PHYSICAL REVIEW A

VOLUME 46, NUMBER 7

1 OCTOBER 1992

Dielectronic recombination from high-lying resonance states in H-like silicon, calcium, and iron

K. R. Karim and M. Ruesink
Department of Physics, Illinois State University, Normal, Illinois 61761

C. P. Bhalla
Department of Physics, Kansas State University, Manhattan, Kansas 66506
(Received 8 April 1992)

We have calculated dielectronic recombination (DR) rate coefficients for H-like silicon, calcium, and

iron at plasma temperatures

0.1-10 keV. The calculation

involves all DR processes

Is+el.—(2Inl")* —1sml""+y with n =2— . The effects of configuration interaction and spin-orbit
coupling have been included for all states with n <8; for higher-lying resonance states, the 1/n° scaling

was employed.

PACS number(s): 34.80.Kw, 52.70.La

I. INTRODUCTION

The dielectronic recombination (DR) of a H-like ion
involves the following steps: (i) the capture of a free elec-
tron €/, by an ion in the state |i ) =|1s %S| ,, ) with simul-
taneous excitation of the 1s electron to a higher
orbit to form a doubly excited autoionizing
state |s)=|2InI’SLJ) and (ii) the radiative decay of
the state |[s)=|2Inl'SLJ) to a low-lying state
|f)=I1smI”"S'L'J’), which is stable against autoioniza-
tion. This process can schematically be represented as

Is +el.—Q2Inl")*—>1sml" +y . (D

In a dielectronic recombination process, the kinetic en-
ergy of the free electron is transformed into photon ener-
gy which may be lost from the plasma. This constitutes
an important energy-loss mechanism in high-temperature
fusion plasmas. The dielectronic recombination also has
significant effects on the ionization balance of the plasma,
and, as such, this process was first recognized for its
effects on the ionization equilibrium of the solar corona.
Dielectronic recombination also leads to such prominent
features as dielectronic satellite lines in the x-ray-
emission spectra. These satellites provide a convenient
method for spectroscopic diagnostics of laboratory and
astrophysical plasmas.

Satellite spectra originating from dielectronic recom-
bination of H-like ions have been observed in solar flares
[1], laser-induced fusion devices [2], and in tokamaks
[3,4]. The calculations on DR rates have generally been
limited, however, to low-lying resonance states with
n <4, where n is the principal quantum number of the
outermost electron of the intermediate resonance state
|sY=|2Inl'SLJ). Theoretical values of DR rate
coefficients of H-like ions have been reported by Bitter
et al. [4] (Z=22), Karim and Bhalla [5,6]
(Z =10,14,18,20,22,24,26,28), Dubau et al. [7] (Z =26),
and Chen [8] (Z =24,54). Calculations of DR cross sec-
tions for H-like carbon, oxygen, silicon, and sulfur have
been reported recently by Pindzola, Badnell, and Griffin
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[9], who have used Hartree-Fock and Thomas-Fermi-
Dirac-Amaldi wave functions to calculate DR cross sec-
tions. For calculating DR cross sections for n > 6, they
have extrapolated the matrix elements for electric dipole
and electron-electron Coulomb interactions. Bitter et al.
[4] wused the Z-expansion technique and the
multiconfiguration Thomas-Fermi model. We have ear-
lier reported [5] on a calculation of DR rate coefficients
of several H-like ions. Our calculation [5] was performed
in the intermediate-coupling scheme with the inclusion of
configuration interaction for states |s ) =|2Inl’SLJ ) with
n =2, 3, and 4 only; configuration average rates were
used to calculate DR rates for n =5-8, and 1/n? scaling
was employed for n>8. We have recently reported
[10,11] that the intensities of x-ray satellites originating
from DR processes exhibit a rather more complex depen-
dence on n than what the simple 1/n° scaling law sug-
gests. The purpose of the present paper is to report on a
calculation of DR rates which explicitly includes all in-
termediate resonance states up to n =8 for H-like silicon,
calcium, and iron.

II. THEORY

The intensity of a satellite line originating in the DR
process as represented in Eq. (1) is given by

I(s—f)=N,Nyay(s—f) @)

where N, and N; are, respectively, the densities of elec-
trons and hydrogenlike ions in the initial state
li)=|1s2S,,,) and a,(s— f) is the DR rate coefficients.
Assuming a Maxwellian electron-energy distribution, the

DR rate coefficients can be expressed as [12]
ay(s—f)=12ah /mkT,)*F3 (s —f)
X exp(—E,/kT,) , (3)

where E, is the Auger electron energy, k is Boltzmann’s
constant, T, is the electron temperature, and F3 (s —f)
are the satellite intensity factors. The satellite intensity
factors are related to the ratio of the intensity of the sa-

tellite to the resonance line and are given by
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F( - (2J,+1) T, (s—=i)[(s—>f) "
16=D=0 5D T'(s) '

Here, J, and J; are, respectively, the total angular
momentum quantum numbers of the autoionizing states
|s) and the initial state |i ), I',(s—i) is the rate of au-
toionization of the state |s ), T',(s— f) is the rate for ra-
diative transition, and I'(s) is the total rate for the state
|s) in all possible radiative and autoionizing channels.
The autoionization transition rates are given by

r,= |<¢f SV, 1/J,>’p(E (5)

i>j
where ¥; and 9, are, respectively, the antisymmetrized
many-electron wave functions of the initial and final
states, p(E) is the density of the final state, and V;;=1/r;;
is two the electron interaction operator.
The radiative transition probability is given by [13]

403
33 2J+1

Here, o is the angular frequency of the radiated photon;
vJ and y'J’ represent, respectively, the initial and final
states of the system; D is the electric dipole operator; and
{(y'J'|ID||yJ ) is the reduced matrix element. The angu-
lar integrations involved in Egs. (5) and (6) were per-
formed using Racah algebra; the detailed expressions are
given in our earlier paper [5].

T, (y'J —yJ)= [{y' | D|yI)? . (6)

III. NUMERICAL CALCULATIONS

The Hartree-Fock atomic model was used to generate
the single-particle wave functions from which the radial
matrix elements of Sec. II were calculated. The
configuration state functions ¢; were constructed by an-
gular momentum coupling and antisymmetrization.
These ¢; served as a basis set for constructing a matrix
representation for the total Hamiltonian:

H=3 | -7. Z—Ze——g(r,l s+ 3 &
r; ij fj
(i >j)
Interactions among configurations belonging to the same
complex were included in the calculation. The diagonal
terms {¢;|H|p;) were corrected for relativistic effects.
The energy matrices were diagonalized as usual [14] to

obtain corrected atomic state functions:
=2 Cy¢; -
J

These atomic state functions were then used to calculate
the transition rates and other atomic parameters of Sec.
II.

IV. RESULTS AND DISCUSSION

In Table I we list the partial and total DR rate
coefficients of H-like silicon, calcium, and iron. These re-
sults are extensions of data reported earlier by our group
[5]. In Figs. 1, 2, and 3 we show, respectively, the partial
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FIG. 1. Partial and total dielectronic recombination rate

coefficients of H-like silicon as a function of electron tempera-
ture 7,.
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FIG. 2. Partial and total dielectronic recombination rate

coefficients of H-like calcium as a function of electron tempera-
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coefficients of H-like iron as a function of electron temperature
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TABLE 1. Dielectronic recombination rate coefficients for hydrogenlike silicon, calcium, and iron as
a function of electron temperature 7,. The last column gives the total DR rate coefficients. Partial rate
coefficients for DR processes which proceed via intermediate resonance states 2/nl’ with n =2, 3, 4, 5,
6,7, 8, and 9— o are listed, respectively, in columns 2-9. The DR rate coefficients are in units of 107"
cm®s~! and temperatures in keV.

n 2 3 4 5 6 7 8 9-o0 Total
T.
Z=14
0.4 1.214 0.652 0.361 0.188 0.121 0.081 0.055 0.194 2.866
0.6 2.113 1.515 0.923 0.503 0.331 0.223 0.155 0.547 6.310
0.8 2.454 2.031 1.298 0.722 0.481 0.327 0.228 0.805 8.346
1.0 2.489 2.247 1.478 0.832 0.559 0.382 0.266 0.939 9.192
1.2 2.389 2.285 1.532 0.870 0.587 0.402 0.281 0.992 9.338
1.4 2.238 2.231 1.516 0.866 0.586 0.402 0.282 0.996 9.117
1.6 2.076 2.134 1.464 0.841 0.571 0.391 0.275 0.971 8.723
1.8 1.916 2.018 1.395 0.805 0.547 0.376 0.264 0.932 8.253
2.0 1.768 1.897 1.321 0.764 0.520 0.358 0.252 0.890 7.770
2.2 1.633 1.780 1.246 0.721 0.492 0.339 0.238 0.840 7.289
2.4 1.510 1.669 1.173 0.681 0.465 0.321 0.225 0.794 6.838
2.6 1.401 1.566 1.104 0.642 0.439 0.303 0.213 0.752 6.420
2.8 1.302 1.469 1.040 0.605 0.414 0.285 0.201 0.710 6.026
3.0 1.215 1.381 0.979 0.572 0.391 0.270 0.190 0.671 5.669
3.2 1.134 1.299 0.924 0.539 0.369 0.255 0.180 0.636 5.335
3.4 1.063 1.225 0.874 0.510 0.349 0.241 0.169 0.597 5.028
3.6 0.999 1.157 0.826 0.484 0.331 0.229 0.161 0.568 4.755
3.8 0.939 1.094 0.783 0.458 0.314 0.217 0.153 0.540 4.498
4.0 0.886 1.037 0.743 0.435 0.298 0.206 0.145 0.512 4.262
Z=20
0.6 0.580 0.144 0.056 0.026 0.015 0.009 0.005 0.018 0.852
0.8 1.217 0.407 0.175 0.087 0.050 0.031 0.020 0.071 2.058
1.0 1.758 0.704 0.320 0.165 0.095 0.060 0.039 0.138 3.279
1.2 2.136 0.963 0.457 0.240 0.139 0.087 0.058 0.205 4.285
1.4 2.369 1.162 0.568 0.302 0.176 0.111 0.075 0.265 5.028
1.6 2.492 1.302 0.650 0.350 0.205 0.130 0.087 0.307 5.523
1.8 2.539 1.395 0.708 0.383 0.226 0.144 0.097 0.342 5.834
2.0 2.534 1.448 0.746 0.406 0.241 0.153 0.103 0.364 5.995
2.2 2.496 1.473 0.767 0.420 0.250 0.159 0.107 0.378 6.050
24 2.437 1.478 0.777 0.427 0.254 0.163 0.109 0.385 6.030
2.6 2.365 1.467 0.777 0.429 0.255 0.164 0.111 0.392 5.960
2.8 2.286 1.446 0.772 0.427 0.255 0.163 0.111 0.392 5.852
3.0 2.204 1.418 0.761 0.423 0.253 0.162 0.109 0.385 5.715
3.2 2.122 1.385 0.747 0.416 0.249 0.159 0.108 0.381 5.567
3.4 2.040 1.349 0.731 0.407 0.245 0.157 0.106 0.374 5.409
3.6 1.960 1.312 0.714 0.399 0.239 0.154 0.104 0.367 5.249
3.8 1.884 1.273 0.695 0.389 0.234 0.150 0.101 0.357 5.083
4.0 1.810 1.235 0.677 0.379 0.228 0.147 0.099 0.350 4.924
4.2 1.739 1.197 0.657 0.369 0.222 0.142 0.097 0.342 4.765
44 1.672 1.160 0.639 0.359 0.216 0.139 0.094 0.332 4.611
4.6 1.608 1.124 0.620 0.349 0.210 0.135 0.092 0.325 4.463
4.8 1.547 1.088 0.602 0.339 0.205 0.132 0.089 0.314 4.316
5.0 1.490 1.054 0.584 0.330 0.198 0.128 0.087 0.307 4.178
5.2 1.436 1.021 0.568 0.320 0.193 0.125 0.084 0.297 4.044
5.4 1.384 0.990 0.551 0.311 0.188 0.121 0.082 0.290 3.916
5.6 1.335 0.959 0.535 0.302 0.183 0.118 0.080 0.282 3.794
5.8 1.288 0.929 0.519 0.294 0.177 0.115 0.077 0.272 3.671
6.0 1.245 0.901 0.504 0.285 0.172 0.111 0.075 0.265 3.558
Z =26
0.6 0.042 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.047
0.8 0.193 0.029 0.009 0.003 0.002 0.001 0.000 0.000 0.237
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TABLE 1. (Continued).

n 2 3 4 5 6 7 8 9- Total
T.
1.0 0.448 0.090 0.031 0.012 0.007 0.004 0.003 0.011 0.606
1.2 0.747 0.183 0.067 0.029 0.015 0.009 0.006 0.021 1.077
1.4 1.039 0.294 0.113 0.049 0.027 0.017 0.010 0.035 1.584
1.6 1.296 0.409 0.164 0.073 0.040 0.024 0.017 0.060 2.083
1.8 1.508 0.518 0.213 0.096 0.054 0.032 0.022 0.078 2.521
2.0 1.673 0.615 0.260 0.118 0.066 0.041 0.027 0.095 2.895
2.2 1.797 0.698 0.299 0.138 0.078 0.048 0.032 0.113 3.203
24 1.886 0.767 0.335 0.155 0.088 0.054 0.036 0.127 3.448
2.6 1.945 0.823 0.364 0.169 0.096 0.060 0.039 0.138 3.634
2.8 1.981 0.867 0.388 0.182 0.103 0.064 0.043 0.152 3.780
3.0 1.998 0.901 0.407 0.191 0.110 0.068 0.046 0.162 3.883
32 2.002 0.925 0.422 0.199 0.114 0.071 0.047 0.166 3.946
34 1.993 0.942 0.433 0.205 0.117 0.073 0.049 0.173 3.985
3.6 1.976 0.953 0.441 0.210 0.120 0.075 0.051 0.180 4.006
3.8 1.952 0.959 0.446 0.213 0.122 0.076 0.051 0.180 3.999
4.0 1.923 0.959 0.449 0.215 0.124 0.078 0.051 0.180 3.979
4.2 1.891 0.957 0.450 0.216 0.125 0.078 0.052 0.184 3.953
4.4 1.856 0.952 0.450 0.216 0.125 0.078 0.052 0.184 3.913
4.6 1.819 0.944 0.448 0.216 0.125 0.078 0.052 0.184 3.866
4.8 1.781 0.935 0.446 0.215 0.124 0.078 0.052 0.184 3.815
5.0 1.742 0.924 0.441 0.213 0.124 0.078 0.052 0.184 3.758
5.2 1.704 0.912 0.438 0.211 0.122 0.077 0.051 0.180 3.695
54 1.665 0.898 0.433 0.210 0.122 0.076 0.051 0.180 3.635
5.6 1.626 0.885 0.427 0.208 0.120 0.076 0.051 0.180 3.573
5.8 1.588 0.871 0.421 0.205 0.119 0.075 0.050 0.177 3.505
6.0 1.551 0.857 0.415 0.202 0.117 0.073 0.049 0.173 3.437
6.2 1.514 0.842 0.409 0.199 0.115 0.073 0.049 0.173 3.374
6.4 1.478 0.827 0.403 0.196 0.114 0.071 0.048 0.169 3.306
6.6 1.444 0.813 0.397 0.193 0.112 0.071 0.048 0.169 3.247
6.8 1.410 0.798 0.390 0.191 0.110 0.070 0.047 0.166 3.182
7.0 1.377 0.783 0.383 0.188 0.109 0.069 0.046 0.162 3.117

and total DR rate coefficients as a function of electron
temperature for H-like silicon, calcium, and iron. We
first compare the results from the present explicit calcula-
tions of partial DR coefficients for n =5, 6, 7, and 8 with
those reported earlier by us [5]. In Ref. [5] DR rates
were obtained explicitly in the intermediate-coupling
scheme for n =2-4 manifolds; for n=5-8, a
configuration average scheme was employed; and 1/n?
scaling was used for n >8. According to Table I, the
value of the DR rate coefficient of H-like iron is max-
imum at an electron temperature of 3.6 keV. At this
temperature the partial rates from the n =2, 3, 4, 5, 6, 7,
and 8 manifolds are equal, respectively, to 1.976, 0.953,
0.441, 0.210, 0.120, 0.075, and 0.051 (in units of 10~ !
cm®s™!). In Ref. [5] the rates for the n =2, 3, and 4
manifolds are listed as 1.957X 10~ '3, 0.854 X 10~ "3, and
0.389X 10713 cm’s™!, respectively. The discrepancies
for the n =2, 3, and 4 manifolds come from the use of a
different (Hartree-Fock-Slater) atomic model in Ref. [5].
The sum of the rates for n =5— o0 as reported in Ref. [5]
at this temperature is 0.373 X 10718 cm3s ™!, which is a
factor of 1.8 less compared to the value of 0.640X 10713
cm?®s ™! obtained in the present calculation. The contri-
bution from n=5- o is about 16% of the total rate at
this temperature of 3.6 keV. The total DR rate

coefficient of H-like iron from the present calculation is
about 11% larger than the rate coefficient reported in
Ref. [5]. For H-like silicon and calcium, the total DR
rates are maximum at an electron temperatures of 1.2
and 2.2 keV, respectively, with values of 9.338Xx 10713
and 6.050X10™ "% cm3s™!, which are about 15% and
13% greater than the corresponding values of rate
coefficients reported in Ref. [5].

The DR rate coefficients from the present calculation
cannot be compared directly with other calculations since
numerical values of DR rate coefficients are not available
for the elements considered in this paper. Dubau et al.
[7] have plotted, however, the DR rate coefficients
against electron temperature for H-like iron: the max-
imum value of the DR rate coefficient is about
3.1X107"% cm3s™! as compared to the value of
4.0X107 " cm3s™! obtained in the present calculation.
We have earlier [5,15] made a detailed comparison of sa-
tellite intensity factors and DR rate coefficients for H-like
ions obtained by employing various atomic models. The
present calculation does not include contributions from
radiative decays leading to other autoionizing states. It
has been reported by Karim and Bhalla [16] that for H-
like iron such radiative cascades can increase the intensi-
ty of the prominent observable satellite lines only by
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about 2%. The present calculation does not include the
contributions from states such as mlinl’, with m,n = 3.
These states will predominantly decay by Auger transi-
tions to (m —1)lel’ states and will have negligible effects
on the DR rate coefficients.

From Eq. (3) the DR rate coefficients should be max-
imum when E, =3kT, /2, where E, is the Auger energies
for the transition (2/nl’)—1s+e€l. and T, is the electron
temperature. The position of the maxima shifts to the
higher temperature accordingly with increasing Z, as is
evident from Table I and Figs. 1, 2, and 3. The satellite
intensity factors in Eq. (4) are large when the strengths of
the radiative and nonradiative channels are comparable.
For H-like ions, the Auger channels dominate in low-Z
elements until about Z =26 when radiative and nonradia-
tive branching ratios become comparable. The contribu-
tion of satellite intensity factors to overall DR rates is
masked, however, by the dominating exponential term
exp(—E,/kT,) in Eq. (3), and the value of DR rate
coefficients is seen to decrease with Z for elements con-
sidered here.

It is interesting to apply the 1/n° scaling to some of
our data. According to this scheme,

niay(s,—fl=m3ay(s,, —>f), M

where a,(s, —f) and a,(s,, — f) are the partial DR rate
coefficients originating, respectively, from the radiative
transitions 2Inl/’— f and 2Iml’'— f. The 1/n? scaling has
been found to yield better results [10,11] if a,(s,—f)
and a,(s,, —f) in Eq. (7) are replaced by corresponding
partial DR rate coefficients summed over all states of
each n and m. The DR rate coefficient for H-like iron at
electron temperature 3.6 keV summed over all states be-
longing to n =4 is 0.441X10™ " cm®s™! according to
Table 1. Using this value and employing Eq. (7), the DR
rates for the m =5, 6, 7, and 8 manifolds are, respective-

ly, 0.226X1073, 0.131x10713, 0.082%X107 ", and
0.055X10" " cm’®s™! compared to the values of
0.210X10713,  0.120x107"3, 0.075%X107 !,  and

0.051X 10~ 13 obtained by the present extensive calcula-
tions. If we apply Eq. (7) similarly to DR rate coefficients

of H-like silicon at a plasma temperature of 1.2 keV, we
find the DR rate coefficients for the n =5, 6, 7, and 8
manifolds to be 0.784X107",  0.454X107 ",
0.286X 10713, and 0.191X10™ 1 cm3s™ !, respectively,
compared to the values of 0.870X 10713, 0.587X 10713,
0.402X 10713, and 0.281X 10" cm®s ™! of Table I. The
1/n? scaling thus overestimates the DR rates in the case
of H-like iron and underestimates the DR rates in the
case of H-like silicon. We also see that 1/n° scaling
yields better estimates of DR rate coefficients for heavier
elements.

V. CONCLUSION

Computations in the intermediate-coupling scheme
with the inclusion of the effects of configuration interac-
tion and spin-orbit coupling have been performed to ob-
tain DR rate coefficients for H-like silicon, calcium, and
iron. All possible intermediate resonance states
|s)=|2Inl'SLJ ) with n =2, 3, 4,5, 6,7, and 8 have been
considered explicitly, and the 1/n° scaling has been used
for n =9- 0. For the elements considered here, the total
DR rates from the present calculation are found to be
about 14% larger than the rates obtained in our previous
calculation [5] where DR rates were calculated in the
intermediate-coupling scheme for n =2-4, in the
configuration average scheme for n =5-8, and by 1/n°
scaling for n =9-c. The sum of the partial rates for
n=5-c0 is about 33%, 22%, and 16%, respectively, of
the total DR rates for silicon, calcium, iron. The present
calculation has yielded a larger value for the total DR
rates for all elements considered here. In case of H-like
iron, the contribution from the n =5- o states to DR
rates is found to be larger by a factor of 1.8 than the cor-
responding value reported in Ref. [5].
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