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KB line emission in fusion plasmas
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Enhanced B line emission ratios from highly charged He-like ions are investigated. Collisional radiative
cascades, charge exchange processes, temperature and density variations, and spatial inhomogeneities are
considered under typical conditions of fusion plasn&g. Rydberg satellites 43Inl’, which merge into the
KB lines, are considered. Detailed numerical calculations are carried out for Argon. The present results are in
excellent agreement with experimental observati¢84063-651X98)50407-2

PACS numbds): 52.25.Nr, 52.55.Fa, 32.70.Fw

Soft x-ray line emission of highly charged H- and He-like In intermediate coupling, the cross sections for the excitation
ions is widely used for plasma diagnostics. TKg line  of the He-like Isnl levels from the ground statesi'S, can
intensities of He-like ions KB, is the transition $3p!P; be written[9]

—1s? 'Sy+hv,, KB, is the transition $3p °P;

—1s? 15,+hv,) and its adjacent dielectronic satellites 0=Qqo)+ Q.. 2
152131 have been employed for diagnostics in laser pro-

duced plasmas, magnetically confined fusion plasmas an@q and Q. are the angular factors. For argon, intermediate
inertial confined fusion plasm44—4,§. coupling with inclusion of relativistic effect§9,10] give a

Recently, highk 8 intensity ratios have been observed in value for the direct Q ) and exchangeQ,) angular part of
a tokamak being in contradiction to theoretical mod8lsoy ~ 0.9818/0.25 respectively for thi€3; excitation and 1.821
about a factor of 2, although the parameter conditions weré 1072/0.25 for theK 8, excitation. Intermediate coupling
well defined. In the present work we consider possibleeffects are therefore small. With increasing density, the ratio
mechanisms leading to enhandég intensity ratios: charge rises because effective collisional transfer of population from
exchange processes into excited states, collisional radiatiie 1s3s®S;, 1s3p>Pg,, and 1s3d°D; 3 levels to the
cascading contributions, density and temperature effects tds3p P, takes placénote that the population transfer inside
gether with spatial inhomogeneities and overlapping dielecthe 1s3l-level structure is treated with inclusion of all mono-
tronic Rydberg satellitessBInl’ with n=3-6. pole, dipole and quadrupole transitions taking into account

Investigations of cascading contributions have been perintermediate coupling and relativistic effects
formed employing a detailed atomic kinetic level system of The influence of charge exchange processes and subse-
the He-like ions; see Table I. Full-splitting forn=2 and  quent collisional radiative cascades on Kig lines requires
n=3, singlet and triplet splitting, as well as orbital splitting not only the consideration of the processes
is carried up ton=9 for the exact calculation of collisional 174 e 17+
radiative cascades in low and high density plasmas. All col- H+Ar-"—H"+Ar"(1snl),
lisional transitions from the ground state and between the

excited states are calculated, radiative decay rates are iyt @lso the charge exchange processes to all ionization
cluded forAl==*1 for AS=0, 1 for all transitions up ta stages too, to account for the proper ionization balance shift.

—9 in addition to other relevant on¢s.g., two photon tran- Because charge exchange couples into the excited states

sitions and electric/magnetic multipole transitions from thelsnl' numerous collisional radiative cascades are initiated:
1s2s'sy, 1s2s3S;, and 1s2p 3P, levels. Calculations are

carried out with thevARIA code[5], and further details and 18*+hvy 15°+hvy,
applications are described elsewhgreg]. Arl7*(1sn)— 1s2l+hwp, {182,152l + hvs,

Figure 1 shows th& 3, to K3, line intensity ratio as a 1s3l+hwys
function of the electron temperature for various electron den-
sities. Due to the different high energy asymptotes of the >
radial direct @) and exchanged") part of the excitation s +hv21]_
cross sections

o(KBy > InEIE, ol (KB,)=1/E®, (1)  For argonn~8 and the main population transfer through

cascading takes place to the2l and 1s3I levels. A minor
the K8, /K 8, intensity ratio falls off with increasing tem- transfer takes place into other chann@se to low radiative
perature. Equationd) are strictly valid only inLS coupling.  decay rates and branching rajiogascading population
transfer to the $2I levels leads to a rise of the=1s?
—1s52p3P,, y=1s>—182p3P,, z=1s—1s2s3S, emis-
*Electronic address: frank.b.rosmej@ruhr-uni-bochum.de sion lines(Ka lines) and the ionization balance shift raises
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TABLE I. He-like levels included in the kinetic modeling for the exact consideration of collisional
radiative cascade contribution to thg8 emission lines.

lon Configurations

He-like  1s? 1S),1s2s 1S;,1s2s 3S;,1s2p P,,1s2p 3Py,1s2p 3P;,1s2p 3P,,1s3s 1S,
1s3d 3S,;,1s3p *P;,1s3p °P,,1s3p 3P;,1s3p °P,,1s3d 'D,,1s3d °D,,1s3d
D,,1s3d °D;,1s4s 1S,1s4s 3S,1s4p 'P,1s4p °P,1s4d 'D,1s4d °D,1s4f
'F,1s4f 8F,1s5s S,1s5s 3S,1s5p 'P,1s5p °P,1s5d 'D,1s5d 3D, 1s5f IF,
1s5f 3F,1s5g 1G,1s5g 3G,1s6s !S,1s6s 3S,1s6p P,1s6p °P,1s6d D,
1s6d 3D,1s6f 'F,1s6f 3F,1s6g *G,1s6g 3G,1s6h 'H,1s6h 3H,1s7s 1S,
1s7s 3S,1s7p 'P,1s7p °P,1s7d 'D,1s7d °D,1s7f 'F,1s7f 3F,1s7g 1G,1s7g
3G,1s7h *H,1s7h 3H,1s7i 11,1s7i 3I,1s8s S,1s8s 3S,1s8p P,1s8p 3P,
1s8d 'D,1s8d °D,1s8f 'F,1s8f 3F,1s8g 'G,1s8g 3G,1s8h H,1s8h °H,
1s8i 1,1s8i °1,1s8k 'K,1s8k °K,1s9s 'S,1s9s 3S,1s9p ‘P,1s9p 3P, 1s9d
'D,1s9d °D,1s9f F,1s9f °F,1s9g 'G,1s9g 3G,1s9h *H,1s9h °H,1s9i I,
1s9i 31,159k 'K, 1s9k 3K,1s91 L,1s9I 5L

the inner-shell excited Li-liken=2 satellites %2121’ [11]. high precision measurements of Beiersdorétral. at the
Figure 2 shows th& 8 ratio in dependence of various neu- Princeton Tokamak3]. Due to the high central temperature
tral beam fractiond =nN,ourafNe, Nneutral IS the neutral hy-  the intensity from dielectronic satellites3lnl’ is negligible
drogen density, n,.=10"* cm 3, kT,=1.5 keV (corre- (this might not be the case in, e.g., laser produced plasmas
sponding to a neutral backgroundA=1.8 (number of With relatively cold and dense target plasmaghe first col-
nucleons for a mixture of hydrogen and deuterjuare held Umn has been calculated for a single temperature Ghly
fixed. For relative neutral fractions larger than #Gand tem-  Central electron temperaturegiving a ratio of 0.043. The

peraturek T, above 1.5 keV charge exchange influences visSecond column takes into account the spatial variation of the
ibly the K,Beline emission. For lower temperatures the CaS_electron temperature and the electron density across the mi-
cading contributions decrease due to the low population ofO" radius(parabolic dependenkegiving a ratio of 0.048.

the H-like ground state £2S, ,. The rise of theK 8 ratio in inhomogeneous plasmas is caused

Figure 3 shows thek 8-Rydberg satellites of the type by the relative rise of the exchange part of the collisional
1s3Inl’—1s3Inl”+hy with n=3—6 (and all orbital mo- ¢SS sections; see Fig. 1 and Et. The present theoretical
menta =s,p,d,f,g,h) which merge into theKa lines calculations are therefore in excellent agreement with the

Atomic data for these satellites have been calculated with th@easure_ments, whereg8] obtained large theoretical dis-
Hartree-Fock method HFRL2] including extended configu- crepancies.

ration interaction and relativistic effects up to the second L€t Us consider a simplified analytic model for theg

order. The dashed line shows the emission without dielecEMission at low densities to clarify the importance of various
' opulation channels: electron collisional excitation from the

tronic satellites, and the solid line includes all these satellites?°P* 1 .

For the parameters chosekT,=500 eV,n,=10! cm3) He-like _grom_md state & So,_ charge exchangze anq radiative

these satellites effectively contribute mainly to the red wing/€coMbination from the H-like ground state“5,; into the

of the K 8 structure, and, hence, do not significantly increase-S3P “P1 and 1s3p “P, levels via direct and cascading pro-

the KB-line intensity ratio. cesses,
Table Il compares the present theoretical calculations for 0,09 -

kT.=2.3 keV, n=1.5x10"® cm™3 and the experimental
0,08
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0.02 1 FIG. 2. Intensity ratio of th& 8, andK 3, lines in dependence
1600 2600 3000 40'00 'kTe(eV) of the electron temperature showing the influence of charge ex-

change processdbackground of neutrals; see tgxhrough colli-
FIG. 1. Intensity ratio of th& 8, andK 3, lines in dependence sional radiative cascades for various fractions of neutfals,
of the electron temperature for various electron densities =10" cm 3,
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16 TABLE II. Kp intensity ratios: comparisons between the
present theoretical calculations and the experimental measurements
of Beiersdorferet al. [3]. Taking into account the experimental
electron temperature and electron density in the plasma center,
kTo(r=0)=2.3 keV, ng(r=0)=1.5x10" cm3, temperature
and density inhomogeneitigsecond colump and full calculation
of collision radiative cascaddsee Table), the agreement between
the experiment and the present calculatidcarried out with the
MARIA cods is excellent.

I rel Kp

— 183" n=3-6
- - no satellites

107 4
a
f | B,(r)dr
| B,(r=0) r=0 Experimental
-0 | 18.(r=0 e ratio
10 Ba(r=0) f |By(r)dr
T T T T 1 r=0
0.334 0.336 0.338 0.340 . (nm) 0.043 0.048 0.0480.003
FIG. 3. Line overlapping of dielectronic Rydberg satellites
1s3Inl’ with the KB lines, n,=10" cm™3 kT,=500 eV.
A+ D AL
A 1 .
I,Blw—l[nen(ls)R,81+nen(1sz)Cﬁl :ﬁ%% AFA1 gzir 22, r=n(+sz)).
At 3 ACL) ProAl a3 acy @R s
AFA, ATA,
(6)
+nyn(1s) X bl(n)cmnd)], )
n

Taking into account the radiative values from Table Il and
A, the respective collisional cross sectidiealculated with the
1By~ —m [nen(ls)Rﬁz+ nen(1s?)CB, ATOM code[13] with the Coulomb-Born-exchange method
A+ E AC3L) including intermediate coupling and relativistic effecter
AZA; kT.=2.3 keV (r~1.3) this analytic formula delivers a ratio
of 0.038. Calculation with theARIA code with inclusion of
+nyn(1s)>, bl(n)sz(nd)], (4)  the full collisional radiative cascading gives 0.043, without
n cascading(switching off all the ®4l, 1s5l, 1s6l, 1s7I,
1s8l, and 1s9I levels the ratio is 0.041. This demonstrates

with that the main processes are depicted by the analytic formula
RB;=Ry(3 'Py)+by(4)R(4 1D,)+ -, from Eqgs.(6). The proposal of3] that cascading may seri-
ously influence theK8 emission therefore cannot be con-
— 3 3 firmed.
RB2=Ra(3 TP+ bo(HR(4 D)+, 3 The electron collisional rates ¢fi4] for the transitions
CB1=C1(3 'P;)+by(4)C(4 1D,)+---, 1s?+e—1s3l 13 +e result in decrease B intensity ra-
tios in particular for low temperatures due to the strong con-
CB,=Cx(33P;)+b,(4)C(4°3D)+--- (5b)  tribution of resonance effects. The intensity ratios in Table
II, however, change only by about 0.001. We note {i&(
R are the radiative recombination rat€sthe electron colli- stated that the resonance contributions for the?+le

sional excitation rate<; x the charge exchange rates into the —1s31 3L + e collisional transitions are overestimated by
1snd 1°D states, and the branching factors accounting for Keenan, McCann, and Kingst¢f4] and that Coulomb-Born
the different radiative channels. The factor in front of theexchange cross sections may be a better choice at present.
brackets of Eqs(3) and (4) take into account the branching  The origin of enhanced& 8 intensity ratios is therefore
ratio (radiative decay to lower excited levglsthe most manifold: (i) cascading contributions from high states
dominating ones are the transitions3p 3P;—1s2s°S; 1snl3L; (ii) charge exchange processes into excited states
+hv and 1s3p P;—1s2s'S,+hv. Table Ill depicts these 1snl; (i) density enhanced population of thes3p 3P,
radiative decay ratesA; and A, have been calculated with

the MZ code, others with the HFR metho@®y comparing TABLE IIl. Radiative decay values and selected branching ra-
the sums with the respective radiative decay r&teandA;  tios used in the analytical model for th&g ratio, A,

into the He-like ground state it turns out that the branching=A(1s3pP, - 1s?1S,), A,=A(1s3p3P;—1s%1Sy).

ratio for the triplet system is very important, giving a total
branching ratio of only 0.228, whereas the branching ratio in

the singlet system is close t0(0.942 due to the high radia- 9 > ALY » > ACL (s7Y
tive decay ratéd;. Retaining only the direct terms populat- AulsT) i Aa(s) Arhe

ing the upper $3p3P; and 1s3p 1P, levels theKB ratio is 2 98x10'®  1.86x102 5.52x10  1.87x10%2
given by
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level; (iv) spatial inhomogeneities raising tig3, emission  perature and density variations, and spatial inhomogeneities
(relative to theKB; emission through the rise of the ex- are considered, together with extensive collisional radiative
change part of the collisional cross section for lower tem-cascades. The present theoretical calculations are in excellent
peratures. At low densities, the leading terms for K8  agreement with high precision measurements and recently
ratio are given by Eq(6). found discrepancies in th€g ratios[3] are not encountered.

In conclusion, we have performed a detailed analysis offhe K3 line emissions(intensity ratioy together with the
the KB emission lines and their adjacent Rydberg satellitepresent theoretical modeling can therefore be considered as
1s3Inl’ for diagnostics. Charge exchange processes, tenteliable diagnostics.
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