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R-matrix calculations for neutraN 1) and singly ionized nitroge(N 1) have been carried out in the
energy region below 50 eV for Nand 180 eV for NI, respectively. The collision strengths were
calculated for optical allowed and forbidden transitions as well as for exchange transitions involving
energy levels with principal quantum numbemss3. 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 N and sixteen Ni-rate coefficients were determined by meaha @ mmdiameter
stationary cascade arc discharge operated at a curréhAcand 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 70L0* cm™3. 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. €998 American Institute of Physi¢$0021-89788)02718-3

I. INTRODUCTION radiative transfer and diffusion processes. Due to the uncer-
tainties of the pertinent rate coefficients, experimental inves-
tigation of such models and the included cross sections is
In the last 15 years, low density plasmas have gainegighly desirable. The low ionization stages of nitrogen are
increasing importance in many different technical applica4interesting for several reasons. In low temperature rf dis-
tions. Microwave, rf and dc plasma reactors are being usedharges, nitrogen is used for technological applications like
for plasma processing such as reactive ion etching or thihard coatings or to improve the textured growth of diamond.
film deposition. These low density plasmas are comparablén fusion Tokamak reactors, nitrogen is puffed into the di-
in many respects. For example, the kinetic temperature of theertor chamber to actively cool the energetic particles flow-
atoms and ions is always much lower than that of the elecing down the scrape-off-layer. The present article deals
trons. So, the plasmas are generally far from local thermamnainly with R-matrix calculations and spectroscopic mea-
equilibrium (LTE), a situation which complicates the analy- surements to investigate the collisional-radiative models and
sis of the plasma state to a great extent. Depending on tH&e rate coefficients of atomic and ionized nitrogen. Thus, the
individual energy levels and particular plasma conditionsCollisional processes were based on cross sections for
however, a relatively simple model can be applied, namely&léctron-impact - excitation calculated by the R-matrix
the balance between collisional excitation/ionization andMethod. For the experimental investigations, a cascade arc
spontaneous radiative decay, called coronal equilibrium. IHV@S operated at low pressure and relatively low current in

this case, the knowledge of cross sections of electron-impa&rder to reduce the electron density to the range of interest.

excitation and ionization is necessary for the different atomic’ aration of the electron temperature and density was

systems. In the intermediate electron density region as ree-‘Ch'elved by usmgtdlffere_nt pressures. Irl these Iowfdens:jty
ported here, redistribution amongst excited states by mearfﬁc plasmas, Spectroscopic measurements were pertormed in
- - " e visible (vis) and the vacuum-ultraviolefvUV) wave-
of collisional processes as well as radiative transitions fron]
; : . length range.
upper to lower lying levels must be taken into account. This
means that plasma modeling on the basis of collisional-
radiative models is required which is often complicated byB. Procedure

A. General

In Fig. 1 the schematic of the combined investigations,
dElectronic mail: frost@tep.e-technik.tu-muenchen.de namely, the R-matrix calculations, the plasma diagnostics,
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FIG. 1. Schematic drawing of the experimental determination of the rate @
coefficients.

FIG. 2. Schematic drawing of the calculations done by the different codes.

and the determination of the rate coefficients via a

collisional-radiative model is shown. In Sec. Il, a brief de-

scription of the R-matrix calculations, which provided the

cross sections of the different transitions caused by electrorininimizing a suitable linear combination of the resulting en-
impact, will be given. The rate coefficients were obtained byergiesE, by adjusting this parameter, an optimization pro-
integrating the cross sections over a Maxwellian distributioncess is engendered. In addition, it is possible to use non-
of the free electrons. The calculated coefficients were inphysical pseudo-orbitals in order to adjust the calculated
serted in a collisional-radiative model thus yielding popula-level energies with respect to experimental ones.

tion densities related to the ground state density. Atoenic The target modeling for neutral nitrogen included the
Data and Analysis Structure ADA®vas used for this pur- 2s°2p%,  2s2p*, 2s°2p®3s, 2s°2p?3p, 2s°2p?3d,
pose(ADAS 208, see Sec. V In Sec. IlI, the experimental 252p®3s and the ° configurations. The latter two were
setup and its absolute intensity calibration in the visible andreated as correlation configurations resulting in a 33 term
VUV spectral range is presented. This was based on the he&lose-coupling collision calculation. For the ion, we used the
lium continuum radiation of a normal-pressure cascade arés“2p® 2s2p®, 2s°2p3s, 2s°2p3p, 2s°2p3d and the p*

and calibrated line radiation of a hollow cathode. The plasm&onfigurations. All resulting 23 terms were included in the
diagnostics, namely, the determination of the temperature dgflose-coupling calculation. We found that the introduction of
the heavy particles, of the electron density, and of the elec@ small number of f=4) pseudo-orbitals did not increase
tron temperature, are pointed out in Sec. IV. The populatiothe accuracy of our atomic structui@scillator strengths and
densities of the ground and metastable states were obtainé&m energiessignificantly and so we omitted them. This
by dividing the measured absolute population densities ofeduced the calculation time and made best use of the avail-
levels radiating by electric dipole transition to the groundable computer resources.

state(see Sec. Ywith the aforementioned calculated relative ~ The R-matrix close-coupling calculations for the colli-
population densities. Levels exited by electric dipole colli-sion strengths() were carried out using inner-region
sional transitions are preferred because they are theoretical§kchangé and nonexchangeand outer regiofSTGFARM
better known than nondipole or exchange transitions. Onc@hdSTGF) codes. The present setup of these codes enables
the ground and metastable state densities are known, it Bmooth passage of data from step to step. Figure 2 gives an
possib|e to obtain rate coefficients for e|ectron_impact exci.OverVieW of the connection of the different codes. In the case
tation from these ground levels to a multitude of excitedof exchange transitions, good convergence may be obtained
levels, if the line emission resulting from spontaneous radiaWith partial wave expansions excluding high angular mo-
tive decay of these excited levels is measurable. In Sec. vimentaL of the (N+1)-electron system. This is due to the

results of the calculated and measured rate coefficients wifect that the collision strengths of these transitions are pro-
be discussed and compared. portional toE ~2 for E—o, whereE means the energy of the

incident electron. In contrast, the collision strengths of the
dipole and nondipole nonexchange transitions show an
asymptotic behavior proportional to bhand constant with

The N1 and N target structures have been modelled byE, respectively. Therefore, it is necessary for them to con-
usingAUTOSTRUCTURE a code developed from the older sider contributions obtained from very hidghs. The codes
SUPERSTRUCTURE An additional option of AUTO-  for nonexchange transitiondX codes shown in Fig. 2
STRUCTURES to calculate the radial functions in a Hartree which do not calculate exchange transitions are numerically
potential and evaluate them by Slater-type orbitals resultingnore stable at high values. These codes were used to cal-
in one optimization parametar, ~1 for each orbitahl. By  culate the high= contributions to) for the dipole and non-

II. R-MATRIX CALCULATIONS
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FIG. 3. Grotrian diagram of the Ndoublet system(Only transitions mea-
sured in this investigation are shown.
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FIG. 5. Grotrian diagram of the N singlet system(Only transitions mea-
sured in this investigation are shown.

dipole nonexchange transitions until good convergence had

been reached.

The collision strength(},, , for an electron-impact in-
duced transition between the initial stateand the final state
n is related to the corresponding cross sectigf, by

E 0'm,n(E)

Qm,n(E):Qn,m(E):gmm (2-1)

mag

Herein, g,, is the statistical weight of the leveh, a, the

Bohr radius and the Rydberg energy. Maxwellian averag-

To avoid inconvenient usage of the strongly temperature de-
pendent rate coefficient, one often uses the effective collision
strength or rate parametes, , which is related to the rate
coefficient as follows:

' T AE
Xm,n(Te)=2\/;aca§ _HMEX;){ _ m,n],

KTe Om kTe
(2.9

ing of the cross section then yields the rate coefficient for the

electron-impact excitation process

Xonn(Te) = f; enn(E) (B (ETOdE (2.2

where« is the fine structure constant.

The lowest 21 terms are shown in Figs. 3 and 4 for the
neutral atom and all term@xcept®S°) in Figs. 5 and 6 for
the ion. In addition, they are listed in Tables | and Il along

with the electron temperatur@,, the threshold energy yith their statistical weights and term energies. These tables

AEn n, the electron velocity and the Maxwellian distribu-

also assign arbitrary term numbers to the terms which are

tion functionf, . Finally, the relation between the rate coef- necessary for the designation of the calculated rate coeffi-

ficients for excitation and de-excitation is given by

Om Em_ En
Xom=Xmn—6Xp — ——1. 2.3
n,m m,n On kTe ( )
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FIG. 4. Grotrian diagram of the Nquartet system(Only transitions mea-
sured in this investigation are shown.

cients of which a collection is listed as rate parameters in
Tables Il and V.
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FIG. 6. Grotrian diagram of the N triplet system.(Only transitions mea-
sured in this investigation are shown.
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TABLE |. Energy levels of the nitrogen atom: the configurations and termTABLE Il. Energy levels of the singly charged nitrogen ion: the configura-
symbols are listed together with the corresponding statistical weighésd tions and term symbols are listed together with the corresponding statistical

energiesE,.2 (The spectroscopic notation is corresponding to M&pre. weightsg,,, and energie& .2 (The spectroscopic notation is corresponding
to MooreP)
No Configuration Term Om En(cm™Y
- - =
1 2922p° pps 4 0. No. Configuration Term Om En(cm™)
2 2s%2p° 2pe 10 19227. 1 2s%2p? p 9 89.
3 2s%2p® 2po 6 28839. 2 2s%2p? D 5 15194,
4 2s%2p?(®P)3s ‘p 12 83335. 3 25%2p? s 1 32522,
5 2s?2p?(3P)3s 2p 6 86192. 4 2s2p° 50 5 46579.
6 2s22p?(3P)3p 2s° 2 93581. 5 2s2p® 3pe 15 91931.
7 2s?2p?(°P)3p 4pe° 20 94837. 6 2s2p° 3po 9 108866.
8 25?2p?(3P)3p 4po 12 95509. 7 2s%2p(?P)3s 3pe 9 148559.
9 25?2p?(°P)3p 40 4 96750. 8 2s%2p(?P)3s tpo 3 148734,
10 25?2p%(°P)3p ’pe 10 96833. 9 2s2p® pe 5 143742.
11 25?2p2(°P)3p 2po 6 97793. 10 25?2p(?P)3p p 3 164114.
12 2s2p* ‘P 12 88132. 11 2522p(%P)3p D 15 166117.
13 25?2p%(1D)3s’ D 10 99663. 12 25?2p(?P)3p s 3 168394.
14 2522p?(°P)3d ’p 6 104628. 13 2s2p° 30 3 154656.
15 2522p2(3P)3d 4F 28 104719. 14 2522p(%P)3p 5p 9 170124,
16 2522p?(°P)3d 2F 14 104850. 15 2522p(%P)3p D 5 173692.
17 2s22p2(®P)3d “D 20 105007. 16 2s2p°® 1po 3 166271.
18 25?2p?(®P)ad D 10 105134. 17 25?2p(?P)3p s 1 177743.
19 2s22p?(®P)3d ‘p 12 104856. 18 2s?2p(?P)3d 3Fo 21 186040.
20 2s?2p?('D)3p’ ’pe 10 110535. 19 25?2p(?P)3d Spe 15 186927.
21 25?2p?(*D)3p’ 2po 6 112311. 20 25?2p(%P)3d pe 5 186544,
21 2522p(%P)3d 3pe 9 188328.
®See Ref. 20. 22 2s22p(2P)3d Ipo 7 188777.
’See Ref. 38. 23 2522p(2P)3d 1po 3 189565,
aSee Ref. 21.
bSee Ref. 38.

Ill. EXPERIMENTAL SETUP AND ABSOLUTE

CALIBRATION OF THE SYSTEM RESPONSE

construction of flanges, windows, electrodes, and the com-
plete gas pumping system.

To investigate the rate coefficients of neutral and singly  The plasma consisted mainly of helium with only a 0.2%
ionized nitrogen, a stationary low pressure plasma was geradmixture of nitrogen. The gas composition was adjusted by
erated in a Maecker-type cascaded arc chafidershown calibrated mass flow controllers. Figure 8 shows the VUV
in Fig. 7, the cascade itself consists of a stack of axiallyspectrum at a pressure of 800 Pa. For this scan, a very large
insulated, water-cooled copper plates with aligned centeamount of nitrogen has been added to show the lines clearly.
bores of 7 mm diameter forming the discharge channel. Sili-  As shown in Fig. 9 the discharges were investigated si-
con rubber rings between the plates are used as vacuumultaneously by two optical systems, observing end-on
seals. nearly the same central region of the plasma column from

Two tungsten electrodes on the anode side, fed by sepapposite directions. A 2-m monochromator for the visible
rate ballast resistors, share the current load. The cathode wesgion at the cathode side of the arc served for diagnostic
built as a V-shaped tungsten wire connected to two molybpurposes in the wavelength range 250-830 nm. This instru-
denum rods at both ends. The rods are inserted in two elecaent has a spectral resolution of 15 pm in the first spectral
trical insulated brass tubes, which are water cooled. Therder. The plasma intensities were recorded by a photomul-
cathode is electrical heated up to 3000 K because there atiplier (N I/N 11 investigations: R928, calibration of the VUV
not enough positive ions transferring sufficient energy tosystem: 1P28abehind the exit slit. For precise wavelength
heat the cathode properly. The base of all three electrodes §£ans, photomultiplier and exit slit were moved together in
shielded by means of boron nitride plates. the focal plane by a precision mechanical drive. For scans of

For the following NI and NIl measurements, the dis- narrow line profiles, a piezo driven shift unit was connected
charge was operated 8 A current and at pressure values to the mechanical drive and the monochromator was oper-
between 100 and 3000 Pa. The original arc design as deted in the minus fifth order resulting in a spectral resolution
scribed in Ref. 8 was substantially modified for operation atof 2.6 pm. The system response was calibrated by a tungsten
lower pressures. Thus the stack of cascade plates was isskip lamp, which had itself been calibrated at the Phys-
lated further from the ambient atmosphere by a vacuum-tighikalisch Technische Bundesanstalt Berlin.
plexiglas cylinder. The buffer volume between this cylinder ~ From the other direction, the VUV system served for
and the cascade was pumped by a turbomolecular pummtensity measurements of the different plasmas. A platinum-
which considerably reduced the influx of atmospheric nitro-coated spherical mirror focused the cross section of the
gen and oxygen into the arc chamber through leaks of thelasma column on the entrance slit of a 1-m McPherson
many silicon rubber seals. Further changes concerned thmonochromator. The concave grating surface also consisted

A. Experimental setup
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TABLE lll. Calculated effective collision strengths,, ., for electron impact excitation of atomic nitrogen

from ground state and metastable states: the level numbers of the initiainsteite the final state are defined

in Table I. The five rightmost columns give the dimensionless rate parameter values for the electron tempera-
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 0.6011 0.244+0 0.569+0 0.976+0 0.133+1
1 3 0.108+-0 0.181-0 0.2640 0.3670 0.459+0
1 4 0.273+1 0.283+1 0.232+1 0.239+1 0.322+-1
1 5 0.435-1 0.689-1 0.989-1 0.133+0 0.147#0
1 6 0.135-1 0.264-1 0.386-1 0.458-1 0.443-1
1 7 0.1106+0 0.166+0 0.229+0 0.315+0 0.385+0
1 8 0.29+1 0.575-1 0.104+0 0.156+0 0.183+0
1 9 0.105+0 0.246+0 0.486+0 0.878+0 0.136+1
1 10 0.326-1 0.663-1 0.999-1 0.132+-0 0.1470
1 11 0.152-1 0.375-1 0.596-1 0.793-1 0.864-1
1 12 0.474-0 0.651+0 0.849+0 0.166+1 0.321+1
1 13 0.274-2 0.421-2 0.613-2 0.865-2 0.986-2
1 14 0.649-2 0.132-1 0.212-1 0.267-1 0.258-1
1 15 0.280-1 0.567-1 0.903-1 0.115+0 0.121-0
1 16 0.472-2 0.125-1 0.265-1 0.414-1 0.446-1
1 17 0.1406-1 0.306-1 0.521-1 0.668-1 0.645-1
1 18 0.254-2 0.662-2 0.121-1 0.146-1 0.128-1
1 19 0.134-0 0.300+0 0.714+0 0.181+1 0.364+1
1 20 0.119-1 0.341-1 0.689-1 0.113+0 0.142+0
1 21 0.369-2 0.112-1 0.243-1 0.418-1 0.539-1
2 3 0.542-0 0.172+r1 0.306+1 0.364+1 0.400+ 1
2 4 0.442+-0 0.5510 0.573+0 0.578+0 0.516+0
2 5 0.532-0 0.861+0 0.134+1 0.241+1 0.416+1
2 6 0.185+0 0.199+0 0.17H0 0.173+0 0.204+0
2 7 0.140+0 0.234+0 0.325+0 0.383+0 0.369+0
2 8 0.104+0 0.168+0 0.216+0 0.239+0 0.220+0
2 9 0.325-1 0.601-1 0.744-1 0.902-1 0.105+0
2 10 0.803-0 0.136+1 0.220+1 0.34H1 0.493+1
2 11 0.356-1 0.783-1 0.165+0 0.310+0 0.464+0
2 12 0.630-0 0.899+0 0.918+0 0.895+0 0.915+0
2 13 0.406+-0 0.733+0 0.132+1 0.224+1 0.338+1
2 14 0.124-1 0.261-1 0.472-1 0.723-1 0.914-1
2 15 0.636-1 0.113+0 0.164+0 0.190+0 0.16A4-0
2 16 0.206-0 0.472-0 0.966+0 0.183+1 0.294+1
2 17 0.382-1 0.632-1 0.846-1 0.949-1 0.834-1
2 18 0.624-1 0.144+0 0.285+0 0.516+0 0.793+0
2 19 0.15%0 0.230+0 0.288+0 0.345+0 0.384+0
2 20 0.325-0 0.795+0 0.14H41 0.248+1 0.369+1
2 21 0.319-1 0.977-1 0.170+0 0.225+0 0.25%#0
3 4 0.282-0 0.362+-0 0.400+0 0.413+0 0.363+0
3 5 0.40%40 0.627+0 0.965+0 0.173+1 0.295+1
3 6 0.160-1 0.303-1 0.411-1 0.446-1 0.432-1
3 7 0.200+0 0.260+0 0.275+0 0.269+0 0.230+0
3 8 0.139+0 0.175+0 0.187+0 0.192+0 0.179+0
3 9 0.828-2 0.1271 0.164-1 0.243-1 0.340-1
3 10 0.105-0 0.160+0 0.242+0 0.416+0 0.649+0
3 11 0.332-0 0.756+0 0.151+1 0.273+1 0.419+1
3 12 0.472-0 0.653+0 0.628+0 0.563+0 0.542+-0
3 13 0.123r0 0.24H#0 0.424+0 0.663+0 0.909+0
3 14 0.560-1 0.135+0 0.284+0 0.561+0 0.932+0
3 15 0.280-1 0.537%-1 0.833-1 0.994-1 0.883-1
3 16 0.450-1 0.928-1 0.162-0 0.247%0 0.309+0
3 17 0.468-1 0.828-1 0.120+0 0.135+0 0.116+0
3 18 0.16%0 0.409+0 0.86A4-0 0.170+1 0.279+1
3 19 0.998-1 0.156+0 0.200+0 0.235+0 0.255+0
3 20 0.2571 0.707-1 0.126+0 0.185+0 0.235+0
3 21 0.15%#0 0.388+0 0.751+0 0.133+1 0.204+1
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TABLE IV. Calculated effective collision strengthg,,_,,, for electron impact excitation of singly ionized
nitrogen from ground state and metastable states: the level numbers of the initiai stadethe final state are

defined in Table Il. The five rightmost columns give the dimensionless rate parameter values for the electron
temperatures listed at the top of each column.

m n 1.00 eV 2.52 eV 6.33 eV 159 eV 40.0 eV
1 2 0.230+1 0.246+1 0.265+1 0.25A# 1 0.20A1
1 3 0.264+0 0.289+0 0.324+0 0.320+0 0.256+ 0
1 4 0.112+1 0.11A#1 0.11A#+1 0.109+1 0.883+0
1 5 0.395+1 0.460+ 1 0.581+1 0.784+1 0.105+2
1 6 0.308+1 0.375+1 0.499+1 0.706+1 0.995+1
1 7 0.156+1 0.143+1 0.118+1 0.11++1 0.134+1
1 8 0.422+0 0.373+0 0.296+0 0.215+0 0.136+0
1 9 0.119+1 0.105+1 0.8910 0.720+0 0.523+0
1 10 0.326-0 0.252+0 0.205+0 0.158+0 0.105+0
1 11 0.126-1 0.980+0 0.83H0 0.714+0 0.614+0
1 12 0.173-0 0.158+0 0.1410 0.11A#0 0.837+1
1 13 0.854-0 0.166+1 0.263+1 0.406+1 0.616+1
1 14 0.224-1 0.253+1 0.292+1 0.338+1 0.378+1
1 15 0.333-0 0.345+0 0.346+0 0.306+0 0.221+0
1 16 0.414-0 0.392+0 0.350+0 0.293+0 0.212+0
1 17 0.425-1 0.428-1 0.470-1 0.472-1 0.370-1
1 18 0.583-0 0.550+ 0 0.5110 0.425+0 0.328+0
1 19 0.872-0 01141 0.165+1 0.261+1 0.409+1
1 20 0.119-0 0.118+0 0.119+0 0.104+0 0.728-1
1 21 0.326-0 0.426+0 0.633+0 0.980+0 0.156+1
1 22 0.109-0 0.139+0 0.166+0 0.155+0 0.108+0
1 23 0.812-1 0.786-1 0.767+1 0.686-1 0.501+1
2 3 0.604+0 0.569+0 0.60A 0 0.661+0 0.710+0
2 5 0.188+1 0.18A1 0.178+1 0.164+1 0.133+1
2 6 0.674+0 0.693+0 0.648+0 0.563+0 0.429+0
2 7 0.853+0 0.780+0 0.605+0 0.420+0 0.253+0
2 8 0.914+0 0.952+0 0.104+1 0.144+1 0.22A41
2 9 0.129+1 0.178+1 0.25A#1 0.39A# 1 0.600+ 1
2 10 0.468-0 0.358+0 0.268+0 0.212+0 0.188+0
2 11 0.75%0 0.636+0 0.542+0 0.423+0 0.279+0
2 12 0.13%0 0.1110 0.936-1 0.728-1 0.480-1
2 13 0.218-1 0.259-1 0.3171 0.344-1 0.288-1
2 14 0.345-0 0.313+0 0.28A40 0.244+0 0.174+0
2 15 0.145-1 0.166+1 0.196+1 0.234+1 0.269+1
2 16 0.516-0 0.649+0 0.908+0 0.141+1 0.216+1
2 17 0.155-0 0.146+0 0.139+0 0.136+0 0.129+0
2 18 0.395-0 0.402+0 0.398+0 0.325+0 0.211+0
2 19 0.178-0 0.194+0 0.210+0 0.186+0 0.126+0
2 20 0.323-0 0.440+0 0.67#0 0.110+1 0.172+1
2 21 0.109-0 0.126+0 0.138+0 0.1206+0 0.807~1
2 22 0.374-0 0.496+0 0.748+0 0.1211 0.196+1
2 23 0.329-0 0.405+0 0.5410 0.753+0 0.103+1
3 5 0.805-1 0.720-1 0.568-1 04211 0.280-1
3 6 0.439+0 0.434+0 0.428+0 0.400+0 0.328+0
3 7 0.14%0 0.13#0 0.115+0 0.854-1 0.549-1
3 8 0.11%0 0.11140 0.110+0 0.135+0 0.202+0
3 9 0.840-1 0.595-1 0.401-1 0.284-1 0.220-1
3 10 0.70+1 0.496-1 0.367~1 0.268-1 0.179-1
3 11 0.144r0 0.130+0 0.112+0 0.863-1 0.567+~1
3 12 0.622-1 0.533-1 0.478-1 0.392-1 0.26~1
3 14 0.3071 0.314-1 0.313-1 0.292-1 0.220-1
3 15 0.508-1 0.433-1 0.439-1 0.574-1 0.807~1
3 16 0.175-0 0.193+0 0.248+0 0.356+0 0.498+0
3 17 0.306-0 0.359+0 0.452+0 0.565+0 0.666t+0
3 18 0.829-1 0.861-1 0.868-1 0.714-1 0.459-1
3 19 0.252-1 0.273-1 0.294-1 0.257+1 0.171-1
3 20 0.546-1 0.433-1 0.358-1 0.271-1 0.187~1
3 21 0.425-1 0.479-1 0.530-1 0.465-1 0.312-1
3 22 0.286-1 0.298-1 0.327~1 0.379-1 0.455-1
3 23 0.11%0 0.163+0 0.27#0 0.493+0 0.828+0
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integrated differential pumping system tungsten-ribbon lamp

2. stage 1. stage

anodes multiplier arc chamber
vacuum /
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/ ]
diaphragm sgherical mirror
I 8 | i | )
lens L L e e gy eppeppppp——— - ==

heated cathode
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<] || SIS Fd il =

2-m visible spectrometer \_channeliron

— 1-m VUV monochromator

FIG. 9. Experimental setup.

third pumping stage, rigidly connected to the VUV system,
FIG. 7. Discharge chamber. reduced the pressure to about ¥(Pa. The first capillary
tube of the differential pumping system was positioned only

. L 2 mm from the anodes to keep the cool plasma end layer
of platinum. A channeltron electron multiplier, mounted be-Short P P y

hind the exit slit of the VUV monochromator, was operated Both systems observed an area of about

n gh(:tondct;)untlng mo;je. The ctountlngij ratte W‘iﬁ recc_)trhdtec}S umx350um, determined by the entrance slits of each of
and stored by means of a computer system together wi Wﬁe two monochromators. The solid angles of the visible and
respective wavele-ngths. from an mcremental encoder. the VUV system were limited to 210~ ° sr defined by dia-

For the VUV intensity pahbrauon, the low pressure arc phragms on both sides. The plasma columns, the central
was replaced ya 2 mm diameter cascaded arc Char‘nber'bores of the first pumping stages, and the two diaphragms

This pure He discharge was operated at atmospheric Pressyffare aligned along the optical axis of the whole system us-
(972 hPA and 100 A current. It emits continuous radiation ing a telescope

down to the helium resonance series limit at 50.4 nm. In
order to confirm the continuous intensity calibration in the
wavelength region from 53 to 130 nm, a hollow cathbbg
prescribed desigfB mm in diameter, 60 mm in lengthvas  B. Calibration of the system response
used, which emits calibrated line radiation. The comparison .4 calibration of the VUV system response in the spec-
of these two radiation sources is described shortly in Seg,, range between 53 and 130 nm was based on the con-
Il B. For more details see Ref. 10. N .. _tinuum radiation of a pure He arc at atmospheric pressure, a
The low pressure arc as well as the calibration light. o 04 \which had been proposed by Thoihe construc-
sources were cormected to the VU_V system by means of g of this calibration device was approximately the same as
differential pumping system partly integrated in them. Thedescribed above, and the spectra in the visible and VUV
spectral range confirm the very low impurity levétsnaller
than 0.1 ppm The continuum radiation of this plasma was

10 . — ————T — :
el £ E §_E 1 recorded with high integration time at 27 selected wave-
2 g 2 2 E EE g § £ E E length points to improve the signal-to-noise ratio. Its spectral
2 BpE = 5 282 B8 8 8 5 radiance can be accurately calculated on the basis of the
[} $ E|T T o ©6 ~R o~ o @ .. . .

= 4l% 5 z 33 25 = 5 o existing theories, provided that the electron temperature and
= 5is density are known from diagnostics.

Ez 2rez Jh l | i The electron density of the pure He plasma was deter-
= opd L rarrmir e ; o Tr—— mined by means of the quadratic Stark broadening of several
50 55 60 65 70 75 80 85 He! lines. The profiles of five Helines were investigated,
10— T T T T T T T namely of He 318.8, 396.5, 412.1, 471.3, and 501.6 nm.
— 8l . E ] e . e Ac_cordzing to the thaeoretical broaden_ing calculations of
N Soegr B EE ¢ 38 5 ] Griem? and Kelleher? the electron density was found to be

< el5 232 g 88 gleglE ¥ g 2.9x 10" cm ™3 with an uncertainty of 6%.

= 4t 5|2 ==t Ty 2 2|z |2 o7 At 100 A and atmospheric pressure, the excitedi He

A z t z z | =] states with principal quantum numbens=3 are above the

£ j L | 1 L collision limit and the model of partial thermodynamic equi-
0 " — . librium (PLTE) may be applied for their analysis. This

L L PR T '] I T T N [N T T T T N T B 1 PR
85 90 95 100 105 110 115 120 125

wavelength [nm] means that the density, of a particular excited levek is

related to the Ha ion ground state density, ; and the elec-
FIG. 8. VUV spectrum of the low-pressure discharge. tron density by means of the Saha equation:
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gk ( h2 )3/2 % Ek_ Eion] - T 1T 71 7
M Meagy | Zamt, P T, | Y o ze |
=10 e A argon ||
Herein,g, andg, are the statistical weights of the level G a—4 iﬂkm, o helium  H
k and the Hel ground statefE, and E;,, are the pertinent 3 - " kyplon 7
and ionization energies. = .
The number of Ha ground state particles is practically & ‘“OC\
equal to the electron density,. Measurements of the abso- §1012 4
lute Hel line emission coefficients therefore yielg, and g 2 <
subsequentlyl, if ng is known from the line profiles men- 2 - AN
tioned above. The present result fog is 1.98 eV witha @ -’\\
mean uncertainty of 8%. This value and the value listed by 10" o
Thoma! lie close together well within the error bounds. The
gas temperature was not measured again, but just taken frot 50 60 70 80 90 100 110 120 130 140
Thoma, i.e..T4=13300 K, because the influence of an error wavelength - [nm]
in TIgl on the calculated continuum intensity is negligibly FIG. 10. System response in the VUV spectral range.
small.

Once the plasma parameters are known, the continuum
emission coefficient can be calculated as a function of wavenm, the far red wing of the He58.43 nm line of the helium

length. In the wavelength range from 510 down to 65 nm.series limit is superimposed on the exponentially decreasing

five contributions were taken into account: continuum radiation.
(1) the free-boundf-b) recombination radiation to the levels The error bounds of the continuous calibration lie be-
21g 21p. 235 and 2P tween 14% at 130 nm and 33% at 70 nm. The error bound of
(2) the f-b radiation to all levels with principal quantum the calibration by means of the hollow cathode is about 16%.
numbersn= 3 So, the good agreement of both methods gives an uncertainty
(3) the free—boun’d radiation to all levets=3 of the continuous calibration of the system response from 53
(4) the free-free(f-f) radiation in the electrical field of the 0 130 nm which is better than 20%.
ions and
(5) the f-f radiation in the residual electrical field of the He IvV. PLASMA DIAGNOSTICS
atoms.

The state of the low-pressure helium plasma is far from

All these contributions are explained in more detail in Ref.local thermal equilibrium. Therefore, Boltzmann and Saha
10 and in Ref. 14. equilibrium relations may not be applied for diagnostic pur-

The above plasma diagnostics and the continuum calclposes. The nonequilibrium state of the plasma is caused by
lations were verified by recording the visible He continuumthe low electron density and the energetically high lying ex-
between 420 and 510 nm and using these results for an irvited states of helium. Corresponding to the Maxwellian dis-
tensity calibration. The system response derived from theribution at electron temperatures from 4.5 to 8.4 eV, only a
helium continuum and from the tungsten strip lamp agreedninor part of the free electrons has energies equal or higher
within 5% which is consistent with the error limits @f,  than 20 eV to excite the atoms from the ground state. On the
alone. other hand, the radiative lifetimes of the excited states are

To confirm this continuous intensity calibration of the relatively short compared to the inverse of the electron col-
VUV system at several wavelength points, the normal prestision frequency. As a result, a balance between electron-
sure arc was replaced by a high current hollow cathodémpact excitation and radiative decay establishes itself. This
which is a reproduction of a well-known transfer standard,so-called coronal equilibrium is not a property of the whole
calibrated in turn at the Physikalisch Technische Bundesaratomic system but only of the levels lying below the colli-
stalt Berlin. For the purpose of calibration, the operatingsion limit, which separates these levels from higher lying
point was chosen as 1 A/500 V after Hollaredtal? For the  states. The latter are PLTE distributed according to the elec-
calibration at the highest and lowest wavelengths, heliumron temperature.
and krypton were the filling gases; for the medium wave-  The temperature of the heavy particles is determined by
length range, argon was used. the collisions with free electrons which gain their energy in

Figure 10 shows the response of the VUV system in thehe electrical field of the discharge. Because of the small
range from 53 to 130 nm derived from the helium continuummass of the electrons, the kinetic energy transfer to the heavy
radiation and the calibrated line radiation of the hollow cath-particles by these collisions is very inefficient resulting in a
ode lamp. The open circles represent the measured values lakge difference between the temperatures of the free elec-
the helium continuum and are connected by straight linestrons and the gas.
The solid symbols represent the system response measurxd
by means of the hollow cathode. It can be seen that the”
agreement of the calibration methods is very satisfactory in  The knowledge of the gas temperature is of great impor-
the range from about 65 to 130 nm. In the range below 6%ance for the calculation of the population densities of the

Gas temperature
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TABLE V. Parameters and ionization degree of the low-pressure plasma g\ywakowicz and Behringé? was used. Therefore, only a
the various operation pointg: designates the discharge pressageand T, brief description will be given in the following

the density and temperature of the electrons, respectivglyhe helium . . .
atom density,T, the gas temperature amg/n, the ionization degree for As a steep function of the plasma pressiligis derived

Ne<n,. from the Hell 468.6 nm emission line, that is the-43 tran-
sition in the hydrogen-like He system. Because of the high
p(Pa)  ngecm™)  TeV) ni(emd)  Ty(K) Ne/ny excitation energy and the low electron density, it is justified
100  1.83-13 8.4 6.94 15 785 2643 to apply the coronal balance
200 27113 7.4 1.36-16 895  2.06-3 A
400  3.78r13 6.5 2.24r 16 1165 1.69-3 4,3
800  4.60+13 6.9 33816 1603  1.363 NeNi 1X1,4(Te) = n4k§<:4 A= Ty (4.)
1600 55713 5.6 5.56- 16 2041 1.0+3 ‘
3000 7.00-13 45 8.28 16 2579  8.454

wheren; ; denotes the ion ground state number dengity;
the Einstein coefficient for spontaneous emission and the
factor b, 3 the branching ratio for leveh=4. Complete re-

metastable states of the nitrogen ions. Their densities ardistribution within the fine structure takes place due to the
mainly determined by diffusion from the near-axis ionizationSmall energy differences and the high density of the heavy
region to the wall of the cylindrically-symmetric discharge Particles. Impurities in this plasma are negligible and the
chamber. Further on, the knowledge of the gas temperature f@ncentrations of hydrogen and nitrogen are very small.
important for the diagnostics of the electron density as deJherefore, it may be assumed that the ion number density is
scribed in the section below. very close to the electron density and the overwhelming ma-
Because of the frequently occurring elastic ion-ion col-jority of these ions is in the ground state:
lisions, a Maxwellian distribution of the heavy particles is
established. This allows the determination of the gas tem-

perature by means of the Doppler broadening of thet He  wjth the measured absolute population densifyand
471.32 nm line. Two components of the triplet transitionthe known electron density from Sec. IV B, the actual value
4s°S—2p°P° are only separated by 1.7 pm. The third com-of the rate coefficienX, (T,) is given by Eq.(4.1). On the
ponent lies 20.3 pm apart and can be resolved spectroscopither hand, this rate coefficient can be accurately calculated
cally in the minus fifth spectral order. The full halfwidth of i the important threshold region by using a semiempirical
the pure Doppler profile amounts to at least 5.0 pm convoexcitation coefficient after Vriens and Sméeétwhich com-
luted with 2.6 pm from the 2-m monochromator. Because Obines the high_energy Born tail with |0W_energy near-
the low electron density, the Stark broadening can be nemreshold values obtained from Mansbach and Kédicee
glected. In Table V, the gas temperature values which werRef. 17 for further details.The electron temperatures de-

N 1=N;=ne. (4.2

obtained by gy*-fitting procedure® are listed. rived from the comparison of the actual values of the rate
coefficient with the calculated ones are listed in Table V.
B. Electron density The higher value of the electron temperature at 800 Pa

The electron density was measured by means of the Iint-han that at 400 Pa depends on the variation of the electrical

ear Stark effect in the deuterium Balmetine at 485.93 nm. power fed into the discharge which has a local maximum

. . os near 900 Pa.
The deuterium concentration was only about 0.01% in order It should be mentioned that the described method is

to prevent a considerable proportion Of the electrons Comin%ighly accurate even if the cascade contribution to the popu-
from ionized hydrogen. At the lowest discharge pressure, th?ation of leveln=4 (about 15%is not taken into account in

full haIfW|dt_h of the pure I!ne profile arr-mo.un_ts to only 12.'7 Eq. (4.1 because the rate coefficient is extremely steep in the
pm. Deuterium was used in order to minimize the contribu-

tion of the Doppler broadening to the measured linewidth. threshold region below 10 eléee Ref. 1y, This steepness

: . ... _would reduce an error of a factor 2 in the measured rate
From the measured line profiles, the electron densities

- o i
were obtained by applying the aforementiongitting pro- Z(\)/effluent to one of only 7% in the electron temperature at 5
cedure to fit the well-known hydrogen profiles from Vidal, =~ "

Cooper and Smith® which are nearly independent of the

electron temperature. The central dip of each of these calcu-

lated profiles is much to deep but does not affect the evaluv. DETERMINATION OF THE GROUND- AND
ation. From the difference between the calculated and thMETASTABLE-STATE DENSITIES AND THE RATE
measured profile, no systematical error arises by applying theOEFFICIENTS

fitting procedure. In Table V the values of the electron den-p_collisional-radiative model

sities are listed. . o ]
In order to determine the rate coefficients spectroscopi-

cally, it is indispensable to know the population number den-
sities of the respective ground and metastable states. For this

The electron temperature is an important parameter fopurpose, the population densities of the excited states of the
comparing calculated and measured rate coefficients. For thevo nitrogen systems Nand Nii were calculated by apply-
determination of this parameter, a method first described bing a collisional-radiative model:

C. Electron temperature
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13

S N 10
ne( E n(rx(r,m+ 2 nnxn,m + E nnAn,m _e—
o=1 S<n#m n>m —
10" e
:nm< Ne 2 Xm,n+sm + 2 Am,n)- (5-1) .5. ' —
n#m n<m . 10" 7
=
3 10" e
c
On the left hand side of E@5.1), source terms for the popu- ﬁ —
lation density of the excited state are shown. These are the £ ¢ pd LT
electron-impact excitation from the metastable statefm- g 7 g
cluding the ground state=1 and from lower lying excited = - NI ——n, Nil:——n,
states. In addition, the electron-impact deexcitation and the +—n, &—n,
cascade processes from all levels higher tmazontribute to , Y T —v—n,
its population density. Because of the low electron densities 9 7750 5 5 4 56780 5> 3 45
in the plasmas investigated here, it can be shown that the 100 . 1000
three body recombination is negligible. On the right hand discharge pressure [Pa]

side, the depopulation processes are given, namely th8g. 11. Population densities of the ground and metastable states of the
electron-impact induced transitions to all other lewglghe  nitrogen atom(N 1) and ion(N n).

impact ionization, and the radiative decay to lower lying lev-

els. As a result, all contributions to the population density of

a levelm originate directly or indirectly from the ground and B. Diffusion
metastable states. By contrast, the contribution from the next

higher ionization stage has been neglected because its popu- The solution of the time-dependent diffusion equation
lation density is comparatively low due to ambipolar diffu- for & cylinder symmetrical geometry is given by

sion to the wall. (

The above system of equations was evaluated by means n(r,t)=n(0)Jq
of the ADAS208 program. All terms resulting from the col-
lisional calculations of the configurations given in Sec. Il with the Bessel functiody, the cylinder-radiu®R, the on-
were included as well as the important rate coefficients obaxis particle density(0) at timet=0, and the time constant
tained from R-matrix calculations. Energies and transitionfor radial diffusion g . Ag'f{ is defined as the inverse of
probabilities were taken from the literature since observeditt, Which can be calculated from the characteristic diffu-

energies and transition probabilities, determined from largé&ion lengthA g :

5
)exp[—t/rdiﬁ}, (52)

structure calculations alone, are likely to be more accurate ' 1 D 2 405 2
than those that result from a structure calculation that is con- ~ A%f—=— = = D(Tj (5.3
strained by the size of collision problem that it engenders. In Tdiff diff

the case of N, the level energies were taken from Wiese For further details, see McDaniel and MasdnTo
et al?% for N 1 those from Erikssoft were used. The tran- evaluate the diffusion coefficie for the N-He system, a
sition probabilities of N from Hibbertet al* were inserted potential function after Chapman and Cowftigvas taken:
when available, otherwise they were taken from Wiese

et al?° All transition probabilities of NI were taken from B(r)= d (5.4)
Bell et al?® The rate coefficients,, of electron-impact ion- rd '

ization were calculated by the so-called ECIPyiih the potential parametersi=13.73 eV 82 and &
. B 4’25. - . ) ) .
approximatiof*?°included inADAS208. =6.23 after Amduret al?® The calculation of the diffusion

To examine self absorption, the concept of escape faceoefficient for the N-He system was based on a 12-6-4
tors was applied. This allows a local treatment of reabsorppotential

tion by reducing the transition probabilitk, , to an effec-

tive transition probabi'lit)@m,nAm'n. Thig is due to the fgct O(r) = € (1+7) r_m) 12_4y( r_m)e_g(l_ y)(r_m) 4}
that a part of the radiative energy emitted elsewhere in the 2 r r r
plasma is reabsorbed at another position thus increasing the (5.5

population density there. A comprehensive review of thisafter Mason and SchanifHerein y=0.125,e=0.0439 eV

subject is given by Irong In this work, the escape factors of andr,,=2.29 A denote potential parameters also taken from

all relevant lines lie between 0.9 and 1.0. Ref. 30. The binary diffusion coefficient was calculated after
Because of the long radiative life times of metastableKihara (see Ref. 31 and yielded the ambipolar diffusion

states, their population densities are almost entirely limite¢oefficient from the measured temperatures as

by diffusion losses to the discharge wall. This process is

taken into account by assigning a ‘“diffusion”-transition D.=D 1+E (5.6)
i adiff o a— T/ :
probability A;; (o=2,3) to the metastable states. g
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FIG. 12. Ni-rate coefficientX, , for electron impact excitation of level FIG. 14. Ni-rate coefficientX, o for electron impact excitation of level
(®P)3s *P from the ground state @ 4s°. (®P)3p “S° from the ground state [ “S°.

The resultingAf’,if{ values range from 6:210* to 2.8  Wwhich obtain the main part of their population via “dipole
X 10° s~* for the metastable states of the nitrogen atom andllowed” electron excitation processes have been used to
from 1.8X 10° to 5.1 10° s~ L for the metastables of the ion. determine the ground-state population. In addition, the oscil-
Since both diffusion coefficients decrease with increasindator strengths yielded byAUTOSTRUCTUREprovide a
pressures, diffusion is reduced but in no case negligible fofairly good criterion for the modeling of the respective nitro-
the metastable levels. gen target which the following collisional-radiative calcula-
tions were based on. Finally, mean values for the ground-
state populations have been calculated from four single N
and 9 single NI ground-state values, respectively.

The resulting values for the ground- and metastable-state

Dividing the collisional-radiative moddlEq. (5.1)] by  densities are shown in Fig. 11 where the steep decrease of
the ground-state population; yields relative population the Ni metastables is due to the ambipolar diffusion.

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

densitiesn,=n,,/n, for every levelm of the system. The On the basis of these values we determined the rate co-
ground-state density may now be obtained by inserting thefficients by applying the already described collisional-
measured absolute level populatiamg into radiative model, written as
N n
ng=—-. (5.7) XimKm==— > OmnAmn- (5.8
77m nenl n<m

However, this means that the accuracy of the resulting Herein the factor K., represents the influence of

ground-state values depends on those calculated rate coefifectron-impact excitation from the metastable states, the
cients which are decisive for the bulk of the level pOpUla'Spontaneous decay from h|gher excited St@‘mcade pro-

tionsny,. Because highest accuracy of the collisional calcutessesand electron-impact ionization on the population of
lation is expected for dipole transitions, only those levals the |evelm.

10°® 10”7 ———r——
o Stone and Zipf32
] Berrington ** I
— 10° o —10° T =
1] o mm — - ===
°c oy . £ - A
o, 0 [ —— L, -1 8
L, /// o - il g
2 — = L ®
T ol * 40° L
R-matrix E v a - * R-matrix E
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FIG. 13. Ni-rate coefficientX, g for electron impact excitation of level FIG. 15. Ni-rate coefficientX, ;, for electron impact excitation of level
(®P)3p *P° from the ground state® “s°. 2p* *P from the ground state® *s°.
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FIG. 16. Ni-rate coefficientX; 5 for electron impact excitation of level

(*D)3s’ 2D from the metastable statgp? ?D°.
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FIG. 18. Nu-rate coefficientX, g for electron impact excitation of level
(?P)3s P° from the ground state @ 3P.

All of the transitions which were used for the experi- for the transitions B3 4S°—2p?3s*P (Fig. 12 and

mental determination of level population densitigg, via
absolute line emission coefficients, ,, given by

4
(5.9

2p3 4s°—2p* *P (Fig. 15, an earlier R-matrix calculation
performed by Berringtoret al3 for the transition »3 *S°
—2p* *P (Fig. 19 and a Born approximation from Garfas
for the transition »3 *S°—2p?3s*P (Fig. 12. For singly

N.=¢& _—
m Lm,n th nAm n . . . . :
nem, ionized nitrogen, a R-matrix calculation has been performed

are shown in Figs. 3 and 4 for the neutral atom and in Figstecently by Stafforcet al3® Figures 18—23, which show the
5 and 6 for the the singly ionized ion. Some of these spectral Il rate coefficients, do also include data from this work, as
lines can also be seen in the VUV spectrum plotted in Fig. 8far as available.
The optical depths of all relevant emission lines were calcu-
lated and they were found to' pe completely negligible. _VI. DISCUSSION AND CONCLUSIONS
The measured rate coefficients determined as described
in Eq. (5.9 are shown by solid circles in Figs. 12—-23 along ~ The comparison of experimental and theoretical Max-
with the R-matrix calculations. The open circles, designatedvell averaged rate coefficients, a small selection is shown in
by “uncorrected,” represent rate coefficienss, ,, which ~ Figs. 12-23, shows a broad trend of agreement. There are,
one would get from Eq(5.8) without taking into account the however, a number of cases where the divergence is more
factorK,,. So, the difference between the “corrected” and substantial. For example, for the transitionsp®ZP
“uncorrected” values shows the influence of all other pro- —2p3dP° (Fig. 23 and ? 3P—2p3d®D° (Fig. 22 in
cesses than collisional excitation from the ground state to th&l I, experiment is about a factor 10 less than theory. There
population of leveim. is in fact some systematic trend between experiment/theory
Corresponding data from the literature is also included inratios for excitation to thé=2 shell and to then=3 shell
the diagrams: for the neutral atom, measured cross sectiotgth the latter relatively lower. Studies in recent years on
from beam foil experiments carried out by Stone and Zipf convergent close-coupling=CC) methods in the intermedi-
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FIG. 17. Ni-rate coefficientX, ;o for electron impact excitation of level

FIG. 19. Nu-rate coefficientX, ¢ for electron impact excitation of level
(®P)3d *P from the ground state® *s°.

2p® 1D from the ground state @ P.
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FIG. 20. Nu-rate coefficientX, ;, for electron impact excitation of level

FIG. 22. Nu-rate coefficientX; ;4 for electron impact excitation of level
(?P)3p %S from the ground state® 3pP.

(?P)3d °D° from the ground state® °P.

. firms this. Thus it would be surprising to find the theoretical
ate energy regime for neutral and near neutral atoms hav,

23p_ 3po 2 3p_ 30 "
indicated a problem arising from a deficient treatment of al-.fp P~2p3d”P" and 2" P~ 2p3d"D" rate coefficients
. ¥ . W in N 11 to be wrong by more than a factor 2.
lowing for "loss of flux to the continuum” in the type of Some observations have been made of VUV lines af N
R-matrix calculations used here. The new CCC methadd

large pseudo-state R-matrix treatméAtsolve this problem in detached radiating divertor studies at the Joint European

for simple systemgH, He and iso-electronic ions, neutral Be Torus (JET). In these experiments, Ns puffed into the di-

and B but have not been applied yet to more complex sys_yertor region which initiates a transition to a strongly radiat-

. . : ing plasma detached from the divertor strike zones. Such a
tems such as Nand Nii. The continuum influence is larger
- . ] plasma has an electron temperatiliggc ~5 eV and an elec-
for the n=3 excitations, less pronounced for strong dipole

; ; 3 4 -3 ]
transitions and decreases with increasing ion charge. It itsron densityns in the range & 10" to 10 cm. The un

suggested that for thed3excitations from the ground in N, Certainty in the intensity calibration of the JET VUV spec-

the effect is likely to be a decrease in the theoretical Crosgrometer is believed to be less than a factor 2. We have JET

section of 25% at most measurements of four lines on the triplet side, namely,
; 0 : . 2p? 3P—2s2p2 33° (64.50 nm, 2p? 3P—2p2 °D° (108.50
The internal correctness of the present R-matrix calcula- > 3 3'3:0 2 3
. N : nm), 2p°°P—2p°°P° (91.63 nm, and 2°°P
tions is indicated by the good agreement with Stafford 310 | 30 )
a5 . . —2p3d°P°+°D° (52.97/53.37 nm The latter is an unre-
et al.> although the target structures will be somewhat dif- .
: : solved blend in the JET spectrometer. The observed spectral
ferent. Staffordet al. did not however include the®-3d . o L : )
L . : . .. line ratios time histories in JET show an oscillatory behavior
excitations. Provided very high partial wave contributions : . : .
as the divertor strike zone is actively scanned across the tar-

are included in the cross-sections and the target oscillator . o
. et plates, however this variation4s25% and so we expect
strengths for the transitions are correct, large errors are urg;

X . . ) he error bound on the JET observed ratios tot#%. For
likely. The comparison with Born cross sectiorieven

. ; . . the comparison, we conducted two excited population calcu-
though with again a slightly different target structuen lations. The first used the theoretical R-matrix collision data
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///
- =
—10° = —10™ ]
("lm ("lm
5 - 5
e ® i 8 £
><'_10_10 = 10-11 E ¢
R-matrix = 7 R-matrix =
o uncorrected || °o uncorrected ||
/ e corrected - e corrected B
10 T T T T T 17 10 T T T T T 17
2 3 7 9 10 11 12 2 3 7 8 9 10 11 12
T, [eV] T, [eV]

FIG. 21. Nu-rate coefficientX; ;5 for electron impact excitation of level

2p® 33° from the ground state® °P.

FIG. 23. Nu-rate coefficientX; ,; for electron impact excitation of level
(?P)3d 2P° from the ground state® °P.
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calculated as part of this work. For the second, each theoretrom JET measurements points to electron temperature as the
ical rate coefficient on the triplet side originating from the primary factor. Although deviations from Maxwellian distri-
2p? 3P ground state has been scaled by the difference besutions can occur in low density plasmas, a clear signature is
tween the experimental rate coefficient and the theoreticatot yet available for the present experiment or the divertor
rate coefficient at 6 eV. The population calculations forcedfusion plasma. The ability presented by the present experi-
the singlet metastables to be in quasi-static balance with theent to contrast behavior with divertor plasma is of consid-
ground state. The metastable populations have only a smadrable value for probing these issues and the investigation is
influence on the four triplet lines considered here. We use@ontinuing.
the ADAScodeADAS207 to prepare contour plots of the line
emissivity ratios(1) 645/1085 nm2) 645/916_nm and3)  ACKNOWLEDGMENTS
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