neutral beam. The curves in
the figure represent the frequency differences VH{Q) ~ îf(O), ^D(<1) — ^#(0),

3 One-photon transitions in both the central and outer components are equally feasable
in a mono-kinetic beam. These, however, are not discussed in the present paper be-
cause they require a laser system quite different from the one considered for two-photon
excitation.
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i/T(q) - i/H(0), where vH(Q) = 2.4660563 x 106GHz is the unperturbed Ly-
a transition frequency of hydrogen 1H and VH(Q), Vr)(q) a n d VT(Q)

 a r e the
(linearly Doppler- free) two-photon transition frequencies of hydrogen, deu-
terium and tritium. In this notation q = 0, ±1 designates the central and the
two outer components of the Stark-Zeeman triplet. While q = 0 is relevant
for the excitation of the thermal neutrals (the effects presented in Fig.l are
here omitted), q = ±1 is relevant for the excitation of the fast beam neutrals
(including H and T besides D). Numerically one has

VH,D,T(Q) = "H,D,T(Q) - \q\ (2.6287 E - 13.996 q B±y/l + 1.441 # ) GHz
(32)

where VH,D,T(Q) equals, respectively, the three i/c values given in Sec.II.B
for H, D and T. Further, E denotes the beam particle energy in keV/amu,
B± the perpendicular magnetic field component B± in tesla. While fine and
hyperfine structure has been neglected in Eq.(32), the Zeeman effect has been
included (for the particular case B = B±) to guarantee a correct behavior
for small beam particle energies. The first term in the brackets represents
the quadratic Doppler shift arising from the beam velocity, the second term
the Stark-Zeeman splitting.

There are various crossing points between the curves (32); in the example
chosen in Fig.9 (B± = 4), 14 such crossings occur. A few of them might be
of some relevance for the diagnostic, e.g. with regard to the possibility of
exciting fast and thermal neutrals with the same laser shot. We here mention
the first crossing of the upper component I^D(+1) of the Stark-Zeeman triplet
of fast D atoms with the central component vT(ti) of thermal T atoms. This
crossing occurs for E = 49 when B± = 3, for E = 23 when B± = 3.5, for
E = 15 when Bj_ = 4, and for E = 8 when B± = 5; it thus shows a very
sensitive dependence on the magnetic field strength. Thus if a spectroscopical
localization of such a crossing point in the plasma were possible, this would
also imply an accurate determination of B±.

Excitation of the fast beam neutrals and observation of their fluorescence
is profitable for at least two reasons. One reason is that the fluorescence is
7T polarized (i.e. parallel to the electric field tTj, x B) because it is primarily
emitted from the excited outer levels of the Stark-(Zeeman) triplet. It may
therefore serve for a local determination of the magnetic field direction and
thus of a part of the q-profile in a similar manner as this is done in the
classical MSE experiments17".20 An advantage of the method proposed here
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might arise from the fact that laser-excited n=2 populations are much larger
than collisionally excited n=3 populations, so that at least in cases of intense
background radiation (Bremsstrahlung) the shorter observation times of the
laser method lead to more favorable signal-to-noise ratios. However, to probe
the very plasma center of large machines beam energies much higher than
those that are characteristic of diagnostic beams will usually be necessary.

A disadvantage of the method proposed here is that it is unlikely to be
applicable in the very plasma center of large machines (at least for beam
energies that are of relevance for the two-photon spectroscopy discussed in
this paper).

A further benefit of observing the fluorescence of the fast beam neutrals
lies in the fact that this provides a measurement of the beam attenuation.
Since the attenuation depends exponentially on the penetration depth, model
calculations are affected by an amplifying propagation of the errors which
arise from various uncertainties, e.g. those of the cross section data. An
experimental control of the attenuation in addition to model calculations is
therefore desirable.

V. Conclusion

We have shown that the plasma domain where Doppler-free two-photon
induced Ly-a fluorescence is suitable for measurements of the H/D/T iso-
tope mix can be significantly extended by the use of a diagnostic neutral
beam, preferably arranged co-axially or near co-axially with the laser beams.
Charge exchange reactions between the plasma ions and the fast beam atoms
are able to produce thermal neutral atom densities above the detection limit
(f=s 1014m~3) far in the bulk, where the plasma is usually completely ionized.

With a few MW beam power and 50 mJ laser pulse energy (both char-
acteristics can presently be achieved), the diagnostic should be applicable
over the whole plasma diameter of small and medium-sized tokamaks. As for
large tokamaks, such as ITER, more than a meter of the outer plasma radius
would be covered with the tools presently available, and more than 2 m of
the outer plasma radius might be covered with the short-pulse multi-GW
beams that are now under development, provided that laser pulse energies
close to 1 J can also be achieved.

Besides the isotope mix, further plasma parameters, such as the neutrals'
temperature or the mean ion charge number Ze// can in principle be deter-
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mined by tuning a narrow-band laser over the atomic absorption profiles.
Information on the magnetic field direction can be obtained from the polar-
ization of the fluorescence. Furthermore, by giving the two laser beams a
slight crossing angle, it is possible to also measure velocity distributions and
plasma rotation.

Finally, Doppler-free two-photon excitation of the fast beam atoms and
observation of the fluorescence yields another means of measuring the mag-
netic field direction (q-profile) and provides a direct tool for measuring the
attenuation of the beam along its axis.
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VI. Figure and Table Captions

Figure 1. Transition frequencies (referred to vc and divided by two) for
tritium as a function of j3. The upper and lower curves show the unique action
of the motional Stark effect and of the quadratic Doppler effect, respectively.
The curves in the middle include both the motional Stark effect and the
quadratic Doppler effect.

Figure 2. Line shape factor FC(UL) as a function of the laser detuning
for various temperatures and for Zeff = 1 and 3. Graphs (a) and (b) are
for deuterium, graphs (c) and (d) for tritium. All profiles are calculated for
d = TT/2, ne = 3 x 1019m-3, B = AT, nD/nr = 1.

Figure 3. Radial temperature (a) and density (b) profiles for three
tokamak scenarios. The curve numbers 1, 2, 3 refer, respectively, to Tore
Supra shot 14317@5s (small radius a = 0.76m) and to two ITER-like plasmas
with small radius o = 2.8 m.

Figure 4. Beam attenuation factor for the three scenarios displayed in
Fig.3. Figures (a), (b) and (c) correspond, respectively, to the cases 1, 2 and
3 represented in figure 3.

Figure 5. Radial beam and halo profiles, (a) Halo profiles for con-
stant beam radius pb and different ionisation lengths Sj. The curves represent
H(p,a) as a function of p = p/pb for a = Si/pb = 0,1/4,1/2,1,2,4 (from
top to bottom). The highest curve {si/p\, = 0) has the form of the neu-
tral beam, (b) Halo profiles for constant ionisation length s^ and different
beam radii p\>. The solid lines represent F (p, a)as a function of p = p/si for
a — Si/pi, = 9, 3, 1 (from top to bottom). The beam profiles, normalized to
the peak values of the corresponding halo profiles, are shown for comparison
(dotted curves).

Figure 6. Deviation factor a as a function of the beam particle energy for
different temperatures. Solid lines: UD+/TIT+ = 1; dashed lines: nj)+/nT-\- —
9/1; dotted lines: nD+/nx+ = 1/9.

Figure 7. Optimal neutral beam particle energy as a function of the
penetration depth of the diagnostic. The curve numbers correspond to those
of Figure 3. The solid lines are for Zeff = 1, the dashed lines for Zeff = 2.

Figure 8. Required neutral beam power as a function of the penetration
depth of the diagnostic. The curve numbers correspond to those of Figure 3.
The solid lines are for Zeff = 1, the dashed lines for Zeff = 2.

Figure 9. Two-photon Ly-a transition frequencies (referred to i/# at
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q = 0) of thermal and fast H, D and T atoms. The linear Doppler shift is
eliminated; the quadratic Doppler shift is included for the fast atoms (outer
components of the Stark-Zeeman triplet). Solid curves: XH; dashed curves:
D; dotted curves: T.

Table 1. Relative error AN/N (noise-to-signal) in the case of deuterium
for different plasma parameters and laser energies EL- The numbers in paren-
theses give the error without background radiation.
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nAJm'3]
10 1 3

10 1 4

101 5

T [keV]
10
3
1

0.3
0.1
10
3
1

0.3
0.1
10
3
1

0.3
0.1

laser pulse energy
30 mJ

30 (0.4)
8 (0.2)
4(0.1)
2(0.1)
1 (0.08)
3(0.1)

0.8 (0.07)
0.4 (0.04)
0.2 (0.03)
0.1 (0.03)
0.3 (0.04)

0.09 (0.02)
0.04 (0.01)
0.02 (0.01)
0.02 (0.008)

100 mJ
10 (0.2)
3(0.1)
1 (0.08)

0.8 (0.06)
0.5 (0.05)
1 (0.08)

0.3 (0.04)
0.1 (0.02)

0.08 (0.02)
0.05 (0.01)
0.1 (0.02)

0.04 (0.01)
0.02 (0.008)
0.01 (0.006)
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6(0.1)
1 (0.07)
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0.3 (0.03)
0.2 (0.03)
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0.07 (0.01)
0.03 (0.01)

0.02 (0.008)
0.1(0.01)
0.06 (0.01)

0.008 (0.004)
0.005 (0.003)
0.004 (0.003)
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