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a b s t r a c t

In the present work, a new diagnostic for the simultaneous measurement of ne, Te and Ti profiles at the
edge of a fusion plasma is proposed and tested. First, the propagation of a supersonic He beam is self-con-
sistently simulated from the electron parameter profiles reconstructed from the line ratio method. The
radial profile of excited HeII ions, measured simultaneously with the HeI lines, is then compared with
the simulated profile and the total effective ion loss rate from the observation volume is deduced, which
is function of Ti and the local plasma parameters. The values so obtained are normalized to those from
passive CX measurements (NPA). Steeper gradients and lower values are found in the Ti profile compared
to those in the Te profiles. The implication of these findings in ion transport at the edge of the TJ-II stell-
arator is addressed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Atomic beams from different sources have been traditionally
used for edge characterization in fusion devices [1]. To date, they
have provided information about electron density and temperature
radial profiles. On the other hand, the toroidal dispersion of in-
jected impurities has been analyzed in terms of local ion tempera-
ture and plasma rotation, but the electron parameter profiles need
to be independently determined for the simulations [2]. More con-
ventional methods for local Ti measurements, as passive Doppler-
resolved spectroscopy or CXRS are of limited application to the
edge region and are sensitive to other line-broadening mechanisms
[3]. Moreover, electric probes such the retarding field analyzer
(RFA) diagnostic are intrinsically perturbative if inserted beyond
the LCFS. In the present work, a new potential diagnostic for the
simultaneous measurement of ne, Te and Ti profiles at the edge
of a fusion plasma is presented. It is based on the propagation of
a supersonic He beam into the plasma edge. The simultaneous
measurement of the radial profiles of excited HeI and HeII lines
is simulated to provide ne and Te profiles from the line ratio meth-
od (HeI lines, [4]), thus allowing also for the estimate of the beam
attenuation. The effective ion loss rate from the observation vol-
ume is then deduced from the continuity equation applied to the
HeII profile. In the complex toroidal magnetic configuration of TJ-
II, this method proves more reliable than the monitoring of toroidal
dispersion, which was the diagnostic originally proposed for this
type of analysis [5]. The values so obtained must be normalized
to the central Ti values, obtained through passive CX measure-
ments (NPA), or to Ti (a) values from the RFA diagnostic. Steeper
ll rights reserved.
gradients are found in the deduced Ti profiles compared to those
in the Te profiles. The implications of these findings in ion trans-
port at the edge of the TJ-II stellarator are addressed.
2. Experimental set-up

A brief description of the He beam is only given here as it has
been done extensively in previous works [6,7]. The beam source
consists of a fast-pulsed piezoelectric valve with a nozzle of
0.3 mm diameter and a parabolic profile skimmer with a diameter
of 0.5 mm. For the experiments in TJ-II a nozzle-skimmer distance
of 25 mm was chosen defining a divergence of 1.4. The mean beam
velocity is 1500 m s�1 and the velocity distribution is defined by a
speed ratio of 10–20, depending on the source pressure. The den-
sity of He atoms at the measurement region is estimated to be of
the order of <1011 cm�3. The three He lines used for reconstruction
of the edge temperature and density profiles (667.2, 706.5 and
728.1 nm) are simultaneously detected by means of a beam-split-
ter system and a set of three 16-channel photomultiplier arrays
(Hamamatsu, model R5900U-20-L16) with interference filters
(FWHM = 1 nm). The complete He emission profile is projected
into the 16 channels of the array using a single lens with vertical
displacements in order to match the region of interest. A typical
toroidal resolution of 20 mm is given by a slit placed in front of
the arrays and a radial resolution of 4 mm is chosen with a suitable
object/image ratio to adjust the observation region to the different
TJ-II plasma configurations. In the actual upgraded version of the
supersonic helium beam a repetition rate up to 200 Hz can be
achieved [7]. The pulse duration in the experiments was 1–2 ms
and the He stagnation pressure was in the range 0.6–1.2 bar. The
experimental set-up is shown in Fig. 1.
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Fig. 1. Experimental set-up of the supersonic He beam in the TJ-II stellarator device.
The laser (not used in the present experiments) can be crossed with the He beam for
LIF measurements of excited He population (see 7) and validation of the CR model.
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A Colisional Radiative (CR) model of emission intensities ratio is
used in order to obtain diagnostic for the electron densities and
temperature profiles. A set of differential equations provides the
population of the levels that are included in the diagnostic [8]:
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In the steady state approach, the populations of the levels 31S, 31D
and 33S are evaluated for a particular set of ne and Te values. The
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Fig. 2. Densities obtained from the intensity ratio CR diagnostic for the shots
#16781 and #17485 (ECRH heating stage).
ratio of emission intensities from the two singlet levels, I
(k = 667 nm)/I (k = 728 nm), provides a diagnostic for the electron
density, while that from singlet D and the triplet, I (k = 728 nm)/I
(k = 706 nm), provides a value of the electron temperature [8]. Elec-
tron density and temperature profiles, reconstructed from this com-
parison, are used in the simulation of the spatial distribution of the
emission lines. Density profiles from some example shots are plot-
ted in Fig. 2.

The central ion temperature of the plasma is obtained by two
charge exchange neutral particle analyzers, NPAs. Both of them
are Acord-12 [9] models that perform E||B analysis. Their lines of
sight are perpendicular to the toroidal direction and can be varied
poloidally to monitor different sections of the plasma to get the ion
temperature profile in series of reproducible shots. Trapped parti-
cles are not expected to play any role in the interpretation of the
NPA signal because of their collisionality (mi � 3.103 s�1 which
gives m* = mii/mbounce � 0.1–1, being mbounce the bounce frequency).

3. Simple modeling of the He+ radial profile

Simultaneously to the intensities of neutral He, the line of
468.6 nm corresponding to the transition between the levels
42F7/2–32D5/2 of HeII is measured. A model of parallel transport
of ions developed by Pitcher and Stangeby [5] is used in every ra-
dial position to rebuild the normalized intensity of this line. We
use the assumption that the neutral He atoms are ionized and re-
directed along the magnetic field lines. The width of a pulse of ions
diffusing in a magnetic flux tube is given by these authors as:

wðtÞ ¼ w0 þ 2
ln 2

3

� �1=2

cthsthg1=2; ð2Þ

where w0 is the initial width of the pulse, cth is the thermal velocity,
sth is the thermalization time and g is a function that depends on
the time and the initial normalized temperature h0 of the ions in
the pulse with respect to the plasma ions:

gðtÞ ¼ t
sth
� 2ð1� h0Þ½1� e�t=sth � þ 1

2
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Here, the typical values are h0 � 10�4 and thermalization times of
sth � 10�4 s depending of the ionic temperature.

The density of a pulse of ions of flux _N (s�1) released into a mag-
netic flux tube will be:

n ¼
_N

2A

Z 1
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where A is the sectional area of the tube and si is the ionization time
obtained from:

si ¼
1

nehrviiHeII

: ð5Þ

Here, ne is obtained from the CR model and hrvii is given by [10].
This model has been applied for ionic temperature estimates
through the monitoring of the ion emission along the toroidal coor-
dinate in tokamaks. However, the twisting of the field surfaces in
the magnetic configuration of the TJ-II stellarator, together with
the restricted optical access in toroidal direction makes this diag-
nostic difficult to implement. Nevertheless, if we take into account
the simple assumption that in each radial position the source He+

ions is:

_N
2Aw0

¼ dn
dt
¼ nHeInehrviiHeI; ð6Þ

where nHeI is the neutral helium stationary density and the rate
coefficients has been obtained from the tabulated ones at [11], then
it is possible to evaluate the radial profile of HeII density in terms of
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their characteristic diffusion time out of the observation volume. A
simple balance equation from the radial density and temperature
profiles plus the rate coefficient for HeII (n = 4) excitation [12] gives
the intensity profile of the line k = 468.6 nm. Competing processes
as ionization from n = 4 level or direct excitation to the observed
state from neutral He have been checked and dismissed in compar-
ison to the proposed mechanism. Unless absolute calibration of the
relevant magnitudes involved is available (photon flux, initial He
density or full toroidal profile), an absolute value of the ionic tem-
perature in some part of the profile must be known in order to nor-
malize the reconstructed Ti profile.

4. Results

Measured normalized intensities are presented in Fig. 3 for
some example shots in the ECRH heating phase. Plasma parameters
0.7 0.8 0.9 1
normalized radius ρ

0

0.2

0.4

0.6

0.8

1

no
rm

al
iz

ed
 in

te
ns

ity

16781
17485

Fig. 3. Normalized intensities from HeII obtained for the two shots of Fig. 2.
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Fig. 4. Radial electronic and ionic temperature profiles for the shot #16781:
hnei = 8.1018 m�3, Ti (0) = 100 eV, coating: Li. The polynomial fitting for Te used in
the calculation is also shown.
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Fig. 5. Radial electronic and ionic temperature profiles for the shot #17485. <ne>=
6.2 1018 m�3, Ti(0)= 90 eV, coating: B. The polynomial fitting for Te used in the
calculation is also shown. The Ti values have been normalized to the value at r/
a = 0.83 inferred form the NPA data.
are indicated in the corresponding captions. The attenuation of the
He beam by the plasma is:

nHeðxÞ ¼ n0
He exp � x

katt

� �
ð7Þ

where the value katt ¼ vHeI

nehrviiHeI
� 2 cm is given by the experimental

results and x is the radial coordinate along the penetration of the
beam in the plasma. It must be pointed out here that a full colli-
sional-radiative model of HeII excitation must be developed in the
future in order to improve the accuracy of this simplified model.
The corresponding Te (from the CR model) and preliminary results
for Ti profiles are plotted in Figs. 4 and 5.

Convergence of the model has been tested with different similar
choices of the initial Ti value to check that similar profiles where
obtained from the reconstruction of the normalized intensity.
The Ti profiles have been cross-checked with the data from CXRS
measurements where available and good agreement has been ob-
tained [13]. So, values of �50 eV at r/a = 0.8 were measured by
CXRS at electron densities of 0.9.1019 m�3. Errors from the limited
S/N ratio of the data are roughly estimated to be around ±10 eV
from a preliminary parameter analysis. However, those associated
to the model itself, are hard to evaluate until the C-R model for the
recorded emission is developed.

5. Discussion and conclusions

Even when only a preliminary version of the technique is shown
in the present work, the systematic trend of the results obtained
here make them worth some comments. First, it should be pointed
out that consistent profiles are obtained when the initial guess of
the central Ti value is varied, so that we can conclude that steep,
fast decaying Ti profiles seem to exist in TJ-II edge, with values
of 10–20 eV at the LCFS. The fact that these values are as much
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as a factor of 3 lower than the electronic temperature must be
understood from their different transport characteristics in the
ECRH, low-density plasmas of TJ-II. Two main contributions are ex-
pected to contribute for comparative cooler ions. First, ion trans-
port is characterized by larger orbits than electrons at the same
temperature, thus comparatively worsening their confinement
properties and leading to the development of negative electric
fields at the edge [14]. Secondly, neutral hydrogen concentration
at the periphery is maximal and enhanced charge exchange losses
will contribute as a further ion energy loss channel.

Thus, in conclusion:

- An upgraded version of pulsed supersonic He beam with a high
repetition rate has been implemented in TJ-II as a complete
diagnostic for plasma edge. The self-consistency of the C-R
model used in the profile reconstruction, which includes repro-
ducing the attenuation pattern of the He beam, has been used
for improved reliability of the results.

- A potential new diagnostic for edge ion temperature in fusion
plasma has been developed. The modeling of parallel transport
of injected impurities, describe in [9], was adapted to rebuild
the normalized HeII radial profiles. Yet, a full collisional-radia-
tive model of HeII excitation must be implemented in the future
in order to improve the accuracy of the model.
- The deduced Ti values are systematically lower of than the cor-
responding Te at the same location in TJ-II. Larger ion transport
losses and local CX processes are claimed for this finding.
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