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Calculated cross sections and measured rate coefficients for electron-
impact excitation of neutral and singly ionized nitrogen
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R-matrix calculations for neutral~N I! and singly ionized nitrogen~N II! have been carried out in the
energy region below 50 eV for NI and 180 eV for NII , respectively. The collision strengths were
calculated for optical allowed and forbidden transitions as well as for exchange transitions involving
energy levels with principal quantum numbersn<3. In both atomic systems, spectroscopic
measurements in the visible and vacuum-ultraviolet spectral range have been performed in order to
investigate several rate coefficients in the theoretically uncertain near-threshold regions. For this
purpose seven NI- and sixteen NII-rate coefficients were determined by means of a 7 mmdiameter
stationary cascade arc discharge operated at a current of 8 A and different pressures in the range
from 1 to 30 hPa. The spectroscopic system for the vacuum-ultraviolet wavelength range was
intensity calibrated by means of the continuum radiation of a normal pressure pure helium arc
discharge and the calibrated line emission of a hollow cathode lamp. Plasma diagnostics yielded
electron densities from 1.8 to 7.031013 cm23. By applying a collisional-radiative model the rate
coefficients were obtained from absolute level densities. This collisional-radiative model also
yielded the ground and metastable state number densities on the basis of calculated rate coefficients
for optical allowed transitions. Variation of the arc pressure resulted in electron temperatures
ranging from 4.5 to 8.4 eV. Over this range the calculated rate coefficients have been partly
confirmed by experimental ones. ©1998 American Institute of Physics.@S0021-8979~98!02718-2#
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I. INTRODUCTION

A. General

In the last 15 years, low density plasmas have gai
increasing importance in many different technical appli
tions. Microwave, rf and dc plasma reactors are being u
for plasma processing such as reactive ion etching or
film deposition. These low density plasmas are compara
in many respects. For example, the kinetic temperature of
atoms and ions is always much lower than that of the e
trons. So, the plasmas are generally far from local ther
equilibrium ~LTE!, a situation which complicates the anal
sis of the plasma state to a great extent. Depending on
individual energy levels and particular plasma conditio
however, a relatively simple model can be applied, nam
the balance between collisional excitation/ionization a
spontaneous radiative decay, called coronal equilibrium
this case, the knowledge of cross sections of electron-im
excitation and ionization is necessary for the different atom
systems. In the intermediate electron density region as
ported here, redistribution amongst excited states by me
of collisional processes as well as radiative transitions fr
upper to lower lying levels must be taken into account. T
means that plasma modeling on the basis of collision
radiative models is required which is often complicated

a!Electronic mail: frost@tep.e-technik.tu-muenchen.de
2980021-8979/98/84(6)/2989/15/$15.00
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radiative transfer and diffusion processes. Due to the un
tainties of the pertinent rate coefficients, experimental inv
tigation of such models and the included cross section
highly desirable. The low ionization stages of nitrogen a
interesting for several reasons. In low temperature rf d
charges, nitrogen is used for technological applications
hard coatings or to improve the textured growth of diamo
In fusion Tokamak reactors, nitrogen is puffed into the
vertor chamber to actively cool the energetic particles flo
ing down the scrape-off-layer. The present article de
mainly with R-matrix calculations and spectroscopic me
surements to investigate the collisional-radiative models
the rate coefficients of atomic and ionized nitrogen. Thus,
collisional processes were based on cross sections
electron-impact excitation calculated by the R-mat
method. For the experimental investigations, a cascade
was operated at low pressure and relatively low curren
order to reduce the electron density to the range of inter
Variation of the electron temperature and density w
achieved by using different pressures. In these low den
arc plasmas, spectroscopic measurements were perform
the visible ~vis! and the vacuum-ultraviolet~VUV ! wave-
length range.

B. Procedure

In Fig. 1 the schematic of the combined investigatio
namely, the R-matrix calculations, the plasma diagnost
9 © 1998 American Institute of Physics
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and the determination of the rate coefficients via
collisional-radiative model is shown. In Sec. II, a brief d
scription of the R-matrix calculations, which provided th
cross sections of the different transitions caused by elect
impact, will be given. The rate coefficients were obtained
integrating the cross sections over a Maxwellian distribut
of the free electrons. The calculated coefficients were
serted in a collisional-radiative model thus yielding popu
tion densities related to the ground state density. TheAtomic
Data and Analysis Structure ADAS1 was used for this pur-
pose~ADAS208, see Sec. V!. In Sec. III, the experimenta
setup and its absolute intensity calibration in the visible a
VUV spectral range is presented. This was based on the
lium continuum radiation of a normal-pressure cascade
and calibrated line radiation of a hollow cathode. The plas
diagnostics, namely, the determination of the temperatur
the heavy particles, of the electron density, and of the e
tron temperature, are pointed out in Sec. IV. The populat
densities of the ground and metastable states were obta
by dividing the measured absolute population densities
levels radiating by electric dipole transition to the grou
state~see Sec. V! with the aforementioned calculated relativ
population densities. Levels exited by electric dipole co
sional transitions are preferred because they are theoreti
better known than nondipole or exchange transitions. O
the ground and metastable state densities are known,
possible to obtain rate coefficients for electron-impact ex
tation from these ground levels to a multitude of excit
levels, if the line emission resulting from spontaneous rad
tive decay of these excited levels is measurable. In Sec.
results of the calculated and measured rate coefficients
be discussed and compared.

II. R-MATRIX CALCULATIONS

The NI and NII target structures have been modelled
usingAUTOSTRUCTURE,2 a code developed from the olde
SUPERSTRUCTURE.3 An additional option of AUTO-
STRUCTUREis to calculate the radial functions in a Hartre
potential and evaluate them by Slater-type orbitals resul
in one optimization parameterlnl;1 for each orbitalnl. By

FIG. 1. Schematic drawing of the experimental determination of the
coefficients.
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minimizing a suitable linear combination of the resulting e
ergiesEnl by adjusting this parameter, an optimization pr
cess is engendered. In addition, it is possible to use n
physical pseudo-orbitals in order to adjust the calcula
level energies with respect to experimental ones.

The target modeling for neutral nitrogen included t
2s22p3, 2s2p4, 2s22p23s, 2s22p23p, 2s22p23d,
2s2p33s and the 2p5 configurations. The latter two wer
treated as correlation configurations resulting in a 33 te
close-coupling collision calculation. For the ion, we used
2s22p2, 2s2p3, 2s22p3s, 2s22p3p, 2s22p3d and the 2p4

configurations. All resulting 23 terms were included in t
close-coupling calculation. We found that the introduction
a small number of (n54) pseudo-orbitals did not increas
the accuracy of our atomic structure~oscillator strengths and
term energies! significantly and so we omitted them. Th
reduced the calculation time and made best use of the a
able computer resources.

The R-matrix close-coupling calculations for the col
sion strengthsV were carried out using inner-regio
exchange4 and nonexchange5 and outer region~STGFARM6

andSTGF7! codes. The present setup of these codes ena
smooth passage of data from step to step. Figure 2 give
overview of the connection of the different codes. In the ca
of exchange transitions, good convergence may be obta
with partial wave expansions excluding high angular m
mentaL of the (N11)-electron system. This is due to th
fact that the collision strengths of these transitions are p
portional toE22 for E→`, whereE means the energy of th
incident electron. In contrast, the collision strengths of
dipole and nondipole nonexchange transitions show
asymptotic behavior proportional to lnE and constant with
E, respectively. Therefore, it is necessary for them to c
sider contributions obtained from very highL ’s. The codes
for nonexchange transitions~NX codes! shown in Fig. 2
which do not calculate exchange transitions are numeric
more stable at highL values. These codes were used to c
culate the high-L contributions toV for the dipole and non-

te

FIG. 2. Schematic drawing of the calculations done by the different co
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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dipole nonexchange transitions until good convergence
been reached.

The collision strengthVm,n for an electron-impact in-
duced transition between the initial statem and the final state
n is related to the corresponding cross sectionsm,n by

Vm,n~E!5Vn,m~E!5gm

E

I H

sm,n~E!

pa0
2 . ~2.1!

Herein, gm is the statistical weight of the levelm, a0 the
Bohr radius andI H the Rydberg energy. Maxwellian avera
ing of the cross section then yields the rate coefficient for
electron-impact excitation process

Xm,n~Te!5E
DEm,n

`

sm,n~E!v~E! f m~E,Te!dE ~2.2!

with the electron temperatureTe , the threshold energy
DEm,n , the electron velocityv and the Maxwellian distribu-
tion function f m . Finally, the relation between the rate coe
ficients for excitation and de-excitation is given by

Xn,m5Xm,n

gm

gn
expH 2

Em2En

kTe
J . ~2.3!

FIG. 3. Grotrian diagram of the NI doublet system.~Only transitions mea-
sured in this investigation are shown.!

FIG. 4. Grotrian diagram of the NI quartet system.~Only transitions mea-
sured in this investigation are shown.!
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To avoid inconvenient usage of the strongly temperature
pendent rate coefficient, one often uses the effective collis
strength or rate parametergm,n which is related to the rate
coefficient as follows:

Xm,n~Te!52Apaca0
2A I H

kTe

gm,n~Te!

gm
expH 2

DEm,n

kTe
J ,

~2.4!

wherea is the fine structure constant.
The lowest 21 terms are shown in Figs. 3 and 4 for

neutral atom and all terms~except5So) in Figs. 5 and 6 for
the ion. In addition, they are listed in Tables I and II alo
with their statistical weights and term energies. These tab
also assign arbitrary term numbers to the terms which
necessary for the designation of the calculated rate co
cients of which a collection is listed as rate parameters
Tables III and IV.

FIG. 5. Grotrian diagram of the NII singlet system.~Only transitions mea-
sured in this investigation are shown.!

FIG. 6. Grotrian diagram of the NII triplet system.~Only transitions mea-
sured in this investigation are shown.!
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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III. EXPERIMENTAL SETUP AND ABSOLUTE
CALIBRATION OF THE SYSTEM RESPONSE

A. Experimental setup

To investigate the rate coefficients of neutral and sin
ionized nitrogen, a stationary low pressure plasma was g
erated in a Maecker-type cascaded arc chamber.8 As shown
in Fig. 7, the cascade itself consists of a stack of axia
insulated, water-cooled copper plates with aligned cen
bores of 7 mm diameter forming the discharge channel. S
con rubber rings between the plates are used as vac
seals.

Two tungsten electrodes on the anode side, fed by s
rate ballast resistors, share the current load. The cathode
built as a V-shaped tungsten wire connected to two mol
denum rods at both ends. The rods are inserted in two e
trical insulated brass tubes, which are water cooled.
cathode is electrical heated up to 3000 K because there
not enough positive ions transferring sufficient energy
heat the cathode properly. The base of all three electrod
shielded by means of boron nitride plates.

For the following NI and NII measurements, the dis
charge was operated at 8 A current and at pressure value
between 100 and 3000 Pa. The original arc design as
scribed in Ref. 8 was substantially modified for operation
lower pressures. Thus the stack of cascade plates was
lated further from the ambient atmosphere by a vacuum-t
plexiglas cylinder. The buffer volume between this cylind
and the cascade was pumped by a turbomolecular pu
which considerably reduced the influx of atmospheric nit
gen and oxygen into the arc chamber through leaks of
many silicon rubber seals. Further changes concerned

TABLE I. Energy levels of the nitrogen atom: the configurations and te
symbols are listed together with the corresponding statistical weightsgm and
energiesEm.a ~The spectroscopic notation is corresponding to Moore.b!

No. Configuration Term gm Em(cm21)

1 2s22p3 4So 4 0.
2 2s22p3 2Do 10 19227.
3 2s22p3 2Po 6 28839.
4 2s22p2(3P)3s 4P 12 83335.
5 2s22p2(3P)3s 2P 6 86192.
6 2s22p2(3P)3p 2So 2 93581.
7 2s22p2(3P)3p 4Do 20 94837.
8 2s22p2(3P)3p 4Po 12 95509.
9 2s22p2(3P)3p 4So 4 96750.

10 2s22p2(3P)3p 2Do 10 96833.
11 2s22p2(3P)3p 2Po 6 97793.
12 2s2p4 4P 12 88132.
13 2s22p2(1D)3s8 2D 10 99663.
14 2s22p2(3P)3d 2P 6 104628.
15 2s22p2(3P)3d 4F 28 104719.
16 2s22p2(3P)3d 2F 14 104850.
17 2s22p2(3P)3d 4D 20 105007.
18 2s22p2(3P)3d 2D 10 105134.
19 2s22p2(3P)3d 4P 12 104856.
20 2s22p2(1D)3p8 2Do 10 110535.
21 2s22p2(1D)3p8 2Po 6 112311.

aSee Ref. 20.
bSee Ref. 38.
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construction of flanges, windows, electrodes, and the co
plete gas pumping system.

The plasma consisted mainly of helium with only a 0.2
admixture of nitrogen. The gas composition was adjusted
calibrated mass flow controllers. Figure 8 shows the VU
spectrum at a pressure of 800 Pa. For this scan, a very l
amount of nitrogen has been added to show the lines clea

As shown in Fig. 9 the discharges were investigated
multaneously by two optical systems, observing end
nearly the same central region of the plasma column fr
opposite directions. A 2-m monochromator for the visib
region at the cathode side of the arc served for diagno
purposes in the wavelength range 250–830 nm. This ins
ment has a spectral resolution of 15 pm in the first spec
order. The plasma intensities were recorded by a photom
tiplier ~N I/N II investigations: R928, calibration of the VUV
system: 1P28a! behind the exit slit. For precise waveleng
scans, photomultiplier and exit slit were moved together
the focal plane by a precision mechanical drive. For scan
narrow line profiles, a piezo driven shift unit was connect
to the mechanical drive and the monochromator was op
ated in the minus fifth order resulting in a spectral resolut
of 2.6 pm. The system response was calibrated by a tung
strip lamp, which had itself been calibrated at the Ph
ikalisch Technische Bundesanstalt Berlin.

From the other direction, the VUV system served f
intensity measurements of the different plasmas. A platinu
coated spherical mirror focused the cross section of
plasma column on the entrance slit of a 1-m McPhers
monochromator. The concave grating surface also consi

TABLE II. Energy levels of the singly charged nitrogen ion: the configu
tions and term symbols are listed together with the corresponding statis
weightsgm and energiesEm.a ~The spectroscopic notation is correspondin
to Moore.b!

No. Configuration Term gm Em(cm21)

1 2s22p2 3P 9 89.
2 2s22p2 1D 5 15194.
3 2s22p2 1S 1 32522.
4 2s2p3 5So 5 46579.
5 2s2p3 3Do 15 91931.
6 2s2p3 3Po 9 108866.
7 2s22p(2P)3s 3Po 9 148559.
8 2s22p(2P)3s 1Po 3 148734.
9 2s2p3 1Do 5 143742.

10 2s22p(2P)3p 1P 3 164114.
11 2s22p(2P)3p 3D 15 166117.
12 2s22p(2P)3p 3S 3 168394.
13 2s2p3 3So 3 154656.
14 2s22p(2P)3p 3P 9 170124.
15 2s22p(2P)3p 1D 5 173692.
16 2s2p3 1Po 3 166271.
17 2s22p(2P)3p 1S 1 177743.
18 2s22p(2P)3d 3Fo 21 186040.
19 2s22p(2P)3d 3Do 15 186927.
20 2s22p(2P)3d 1Do 5 186544.
21 2s22p(2P)3d 3Po 9 188328.
22 2s22p(2P)3d 1Fo 7 188777.
23 2s22p(2P)3d 1Po 3 189565.

aSee Ref. 21.
bSee Ref. 38.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE III. Calculated effective collision strengthsgm→n for electron impact excitation of atomic nitroge
from ground state and metastable states: the level numbers of the initial statem and the final staten are defined
in Table I. The five rightmost columns give the dimensionless rate parameter values for the electron te
tures listed at the top of each column.

m n 0.50 eV 1.11 eV 2.45 eV 5.42 eV 12.0 eV

1 2 0.60121 0.24410 0.56910 0.97610 0.13311
1 3 0.10810 0.18110 0.26710 0.36710 0.45910
1 4 0.27311 0.28311 0.23211 0.23911 0.32211
1 5 0.43521 0.68921 0.98921 0.13310 0.14710
1 6 0.13521 0.26421 0.38621 0.45821 0.44321
1 7 0.11010 0.16610 0.22910 0.31510 0.38510
1 8 0.29121 0.57521 0.10410 0.15610 0.18310
1 9 0.10510 0.24610 0.48610 0.87810 0.13611
1 10 0.32021 0.66321 0.99921 0.13210 0.14710
1 11 0.15221 0.37521 0.59621 0.79321 0.86421
1 12 0.47410 0.65110 0.84910 0.16611 0.32111
1 13 0.27422 0.42122 0.61322 0.86522 0.98622
1 14 0.64922 0.13221 0.21221 0.26721 0.25821
1 15 0.28021 0.56721 0.90321 0.11510 0.12110
1 16 0.47222 0.12521 0.26521 0.41421 0.44621
1 17 0.14021 0.30621 0.52121 0.66821 0.64521
1 18 0.25422 0.66222 0.12121 0.14621 0.12821
1 19 0.13410 0.30010 0.71410 0.18111 0.36411
1 20 0.11921 0.34121 0.68921 0.11310 0.14210
1 21 0.36922 0.11221 0.24321 0.41821 0.53921
2 3 0.54210 0.17211 0.30611 0.36411 0.40011
2 4 0.44210 0.55110 0.57310 0.57810 0.51610
2 5 0.53210 0.86110 0.13411 0.24111 0.41611
2 6 0.18510 0.19910 0.17110 0.17310 0.20410
2 7 0.14010 0.23410 0.32510 0.38310 0.36910
2 8 0.10410 0.16810 0.21610 0.23910 0.22010
2 9 0.32521 0.60121 0.74421 0.90221 0.10510
2 10 0.80310 0.13611 0.22011 0.34711 0.49311
2 11 0.35621 0.78321 0.16510 0.31010 0.46410
2 12 0.63010 0.89910 0.91810 0.89510 0.91510
2 13 0.40610 0.73310 0.13211 0.22411 0.33811
2 14 0.12421 0.26121 0.47221 0.72321 0.91421
2 15 0.63621 0.11310 0.16410 0.19010 0.16710
2 16 0.20010 0.47210 0.96610 0.18311 0.29411
2 17 0.38221 0.63221 0.84621 0.94921 0.83421
2 18 0.62421 0.14410 0.28510 0.51610 0.79310
2 19 0.15110 0.23010 0.28810 0.34510 0.38410
2 20 0.32510 0.79510 0.14711 0.24811 0.36911
2 21 0.31921 0.97721 0.17010 0.22510 0.25710
3 4 0.28210 0.36210 0.40010 0.41310 0.36310
3 5 0.40710 0.62710 0.96510 0.17311 0.29511
3 6 0.16021 0.30321 0.41121 0.44621 0.43221
3 7 0.20010 0.26010 0.27510 0.26910 0.23010
3 8 0.13910 0.17510 0.18710 0.19210 0.17910
3 9 0.82822 0.12721 0.16421 0.24321 0.34021
3 10 0.10510 0.16010 0.24210 0.41610 0.64910
3 11 0.33210 0.75610 0.15111 0.27311 0.41911
3 12 0.47210 0.65310 0.62810 0.56310 0.54210
3 13 0.12310 0.24710 0.42410 0.66310 0.90910
3 14 0.56021 0.13510 0.28410 0.56110 0.93210
3 15 0.28021 0.53721 0.83321 0.99421 0.88321
3 16 0.45021 0.92821 0.16210 0.24710 0.30910
3 17 0.46821 0.82821 0.12010 0.13510 0.11610
3 18 0.16710 0.40910 0.86710 0.17011 0.27911
3 19 0.99821 0.15610 0.20010 0.23510 0.25510
3 20 0.25721 0.70721 0.12610 0.18510 0.23510
3 21 0.15710 0.38810 0.75110 0.13311 0.20411
 2009 to 130.159.248.222. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE IV. Calculated effective collision strengthsgm→n for electron impact excitation of singly ionized
nitrogen from ground state and metastable states: the level numbers of the initial statem and the final staten are
defined in Table II. The five rightmost columns give the dimensionless rate parameter values for the e
temperatures listed at the top of each column.

m n 1.00 eV 2.52 eV 6.33 eV 15.9 eV 40.0 eV

1 2 0.23011 0.24611 0.26511 0.25711 0.20711
1 3 0.26410 0.28910 0.32410 0.32010 0.25610
1 4 0.11211 0.11711 0.11711 0.10911 0.88310
1 5 0.39511 0.46011 0.58111 0.78411 0.10512
1 6 0.30811 0.37511 0.49911 0.70611 0.99511
1 7 0.15611 0.14311 0.11811 0.11111 0.13411
1 8 0.42210 0.37310 0.29610 0.21510 0.13610
1 9 0.11911 0.10511 0.89110 0.72010 0.52310
1 10 0.32010 0.25210 0.20510 0.15810 0.10510
1 11 0.12011 0.98010 0.83110 0.71410 0.61410
1 12 0.17310 0.15810 0.14110 0.11710 0.83721
1 13 0.85410 0.16611 0.26311 0.40611 0.61611
1 14 0.22411 0.25311 0.29211 0.33811 0.37811
1 15 0.33310 0.34510 0.34610 0.30610 0.22110
1 16 0.41410 0.39210 0.35010 0.29310 0.21210
1 17 0.42521 0.42821 0.47021 0.47221 0.37021
1 18 0.58310 0.55010 0.51110 0.42510 0.32810
1 19 0.87210 0.11111 0.16511 0.26111 0.40911
1 20 0.11910 0.11810 0.11910 0.10410 0.72821
1 21 0.32010 0.42610 0.63310 0.98010 0.15011
1 22 0.10910 0.13910 0.16610 0.15510 0.10810
1 23 0.81221 0.78621 0.76721 0.68621 0.50121
2 3 0.60410 0.56910 0.60710 0.66110 0.71010
2 5 0.18811 0.18711 0.17811 0.16411 0.13311
2 6 0.67410 0.69310 0.64810 0.56310 0.42910
2 7 0.85310 0.78010 0.60510 0.42010 0.25310
2 8 0.91410 0.95210 0.10411 0.14411 0.22711
2 9 0.12911 0.17811 0.25711 0.39711 0.60011
2 10 0.46810 0.35810 0.26810 0.21210 0.18810
2 11 0.75110 0.63610 0.54210 0.42310 0.27910
2 12 0.13110 0.11110 0.93621 0.72821 0.48021
2 13 0.21821 0.25921 0.31721 0.34421 0.28821
2 14 0.34510 0.31310 0.28710 0.24410 0.17410
2 15 0.14511 0.16611 0.19611 0.23411 0.26911
2 16 0.51010 0.64910 0.90810 0.14111 0.21611
2 17 0.15510 0.14610 0.13910 0.13610 0.12910
2 18 0.39510 0.40210 0.39810 0.32510 0.21110
2 19 0.17810 0.19410 0.21010 0.18610 0.12610
2 20 0.32310 0.44010 0.67710 0.11011 0.17211
2 21 0.10910 0.12610 0.13810 0.12010 0.80721
2 22 0.37410 0.49610 0.74810 0.12111 0.19611
2 23 0.32910 0.40510 0.54110 0.75310 0.10311
3 5 0.80521 0.72021 0.56821 0.42121 0.28021
3 6 0.43910 0.43410 0.42810 0.40010 0.32810
3 7 0.14110 0.13710 0.11510 0.85421 0.54921
3 8 0.11110 0.11110 0.11010 0.13510 0.20210
3 9 0.84021 0.59521 0.40121 0.28421 0.22021
3 10 0.70121 0.49621 0.36721 0.26821 0.17921
3 11 0.14410 0.13010 0.11210 0.86321 0.56721
3 12 0.62221 0.53321 0.47821 0.39221 0.26721
3 14 0.30721 0.31421 0.31321 0.29221 0.22021
3 15 0.50821 0.43321 0.43921 0.57421 0.80721
3 16 0.17510 0.19310 0.24810 0.35610 0.49810
3 17 0.30010 0.35910 0.45210 0.56510 0.66610
3 18 0.82921 0.86121 0.86821 0.71421 0.45921
3 19 0.25221 0.27321 0.29421 0.25721 0.17121
3 20 0.54021 0.43321 0.35821 0.27121 0.18721
3 21 0.42521 0.47921 0.53021 0.46521 0.31221
3 22 0.28021 0.29821 0.32721 0.37921 0.45521
3 23 0.11110 0.16310 0.27710 0.49310 0.82810
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of platinum. A channeltron electron multiplier, mounted b
hind the exit slit of the VUV monochromator, was operat
in photon counting mode. The counting rate was recor
and stored by means of a computer system together with
respective wavelengths from an incremental encoder.

For the VUV intensity calibration, the low pressure a
was replaced by a 2 mm diameter cascaded arc chamb
This pure He discharge was operated at atmospheric pres
~972 hPA! and 100 A current. It emits continuous radiatio
down to the helium resonance series limit at 50.4 nm.
order to confirm the continuous intensity calibration in t
wavelength region from 53 to 130 nm, a hollow cathode9 by
prescribed design~8 mm in diameter, 60 mm in length! was
used, which emits calibrated line radiation. The compari
of these two radiation sources is described shortly in S
III B. For more details see Ref. 10.

The low pressure arc as well as the calibration lig
sources were connected to the VUV system by means
differential pumping system partly integrated in them. T

FIG. 7. Discharge chamber.

FIG. 8. VUV spectrum of the low-pressure discharge.
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third pumping stage, rigidly connected to the VUV syste
reduced the pressure to about 1023 Pa. The first capillary
tube of the differential pumping system was positioned o
2 mm from the anodes to keep the cool plasma end la
short.

Both systems observed an area of abo
75mm3350mm, determined by the entrance slits of each
the two monochromators. The solid angles of the visible a
the VUV system were limited to 231025 sr defined by dia-
phragms on both sides. The plasma columns, the cen
bores of the first pumping stages, and the two diaphrag
were aligned along the optical axis of the whole system
ing a telescope.

B. Calibration of the system response

The calibration of the VUV system response in the sp
tral range between 53 and 130 nm was based on the
tinuum radiation of a pure He arc at atmospheric pressur
method which had been proposed by Thoma.11 The construc-
tion of this calibration device was approximately the same
described above, and the spectra in the visible and V
spectral range confirm the very low impurity levels~smaller
than 0.1 ppm!. The continuum radiation of this plasma wa
recorded with high integration time at 27 selected wa
length points to improve the signal-to-noise ratio. Its spec
radiance can be accurately calculated on the basis of
existing theories, provided that the electron temperature
density are known from diagnostics.

The electron density of the pure He plasma was de
mined by means of the quadratic Stark broadening of sev
He I lines. The profiles of five HeI lines were investigated
namely of HeI 318.8, 396.5, 412.1, 471.3, and 501.6 n
According to the theoretical broadening calculations
Griem12 and Kelleher,13 the electron density was found to b
2.931016 cm23 with an uncertainty of 6%.

At 100 A and atmospheric pressure, the excited HI

states with principal quantum numbersn>3 are above the
collision limit and the model of partial thermodynamic equ
librium ~PLTE! may be applied for their analysis. Thi
means that the densitynk of a particular excited levelk is
related to the HeII ion ground state densityni ,1 and the elec-
tron density by means of the Saha equation:

FIG. 9. Experimental setup.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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nk5ni ,1ne

gk

2g0
S h2

2pmekTe
D 3/2

expH 2
Ek2Eion

kTe
J . ~3.1!

Herein,gk andg0 are the statistical weights of the lev
k and the HeII ground state;Ek and Eion are the pertinent
and ionization energies.

The number of HeII ground state particles is practical
equal to the electron densityne . Measurements of the abso
lute HeI line emission coefficients therefore yieldnk and
subsequentlyTe , if ne is known from the line profiles men
tioned above. The present result forTe is 1.98 eV with a
mean uncertainty of 8%. This value and the value listed
Thoma11 lie close together well within the error bounds. Th
gas temperature was not measured again, but just taken
Thoma, i.e.,Tg513300 K, because the influence of an err
in Tg on the calculated continuum intensity is negligib
small.

Once the plasma parameters are known, the continu
emission coefficient can be calculated as a function of wa
length. In the wavelength range from 510 down to 65 n
five contributions were taken into account:

~1! the free-bound~f-b! recombination radiation to the leve
21S, 21P, 23S and 23P,

~2! the f-b radiation to all levels with principal quantum
numbersn53,

~3! the free-bound radiation to all levelsn>3,
~4! the free-free~f-f ! radiation in the electrical field of the

ions and
~5! the f-f radiation in the residual electrical field of the H

atoms.

All these contributions are explained in more detail in R
10 and in Ref. 14.

The above plasma diagnostics and the continuum ca
lations were verified by recording the visible He continuu
between 420 and 510 nm and using these results for an
tensity calibration. The system response derived from
helium continuum and from the tungsten strip lamp agre
within 5% which is consistent with the error limits ofne

alone.
To confirm this continuous intensity calibration of th

VUV system at several wavelength points, the normal pr
sure arc was replaced by a high current hollow cath
which is a reproduction of a well-known transfer standa
calibrated in turn at the Physikalisch Technische Bundes
stalt Berlin. For the purpose of calibration, the operat
point was chosen as 1 A/500 V after Hollandtet al.9 For the
calibration at the highest and lowest wavelengths, heli
and krypton were the filling gases; for the medium wav
length range, argon was used.

Figure 10 shows the response of the VUV system in
range from 53 to 130 nm derived from the helium continuu
radiation and the calibrated line radiation of the hollow ca
ode lamp. The open circles represent the measured valu
the helium continuum and are connected by straight lin
The solid symbols represent the system response meas
by means of the hollow cathode. It can be seen that
agreement of the calibration methods is very satisfactory
the range from about 65 to 130 nm. In the range below
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nm, the far red wing of the HeI 58.43 nm line of the helium
series limit is superimposed on the exponentially decreas
continuum radiation.

The error bounds of the continuous calibration lie b
tween 14% at 130 nm and 33% at 70 nm. The error bound
the calibration by means of the hollow cathode is about 16
So, the good agreement of both methods gives an uncerta
of the continuous calibration of the system response from
to 130 nm which is better than 20%.

IV. PLASMA DIAGNOSTICS

The state of the low-pressure helium plasma is far fr
local thermal equilibrium. Therefore, Boltzmann and Sa
equilibrium relations may not be applied for diagnostic pu
poses. The nonequilibrium state of the plasma is caused
the low electron density and the energetically high lying e
cited states of helium. Corresponding to the Maxwellian d
tribution at electron temperatures from 4.5 to 8.4 eV, onl
minor part of the free electrons has energies equal or hig
than 20 eV to excite the atoms from the ground state. On
other hand, the radiative lifetimes of the excited states
relatively short compared to the inverse of the electron c
lision frequency. As a result, a balance between electr
impact excitation and radiative decay establishes itself. T
so-called coronal equilibrium is not a property of the who
atomic system but only of the levels lying below the col
sion limit, which separates these levels from higher lyi
states. The latter are PLTE distributed according to the e
tron temperature.

The temperature of the heavy particles is determined
the collisions with free electrons which gain their energy
the electrical field of the discharge. Because of the sm
mass of the electrons, the kinetic energy transfer to the he
particles by these collisions is very inefficient resulting in
large difference between the temperatures of the free e
trons and the gas.

A. Gas temperature

The knowledge of the gas temperature is of great imp
tance for the calculation of the population densities of

FIG. 10. System response in the VUV spectral range.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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metastable states of the nitrogen ions. Their densities
mainly determined by diffusion from the near-axis ionizati
region to the wall of the cylindrically-symmetric discharg
chamber. Further on, the knowledge of the gas temperatu
important for the diagnostics of the electron density as
scribed in the section below.

Because of the frequently occurring elastic ion-ion c
lisions, a Maxwellian distribution of the heavy particles
established. This allows the determination of the gas te
perature by means of the Doppler broadening of the HI

471.32 nm line. Two components of the triplet transiti
4s3S22p3Po are only separated by 1.7 pm. The third co
ponent lies 20.3 pm apart and can be resolved spectrosc
cally in the minus fifth spectral order. The full halfwidth o
the pure Doppler profile amounts to at least 5.0 pm con
luted with 2.6 pm from the 2-m monochromator. Because
the low electron density, the Stark broadening can be
glected. In Table V, the gas temperature values which w
obtained by ax2-fitting procedure15 are listed.

B. Electron density

The electron density was measured by means of the
ear Stark effect in the deuterium Balmer-b line at 485.93 nm.
The deuterium concentration was only about 0.01% in or
to prevent a considerable proportion of the electrons com
from ionized hydrogen. At the lowest discharge pressure,
full halfwidth of the pure line profile amounts to only 12.
pm. Deuterium was used in order to minimize the contrib
tion of the Doppler broadening to the measured linewidth

From the measured line profiles, the electron densi
were obtained by applying the aforementionedx2-fitting pro-
cedure to fit the well-known hydrogen profiles from Vida
Cooper and Smith,16 which are nearly independent of th
electron temperature. The central dip of each of these ca
lated profiles is much to deep but does not affect the ev
ation. From the difference between the calculated and
measured profile, no systematical error arises by applying
fitting procedure. In Table V the values of the electron de
sities are listed.

C. Electron temperature

The electron temperature is an important parameter
comparing calculated and measured rate coefficients. Fo
determination of this parameter, a method first described

TABLE V. Parameters and ionization degree of the low-pressure plasm
the various operation points:p designates the discharge pressure,ne andTe

the density and temperature of the electrons, respectively,na the helium
atom density,Tg the gas temperature andne /na the ionization degree for
ne!na .

p(Pa) ne(cm23) Te(eV) na(cm23) Tg(K) ne /na

100 1.83113 8.4 6.94115 785 2.6423
200 2.71113 7.4 1.36116 895 2.0023
400 3.78113 6.5 2.24116 1165 1.6923
800 4.60113 6.9 3.38116 1603 1.3623

1600 5.57113 5.6 5.50116 2041 1.0123
3000 7.00113 4.5 8.28116 2579 8.4524
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Awakowicz and Behringer17 was used. Therefore, only
brief description will be given in the following.

As a steep function of the plasma pressure,Te is derived
from the HeII 468.6 nm emission line, that is the 4→3 tran-
sition in the hydrogen-like HeII system. Because of the hig
excitation energy and the low electron density, it is justifi
to apply the coronal balance

neni ,1X1,4~Te!5n4(
k,4

A4,k5n4

A4,3

b4,3
, ~4.1!

whereni ,1 denotes the ion ground state number density,A4,3

the Einstein coefficient for spontaneous emission and
factor b4,3 the branching ratio for leveln54. Complete re-
distribution within the fine structure takes place due to
small energy differences and the high density of the he
particles. Impurities in this plasma are negligible and t
concentrations of hydrogen and nitrogen are very sm
Therefore, it may be assumed that the ion number densi
very close to the electron density and the overwhelming m
jority of these ions is in the ground state:

ni ,1>ni>ne . ~4.2!

With the measured absolute population densityn4 and
the known electron density from Sec. IV B, the actual va
of the rate coefficientX1,4(Te) is given by Eq.~4.1!. On the
other hand, this rate coefficient can be accurately calcula
in the important threshold region by using a semiempiri
excitation coefficient after Vriens and Smeets18 which com-
bines the high-energy Born tail with low-energy nea
threshold values obtained from Mansbach and Keck.19 ~See
Ref. 17 for further details.! The electron temperatures de
rived from the comparison of the actual values of the r
coefficient with the calculated ones are listed in Table V.

The higher value of the electron temperature at 800
than that at 400 Pa depends on the variation of the elect
power fed into the discharge which has a local maxim
near 900 Pa.

It should be mentioned that the described method
highly accurate even if the cascade contribution to the po
lation of leveln54 ~about 15%! is not taken into account in
Eq. ~4.1! because the rate coefficient is extremely steep in
threshold region below 10 eV~see Ref. 17!. This steepness
would reduce an error of a factor 2 in the measured r
coefficient to one of only 7% in the electron temperature a
eV.

V. DETERMINATION OF THE GROUND- AND
METASTABLE-STATE DENSITIES AND THE RATE
COEFFICIENTS

A. Collisional-radiative model

In order to determine the rate coefficients spectrosco
cally, it is indispensable to know the population number de
sities of the respective ground and metastable states. For
purpose, the population densities of the excited states of
two nitrogen systems NI and NII were calculated by apply
ing a collisional-radiative model:

at
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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neS (
s51

S

nsXs,m1 (
S,nÞm

N

nnXn,mD 1 (
n.m

nnAn,m

5nmS neF (
nÞm

Xm,n1SmG1 (
n,m

Am,nD . ~5.1!

On the left hand side of Eq.~5.1!, source terms for the popu
lation density of the excited statem are shown. These are th
electron-impact excitation from the metastable statess, in-
cluding the ground states51 and from lower lying excited
statesn. In addition, the electron-impact deexcitation and t
cascade processes from all levels higher thanm contribute to
its population density. Because of the low electron densi
in the plasmas investigated here, it can be shown that
three body recombination is negligible. On the right ha
side, the depopulation processes are given, namely
electron-impact induced transitions to all other levelsn, the
impact ionization, and the radiative decay to lower lying le
els. As a result, all contributions to the population density
a levelm originate directly or indirectly from the ground an
metastable states. By contrast, the contribution from the n
higher ionization stage has been neglected because its p
lation density is comparatively low due to ambipolar diff
sion to the wall.

The above system of equations was evaluated by me
of the ADAS208 program. All terms resulting from the co
lisional calculations of the configurations given in Sec.
were included as well as the important rate coefficients
tained from R-matrix calculations. Energies and transit
probabilities were taken from the literature since obser
energies and transition probabilities, determined from la
structure calculations alone, are likely to be more accu
than those that result from a structure calculation that is c
strained by the size of collision problem that it engenders
the case of NI, the level energies were taken from Wie
et al.20; for N II those from Eriksson21 were used. The tran
sition probabilities of NI from Hibbertet al.22 were inserted
when available, otherwise they were taken from Wie
et al.20 All transition probabilities of NII were taken from
Bell et al.23 The rate coefficientsSm of electron-impact ion-
ization were calculated by the so-called EC
approximation24,25 included inADAS208.

To examine self absorption, the concept of escape
tors was applied. This allows a local treatment of reabso
tion by reducing the transition probabilityAm,n to an effec-
tive transition probabilityQm,nAm,n . This is due to the fact
that a part of the radiative energy emitted elsewhere in
plasma is reabsorbed at another position thus increasing
population density there. A comprehensive review of t
subject is given by Irons.26 In this work, the escape factors o
all relevant lines lie between 0.9 and 1.0.

Because of the long radiative life times of metasta
states, their population densities are almost entirely limi
by diffusion losses to the discharge wall. This process
taken into account by assigning a ‘‘diffusion’’-transitio
probability As,1

diff (s52,3) to the metastable states.
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B. Diffusion

The solution of the time-dependent diffusion equati
for a cylinder symmetrical geometry is given by

n~r ,t !5n~0!J0S 2.405r

R Dexp$2t/tdiff%, ~5.2!

with the Bessel functionJ0 , the cylinder-radiusR, the on-
axis particle densityn(0) at timet50, and the time constan
for radial diffusion tdiff . As,1

diff is defined as the inverse o
tdiff , which can be calculated from the characteristic diff
sion lengthLdiff :

As,1
diff5

1

tdiff
5

D

Ldiff
2 5DS 2.405

R D 2

. ~5.3!

For further details, see McDaniel and Mason.27 To
evaluate the diffusion coefficientD for the N-He system, a
potential function after Chapman and Cowling28 was taken:

F~r !5
d

r d , ~5.4!

with the potential parametersd513.73 eV Å6.23 and d
56.23 after Amduret al.29 The calculation of the diffusion
coefficient for the N1-He system was based on a 12-6
potential

F~r !5
e

2 F ~11g!S r m

r D 12

24gS r m

r D 6

23~12g!S r m

r D 4G
~5.5!

after Mason and Schamp.30 Hereing50.125,e50.0439 eV
andr m52.29 Å denote potential parameters also taken fr
Ref. 30. The binary diffusion coefficient was calculated af
Kihara ~see Ref. 31! and yielded the ambipolar diffusion
coefficient from the measured temperatures as

Da>DS 11
Te

Tg
D . ~5.6!

FIG. 11. Population densities of the ground and metastable states o
nitrogen atom~N I! and ion~N II!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2999J. Appl. Phys., Vol. 84, No. 6, 15 September 1998 Frost et al.
The resultingAs,1
diff values range from 6.23104 to 2.8

3105 s21 for the metastable states of the nitrogen atom a
from 1.83106 to 5.13107 s21 for the metastables of the ion
Since both diffusion coefficients decrease with increas
pressures, diffusion is reduced but in no case negligible
the metastable levels.

C. Ground- and metastable-state population densities
and rate coefficients

Dividing the collisional-radiative model@Eq. ~5.1!# by
the ground-state populationn1 yields relative population
densitieshm5nm /n1 for every levelm of the system. The
ground-state density may now be obtained by inserting
measured absolute level populationsnm into

n15
nm

hm
. ~5.7!

However, this means that the accuracy of the result
ground-state values depends on those calculated rate c
cients which are decisive for the bulk of the level popu
tions nm . Because highest accuracy of the collisional cal
lation is expected for dipole transitions, only those levelsm

FIG. 12. NI-rate coefficientX1,4 for electron impact excitation of leve
(3P)3s 4P from the ground state 2p3 4So.

FIG. 13. NI-rate coefficientX1,8 for electron impact excitation of leve
(3P)3p 4Po from the ground state 2p3 4So.
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which obtain the main part of their population via ‘‘dipol
allowed’’ electron excitation processes have been used
determine the ground-state population. In addition, the os
lator strengths yielded byAUTOSTRUCTUREprovide a
fairly good criterion for the modeling of the respective nitr
gen target which the following collisional-radiative calcul
tions were based on. Finally, mean values for the grou
state populations have been calculated from four singleI
and 9 single NII ground-state values, respectively.

The resulting values for the ground- and metastable-s
densities are shown in Fig. 11 where the steep decreas
the NII metastables is due to the ambipolar diffusion.

On the basis of these values we determined the rate
efficients by applying the already described collision
radiative model, written as

X1,mKm5
nm

nen1
(

n,m
Qm,nAm,n . ~5.8!

Herein the factor Km represents the influence o
electron-impact excitation from the metastable states,
spontaneous decay from higher excited states~cascade pro-
cesses! and electron-impact ionization on the population
the levelm.

FIG. 14. NI-rate coefficientX1,9 for electron impact excitation of leve
(3P)3p 4So from the ground state 2p3 4So.

FIG. 15. NI-rate coefficientX1,12 for electron impact excitation of leve
2p4 4P from the ground state 2p3 4So.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



ri-

ig
tr
. 8
cu

ib
g

te

d
o
th

i
tio
f

ed
e
as

x-
n in
are,
ore

ere
ory

on
-

l

l

l

l

3000 J. Appl. Phys., Vol. 84, No. 6, 15 September 1998 Frost et al.
All of the transitions which were used for the expe
mental determination of level population densitiesnm , via
absolute line emission coefficients«Lm,n , given by

nm5«Lm,n

4p

hnm,nAm,n
, ~5.9!

are shown in Figs. 3 and 4 for the neutral atom and in F
5 and 6 for the the singly ionized ion. Some of these spec
lines can also be seen in the VUV spectrum plotted in Fig
The optical depths of all relevant emission lines were cal
lated and they were found to be completely negligible.

The measured rate coefficients determined as descr
in Eq. ~5.8! are shown by solid circles in Figs. 12–23 alon
with the R-matrix calculations. The open circles, designa
by ‘‘uncorrected,’’ represent rate coefficientsXs,m which
one would get from Eq.~5.8! without taking into account the
factor Km . So, the difference between the ‘‘corrected’’ an
‘‘uncorrected’’ values shows the influence of all other pr
cesses than collisional excitation from the ground state to
population of levelm.

Corresponding data from the literature is also included
the diagrams: for the neutral atom, measured cross sec
from beam foil experiments carried out by Stone and Zip32

FIG. 16. NI-rate coefficientX2,13 for electron impact excitation of leve
(1D)3s8 2D from the metastable state 2p3 2Do.

FIG. 17. NI-rate coefficientX1,19 for electron impact excitation of leve
(3P)3d 4P from the ground state 2p3 4So.
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for the transitions 2p3 4So22p23s4P ~Fig. 12! and
2p3 4So22p4 4P ~Fig. 15!, an earlier R-matrix calculation
performed by Berringtonet al.33 for the transition 2p3 4So

22p4 4P ~Fig. 15! and a Born approximation from Ganas34

for the transition 2p3 4So22p23s4P ~Fig. 12!. For singly
ionized nitrogen, a R-matrix calculation has been perform
recently by Staffordet al.35 Figures 18–23, which show th
N II rate coefficients, do also include data from this work,
far as available.

VI. DISCUSSION AND CONCLUSIONS

The comparison of experimental and theoretical Ma
well averaged rate coefficients, a small selection is show
Figs. 12–23, shows a broad trend of agreement. There
however, a number of cases where the divergence is m
substantial. For example, for the transitions 2p2 3P
22p3d3Po ~Fig. 23! and 2p2 3P22p3d3Do ~Fig. 22! in
N II , experiment is about a factor 10 less than theory. Th
is in fact some systematic trend between experiment/the
ratios for excitation to then52 shell and to then53 shell
with the latter relatively lower. Studies in recent years
convergent close-coupling~CCC! methods in the intermedi

FIG. 18. NII-rate coefficientX1,8 for electron impact excitation of leve
(2P)3s 1Po from the ground state 2p2 3P.

FIG. 19. NII-rate coefficientX1,9 for electron impact excitation of leve
2p3 1Do from the ground state 2p2 3P.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ate energy regime for neutral and near neutral atoms h
indicated a problem arising from a deficient treatment of
lowing for ‘‘loss of flux to the continuum’’ in the type of
R-matrix calculations used here. The new CCC method36 and
large pseudo-state R-matrix treatments37 solve this problem
for simple systems~H, He and iso-electronic ions, neutral B
and B! but have not been applied yet to more complex s
tems such as NI and NII. The continuum influence is large
for the n53 excitations, less pronounced for strong dipo
transitions and decreases with increasing ion charge.
suggested that for the 3d excitations from the ground in NII,
the effect is likely to be a decrease in the theoretical cr
section of 25% at most.

The internal correctness of the present R-matrix calcu
tions is indicated by the good agreement with Staffo
et al.35 although the target structures will be somewhat d
ferent. Staffordet al. did not however include the 2p23d
excitations. Provided very high partial wave contributio
are included in the cross-sections and the target oscill
strengths for the transitions are correct, large errors are
likely. The comparison with Born cross sections~even
though with again a slightly different target structure! con-

FIG. 20. NII-rate coefficientX1,12 for electron impact excitation of leve
(2P)3p 3S from the ground state 2p2 3P.

FIG. 21. NII-rate coefficientX1,13 for electron impact excitation of leve
2p3 3So from the ground state 2p2 3P.
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firms this. Thus it would be surprising to find the theoretic
2p2 3P22p3d3Po and 2p2 3P22p3d3Do rate coefficients
in N II to be wrong by more than a factor 2.

Some observations have been made of VUV lines of NII

in detached radiating divertor studies at the Joint Europ
Torus ~JET!. In these experiments, N2 is puffed into the di-
vertor region which initiates a transition to a strongly radi
ing plasma detached from the divertor strike zones. Suc
plasma has an electron temperatureTe,;5 eV and an elec-
tron densityne in the range 531013 to 1014 cm23. The un-
certainty in the intensity calibration of the JET VUV spe
trometer is believed to be less than a factor 2. We have
measurements of four lines on the triplet side, name
2p2 3P22s2p3 3So ~64.50 nm!, 2p2 3P22p3 3Do ~108.50
nm!, 2p2 3P22p3 3Po ~91.63 nm!, and 2p2 3P
22p3d3Po13Do ~52.97/53.37 nm!. The latter is an unre-
solved blend in the JET spectrometer. The observed spe
line ratios time histories in JET show an oscillatory behav
as the divertor strike zone is actively scanned across the
get plates, however this variation is,25% and so we expec
the error bound on the JET observed ratios to be;50%. For
the comparison, we conducted two excited population ca
lations. The first used the theoretical R-matrix collision da

FIG. 22. NII-rate coefficientX1,19 for electron impact excitation of leve
(2P)3d 3Do from the ground state 2p2 3P.

FIG. 23. NII-rate coefficientX1,21 for electron impact excitation of leve
(2P)3d 3Po from the ground state 2p2 3P.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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calculated as part of this work. For the second, each theo
ical rate coefficient on the triplet side originating from th
2p2 3P ground state has been scaled by the difference
tween the experimental rate coefficient and the theoret
rate coefficient at 6 eV. The population calculations forc
the singlet metastables to be in quasi-static balance with
ground state. The metastable populations have only a s
influence on the four triplet lines considered here. We u
theADAScodeADAS207 to prepare contour plots of the lin
emissivity ratios~1! 645/1085 nm,~2! 645/916 nm and~3!
645/533 nm on the temperature versus density plane. Ra
~1! and~2! are temperature dependent only. Ratio~3! is sen-
sitive to both temperature and density. It is found that
JET observed ratios~including error bars! overlap the JET
plasma conditions for ratios~1! and ~3! and just miss for
ratio ~2! in the case of the first~theoretical cross-section!
population calculation. The contour maps indicate a J
plasma atTe;4 eV and ne;731013 cm23. For the second
~experimentally adjusted cross section! case, the JET ratios
miss severely for both plots~1! and~2! but overlap plot~3!.
Thus the JET data does not appear to support the labora
deduced rates for these triplet lines.

It is to be noted that ratios~1! and ~2! above are mark-
edly temperature sensitive due to the difference in excita
energies from the ground to the upper level of the transitio
In a plasma with temperature gradients such as that of
JET divertor, some separation of the emitting layers for
low and high excitation energy lines is to be expected. T
the ‘‘miss’’ for ratio ~2! for the JET data in comparison wit
the theoretical cross section data errs in the expected d
tion. On this basis, we might be led to query the appar
temperatures in the experimental deductions of the pre
paper. It is difficult to separate a temperature layering eff
from non-Maxwellian effects. Equally, new studies of JE
divertor conditions suggest that there may be substantial
viations from Maxwellian electron distributions there als
The JET data used in the previous paragraphs was for a f
dense plasma which, it was hoped, minimized the possib
of non-Maxwellian effects. Non-Maxwellian effects migh
be expected to show most strongly on the higher excita
energy strong dipole rate coefficients which is the effect s
here.

The placing of the present experimental rates against
theoretical ones has used a normalization factor derived f
an unbiased equal weighting of a number of the rates.
alternative policy is to group the transitions into those
volving low excitation energies~mostly Dn50 transitions!
and those involving higher transition energies~mostly Dn
51 transitions!. This would help in probing anomalies of th
electron distribution function.

In summary, an extended comparison has been mad
experimentally measured rate coefficients with theoret
rates also calculated as part of this article. A broad ag
ment is achieved between theory and experiment within;
factor 2. However, there are two or three transitions, invo
ing excitation to then53 shell which are more severel
discrepant. Although there are some grounds for increa
the expected errors in the theoretical results, these are in
ficient to explain the discrepancies. Additional eviden
Downloaded 13 Jan 2009 to 130.159.248.222. Redistribution subject to A
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from JET measurements points to electron temperature a
primary factor. Although deviations from Maxwellian distr
butions can occur in low density plasmas, a clear signatur
not yet available for the present experiment or the diver
fusion plasma. The ability presented by the present exp
ment to contrast behavior with divertor plasma is of cons
erable value for probing these issues and the investigatio
continuing.
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APPENDIX NOTE

The complete data yielded by this work, i.e., all calc
lated collision strengths and Maxwellian-averaged rate
rameters as well as diagrams of all measured rate coeffici
are available from the authors on request. Furthermore,
ADASdata base contains the rate parameters as adf04
namednlike–rf 97#n0.datandclike–rf 97#n1.dat.
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