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Dielectronic recombination (DR) cross sections and rate coefficients of He-like Kr are calculated employing the

relativistic flexible atomic code, in which autoionization rates are calculated based on the relativistic distorted-wave

approximation and the configuration interaction is considered. The Auger and total radiative rates of some strong res-

onances are listed and compared with the results from multiconfiguration Dirac-Fock and Hebrew University Lawrence

Livermore Atomic Code methods. The n~2 scaling law is checked and used to extrapolate rate coefficients. We also

show the variation of DR branching ratio with different DR resonances or atomic number Z. The effect of radiative

cascades on DR cross sections are studied.
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1. Introduction

Dielectronic recombination (DR) is an impor-
tant atomic process contributing to ion balance
in high-temperature laboratory and astrophysical
plasmas.! 3! It is a two-step resonant process. When
a free electron collides with an ion, it may be cap-
tured nonradiatively and transfer energy to a bound
electron to form a doubly excited state. Subsequently,
the state decays into a nonautoionizing state through
radiative transition processes. These reactions have

the form
(1s*) + e~ = (1snln'l') — (1s*n"1") + ho.

We choose krypton for a detailed study in this
paper since it has recently been proposed as a coolant
for the plasma edge regions of future tokamaks.!* Sev-
eral measurements and calculations on DR of He-like
Kr have been reported. Chenl® calculated the DR
rate coefficients for the He isoelectronic sequence from
C* to Mo%%* using multiconfiguration Dirac-Fock
(MCDF) method. Fuchs et all*l reported the measure-
ment of DR cross sections for highly charged He-like,
Li-like, Be-like, B-like, C-like Krypton ions, and also

gave theoretical results employing the Hebrew Univer-
sity Lawrence Livermore Atomic Code (HULLAC).

The flexible atomic code (FAC), recently devel-
oped by one of the authors, has been successfully used
to calculate indirect x-ray line formation process in
Fe L-shell ions,® radiative recombination rate coeffi-
cients for bare through F-like isosequences of Mg, Si,
S, Ar, Ca, Fe and Ni,["l and dielectronic recombina-
tion rate coefficients for H-like through Ne-like isose-
quences of these elements.8] In this paper, we cal-
culate the DR cross sections and rate coefficients for
Kr3*t ion using FAC. Our results are shown in good
agreement with other calculations. Also we study
the effects of configuration interaction and radiative
cascades on DR cross sections, give the variation of
DR branching ratio with different DR resonance and
atomic number Z, and discuss the validation of n™3
scaling law for the extrapolation in the calculation of
rate coefficients. In Section 2, we give the outline of
the theoretical method. In Section 3, we give the re-

sults and discussion.

2.0utline of the theory
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The DR strength can be written as have
R g5 a (T I g2 (G- i) B
Sij = moEg 2;1A (4 —1) By, (1) o (1) = (27rm (2nmkT)*? Z 2g; (=9
X exp (—Eij/kT) . (5)

where j represents a doubly excited intermediate state,
irepresents the initial ground state. Ej is the resonant
energy, g; and g; are the statistical weights of states i
and j. A (j — i) is the autoionization rate from level

J to level i. The radiative branching ratio Bj can be

written as
A1)
r__ f
b= S Ao+ Aok ®

f k

ZA“ (j = k)and > A" (j — f) are total Auger and
f

k
radiative rates of state j. f represents a non-
autoionizing state. Ignoring the detailed structure of
the resonance profiles, the DR cross section is written

as
o3 (E)

To compare with experimental measurement, we con-

= S5ij6 (E — Eyj). (3)

volve the above cross section with a Gaussian profile
for the electron energy distribution.

In thermal plasmas, the rate coefficient is defined

n=xf

where f (v,T) is the Maxwellian distribution of elec-
Thus, using Eqgs.(1), (3) and (4) we

as

(v,T) oy (v) do, (4)

tron velocities.

In the present paper we employ FAC to calcu-
late all the basic atomic data including energy levels,
Auger and radiative transition rates.!8! FAC uses a
relativistic configuration interaction approximation to
calculate bound-bound processes of atomic systems.
Autoionization processes are treated in the first-order
perturbation theory using distorted-wave approxima-
tion for the continuum electrons. Such a treatment
ignores the coupling between resonances and the con-
tinuum background, and assumes no overlap between
different resonances. These approximations are ex-
pected to give accurate results for highly charged ions,

such as He-like Kr.

3. Results and discussion

3.1. Auger and radiative transition rates

As the first step, the Auger and total radiative
transition rates of some intermediate doubly excited
states are calculated by FAC, and compared with the
MCDF results of Chenl® and the HULLAC results of
Fuchs et al[* In Table 1, the autoionization and total
radiative transition rates of some strongest 152121’ DR
resonances calculated in the present work and those
of MCDF and HULLAC are listed. The deviations
between MCDF and FAC results are less than 7% in

most cases.

Table 1. The autoionization and total radiative transition rates of some strongest 1s212l'

DR resonances calculated using MCDF,[5] HULLAC!! and FAC.

Config. and term ARG D oAt A
HULLAC MCDF FAC HULLAC MCDF FAC (Z A%)
15252 28y /5 1.46x104 1.59x1014 1.50x 104 5.05x1013 5.11x1013 5.47x1013
1s2s(3S)2p 2Py /9 7.85%x1013 9.74x1013 7.51x1013 6.80x 1014 7.40x 101 7.71x101*
1s2p? *Pg /5 7.11x1013 7.08x1013 7.24x1013 3.50x 1014 3.87x 1014 3.91x10%
1s2p? 2Dy /5 1.23x1014 1.19x1014 1.24x1014 1.45x1015 1.46x1015 1.54x10%5
1s2p? 2Dg /9 9.91x10'3 9.89x 1013 9.78x 1013 5.26x 1014 5.09% 1014 5.44x 10

3.2. The effect of configuration interaction

Configuration interaction (CI) can change the en-
ergy levels and transition rates, so it should be consid-

ered in calculation. In the present work, we only con-

sider the DR from intermediate states n=2 (An = 1),
so we make mixtures between all possible states of
1s2In’l" and 1s21(n’ 4+ 1)1’ configurations for n'=3, 4,
5; 1s2ln’l" and 1s2l(n’ — 1)l'; 1s21(n’ 4+ 1)I’ configura-
tions for n'=6, 7, 8, 9, 10.
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Fig.1. DR strengths of KLM resonance; solid lines
are configuration-mixed values, and dotted lines are

single configuration values.

From Fig.1 we can find that the energies and
strengths of most DR resonances do change if CI is
included. For some specific resonances, strengths may
increase by a factor of 2 or decrease by a factor 3. But
the calculation shows that the effect of CI on the total

cross sections is minimal.
3.3. Radiative cascades

In many published theoretical work,[1% radia-
tive cascades are not considered. It means that the
radiative decays of intermediates state to doubly ex-
cited low-lying levels are not included in our calcu-
lation as show in Eq.(2), since these decays are usu-
ally weak radiative transitions and probably autoion-
ize subsequently.'!] Here, we will discuss the effect of
radiative cascades on the DR cross sections in detail.

Including all possible transitions, the radiative

branching ratio has the exact form['?

B! :%j > {Ar (G—f)

f

+§d:%:d)Ar(d—>f)], (6)

with

L= A(—-fd+> A*G—-k, (7)
f,d k
where intermediate state d is an autoionizing doubly
excited state. Iy is the total decay rate of state d
similar to [7j.

In Ref.[11], the effect of radiative cascades was
checked for (2s2p)7313' complex of Ne-like W and
found to be less than 3%. So Behar suggested that
the radiative cascades could be neglected for higher
complexes. We find similar results for simple configu-
rations 1s2In’l’ of He-like Kr. Figure 2 shows the cal-

culated DR cross sections with and without cascades.

The deviation between these two cross sections is less
than 3%. Based on the analysis for the values of A",

we find that Z A" (j — f) are mostly more than one
f

order larger than Z A’ (j = d) in strong resonances,

and it results in thde little effect of radiative cascade
on total cross sections. So we can conclude that the
calculation without radiative decays to autoionizing
states is a quite good approximation and it will save

a great deal of computation time.
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Fig.2. DR cross sections with and without radiative
cascades, obtained by applying a 50eV FWHM Gaus-

sian to the resonance strengths Sj;.

3.4. DR cross sections

The calculated DR cross sections with 1s2ln’l’
(n’ = 2 — 12) intermediate states are shown in Fig.3.
We compare the KLL resonances with the HULLAC
calculation of Fuchs et al*! in Fig.4 and find that the

deviation between these two results is within 5%.
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Fig.3. DR and resonance capture cross sections for
Kr35t, by applying a 506V FWHM Gaussian to the
resonance strengths Sj;.
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Fig.4. DR cross section of KLL resonance of our cal-
culation compared with values obtained by Fuchs et al

using HULLAC[4,

Figure 3 shows the variation of DR branching ra-
tio with respect to n’. In the KLL resonances (n' = 2),
the average DR branching ratio is about 0.72, and in
KLM resonances (n’ = 3), the average branching ratio
is about 0.95. When n’ > 4, the branching ratios are
approximately equal to 1. Evidently, DR branching
ratio increases as n’ increases.

In order to find the dependence of DR branching
ratio on atomic number Z, we have also calculated
the DR cross sections for He-like Argon. Figure 5
shows the resonance capture and DR cross sections
for Ar'S*. From Fig.5, we can see that the average
DR branching ratio is about 0.26 in KLL resonances,
and about 0.69 in KLM resonances. It is obvious that

the DR branching ratio increases as Z increases.
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Fig.5. DR and resonance capture cross sections for
Arl7* | by applying a 506V FWHM Gaussian to the
resonance strengths Sj;.

3.5. n72 scaling law

In the present work we only calculated the An = 1
DR resonances up to n’ = 12. But the calculation of
rate coeflicient should include all intermediate levels
1s21n’l’ with n’ — co. We can extrapolate the DR rate

coefficients based on the n'~2 scaling law of autoion-
ization rates.[1913] The reason for this extrapolation
can be explained as follows.

For intermediate and high Z ions, the radiative
branching ratio Bj approximately equals 1 when n'
is larger. Thus, in these cases we can conclude from
Eq.(1) that the resonance strength S;; depends only
on the autoionization rate Af. Since A} o 1/n'3 [13]

the resonance strength also goes as
Sij o8 l/n'?’. (8)

From Fig.3 we can find that the difference of resonant
energies Ej; is very small when n’ > 12, so based on
Eq.(5) the total DR rate coefficient of a KLn' reso-

nance also goes approximately as
a;i(T,n') oc 1/n". ©))

Figures 6 and 7 show the variation of total
strengths and rate coefficients of KLn' resonances as
a function of n’. From the figures we can find that the

n~3 scaling law is valid for both cases when n’ > 12.
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Thus, the total DR rate coefficient can be approx-
imated as
. oo

ot (1) = Y i (Ton)+ D (nl/n') s (T,nl),

n'=2 n'/=nl+1
(10)

when n’ > n., the n'~3 scaling law will become quite
appropriate. Exactly, n. is not the same at different
electronic temperature.l'¥ But since the error is quite
small, we chose a unique nl .. as n’. Now Eq.(10) has

the form!?

7

nmax

QN T) = Y (T ngy)
Mol =2
o0
Y (/)" @ (g,
M =Npaxt1
(11)
where n_,. runs over all explicitly calculated DR reso-

!
max?’

nances with intermediate state 1s2In'l’ (n' < n in
the present work, we choose n! , = 12) and the sec-
ond term is the contribution from all remaining levels.

Our calculation shows that when n’ > 12
n'3ay (T,n') becomes constant, so we use the average
of n3a; (T,n') (n=12, 16, 20, 25) as n’>__a; (T, n! ..).
The contribution from the levels with n’ > 12 is about
1.5% of total rate coefficient at T=TkeV, and about

3% at T=25keV.
3.6. DR rate coefficients

Figure 8 shows the DR rate coefficients with some
intermediate state (n’ = 2 — 6) and total DR rate co-

efficient. Total rate coefficient evaluated using MCDF

method by Chenl® is also shown in Fig.8. Our total
rate coefficient is larger than Chen’s result by 9%.

0.1 ° MCDF [3]

Rate coefficient /(10 %cm3-s71)

i i 1

0 10 20 30 40
T /keV

Fig.8. Detailed and total DR rate coefficients
for Kr35t, compared with total rate coefficient by
Chenl5].

4. Conclusion

In this paper, we calculate the detailed autoion-
ization and radiative rates of He-like Kr using a re-
cently developed relativistic atomic code FAC, the re-
sults agree well with the values obtained using MCDF
and HULLAC codes. The n=3 scaling law is shown to
be valid in our calculation and is used to extrapolate
the rate coefficient up to n’ — co. The DR branching
ratio is shown to increase as n’ of intermediate states
and the atomic number Z increase. We also find that
the effect of radiative cascades to the DR cross sec-
tions is less than 3% in the present case, therefore,
ignoring the radiative decays to autoionizing levels in

the calculation is a good approximation.
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