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Relativistic dielectronic recombination process: Electron and H-like ions
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We have developed a simplified relativistic configuration-interaction method to calculate the dielectronic
recombination(DR) cross sections and rate coefficients. In this method, the infinite resonant doubly excited
states can be treated conveniently in the framework of quantum defect theory. Here we report a systematic
study of DR rate coefficients of hydrogenlike isoelectronic sequence with atomic nunshg<Z9. The
behavior of the DR rate coefficients along the isoelectronic sequence is studied. The results are compared with
the Burgess formula and other theoretical works. Because of its relativistic treatment, our method can be
applicable for arbitraryZ ions and the validity of the widely used Burgess formula can be examined, e.g., for
the ion withZ=36, the results calculated from Burgess formula would be larger by a factor of 2.
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PACS numbg(s): 34.80.Lx, 34.80.Kw, 34.80.Dp

[. INTRODUCTION ment, our SRCI method is applicable for arbitraryons and
then the validity of the Burgess formula3] can be exam-
Dielectronic recombinatioDR) can be regarded as a ined, e.g., for the ions witlz=36, the results calculated
resonant radiative recombination process. As a free electrditom Burgess formula would be larger by a factor of 2.
with a specific kinetic energy collides with an i@d", one
of the bound electrons of the ioA%" is excited from the Il. THEORETICAL METHOD
initial n;l; orbital into theNL orbital, the free electron is then

. ; . q+
captured into an unoccupied orbital and forms a resonant The DR process oA™" has the form

doubly excited state; subsequently, the resonant doubly ex- e +AI*(nl;)—AG-DH(NLnl)**
cited state decays into a nonautoionizing state through radia- o
tive transition processes. Its importance in influencing the —AY*1snl)* +hy, (1)

ionic balance in high-temperature plasmas, such as a solar
corona, has been known for many yeftd. Its radiative ~Wwhere theA%" ion in the initial statei(n;l;) captures a free
emission is a significant contributor to plasma cooling in hotelectron with a specific energy and forms theAld~ 2" jon
plasmas in fusion experiments. The dielectronic satellites oih the resonant doubly excited stg@Lnl). The cross sec-
hydrogenlike ions have also been used to measure plasnti@ns of this resonant capture processes can be treated in the
densities in high-density plasm&g] and the electron tem- isolated resonance approximation
peratures in solar flard$]. 2,3
Many theoretical methods have been developed to calcu- oS = h ﬂAq Se—e) )
late the DR process, such as the distorted wave médehai) U meg 29, ! v
close-coupling methods,7], and nonrelativistic single con- o , i i
figuration [8,9] and relativistic multiconfiguration methods Whereg; andg; are the statistical weight of the statandj,
[10,11]. In these calculations, it is tedious work to obtain thefespectively.Af; is the Auger decay raténverse resonant
accurate DR rate coefficients since they involve many resocapture proce$s which can be calculated by Fermi's
nant doubly excited states. Most calculations either neglectgolden rule,”
high-lying doubly excited states or simply use the® law to 5
treat them[9,12,31,33 In many applied aspects, such as A@:_Tr
astrophysics and plasma physics, the Burgess forfadlis o h
widely used for its conveniendd4]. Based on quantum de- ] )
fect theory(QDT), we have developed a simplified relativis- Where¥; and¥; are antisymmetrized many-electron wave
tic configuration interactiofSRCI) method[15] and have functions for thej state andi state plus a free electron,
calculated the DR cross sections of hydrogenlike helilf}  respectively.
and argorj17]. Our theoretical results are in good agreement We construct the configuration wave functiog$él’ IJM)
with the absolute cross-section measuremgtsl9 within (I" denotes the quantum numbe¥d.nl and parity as anti-
10%. In this paper, we report a systematic study of DR ratesymmetrized product-type wave functions from central-field
coefficients of the hydrogenlike isoelectronic sequence. Th®irac orbitals with appropriate angular momentum coupling
calculations cover the ions with atomic numbeg2<79. [20]. All relativistic single-electron wave functiondound
The behavior of the DR rate coefficients along the isoelecand continuum are calculated based on the atomic self-
tronic sequence is studied. Because of its relativistic treateonsistent potential obtained from the ground-state configu-
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ration for Al9=1* [21,22. In our SRCI method, the atomic- m’
state function for the stat¢(NLnl) with total angular P (J'M)= 2 Cio @' (T} I'M"). 9)
momentumJM is expressed as a linear expansion of the N =1

configuration wave functiong(I",JM) with the same prin-
cipal quantum numbers\(n), and the same orbital angular "€n we have

momentum quantum numberk,(): 2

2 m,m’
. 4e‘w E M 1
m Ajk__r3ﬁc 9|, 2, CinCia M| (10

WJ(JM)=§1 Cin (T IM). (4)

where the radiative transition matrix element is defined as
Herem is the number of configuration wave functions; the
mixing coefficientsC;, for statej are obtained by diagonal- k= (D(D\IM)|[TY] " (I}I'M")). 11
izing the relevant Hamiltonian matrix¢20]. We neglect the
configuration interaction between the bound state and the For the radiative process with a certain final statehe
continuum state and the state including a free electron igesonant doubly excited states with the fixed,l(,) and
chosen as the single configuration wave function. Then wdlifferent orbital energy form a channel. In the channel, the
have energy-normalized radiative transition matrix element is de-

fined as
2

, (5 M =M, (v3?q). (12

27| <
A== 21 CiM2,

where the Auger decay matrix e|emdmﬁ>\ is defined as This energy-normalized matrix elemeh(t}k varies_slowly
with the electron orbital energhi6,23,24. WhenM}k of a
a 1 few stateqincluding one continuum statén a channel have
'\"m:<¢(m'\")|§t E“I,iei)' ©) been calculated as benchmark points, all the energy-
' normalized matrix elementdl |, of infinite discrete states in
Based on QDT, whenN,L,|) are fixed andh varies from that channel can be obtained by interpolati@B,24. From
bound to continuum state, all the resonant doubly exciteg@xpression(10), we can obtain all the radiative rates in the
states with the sam& will form a channel. In the channel, channel. For a certain initial state, the energy-normalized
the energy-normalized matrix element can be defined as transition matrix element may have nodes, at which the ma-
trix element is equal to zer®5]. In this case, the interpola-
M_f}x: Mﬁx(vﬁlz/Q), 7) t@on should be carried out for the energy_-nprmalizeq transi-
tion elements and not for the radiative ratdse.,
where (3/q?) is the density of statey,=n—u,, andu, is proportional to the square of the transition elemgnts

the corresponding quantum defect. This energy-normalize? The resonance _e”et_rg?i%ﬁag be_f_calltl:ulated underl the

. —a . . rozen-core approximatiof26]. Specifically, we can calcu-
matnx eleme'ntMij}\ varies smoothly with t_hae electron or- late the energE(NLnl) of AG-D+ andE(NL) of coreAd*
bital energy in the channdll5,16. When Mjj, of a few ;ging the same bases under SRCI method. Then,
stateqincluding one continuum state a channel have been

calculated, the Auger decay matrix elements of infinite dis- e=AE"(NL)+[E(NLnl)—E(NL)], (13

crete states of that channel can be obtained by interpolation.

On the other hand, the mixing coefficier@is, in Eq.(4) are  where the energy difference betwees dndNL for hydro-

almost unchanged for the states with largeithin a channel  genlike A" can be calculated analytically, i.e.,

[16]. We can use the mixing coefficients of a state with aAEH(NL) =2z 1/2— 1/(2N?)] (hartree.

certain high principal quantum numbeto approximate that e can then obtain the DR cross sections for any resonant

of those states with higher principal quantum number. Fromyoubly excited states conveniently,

the expression(5), the Auger rates and capture ratds/

detailed balandeof the infinite resonant doubly excited w253 9; A;.’ﬂiAJFk

states can be obtained conveniently. Tk e E S AT 43S A
The resonant doubly excited state may autoionize with a emh a9 Sk e T i

rateA}"‘i by emitting an Auger electron or decay radiately into

a lower energy stat& with a radiative rateAjrk, which is

a ole—e). (19

i’

Here the summatioi is over all possible states of tid!™
ion, and the summatiok’ is over all possible states of

defined as A=D1+ whose energies are below staf@dLnl).
4e20 We assume that the velocity distribution of the free elec-
Ajrk:—3|<‘1’j|T(1)|‘1’k>|2, (8  tron is the Maxwell-Boltzmann distribution, then the dielec-
3hcog; tronic recombination rate coefficients can be expressed as
where w is photon energy, and® is the electronic dipole 2 mh2\ 32 g AZAT
operatof{ 16]. Similar to the expressiof#), the atomic wave dp=l—=] ekt __ I 15
b 116] P ® ik (meKT> 20 S AL, +3 A%, 39

function ¥ for the final statek can be constructed as jk’ i’
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whereT is the temperature of the electron ards Boltz- 25
mann’s constant. And the total dielectronic recombination Be
rate coefficients can be expressed as I ~

aDR=§ aij;k. (16)

Ill. RESULT AND DISCUSSION

There are enormous intermediate resonance states in-
volved in the DR process, which makes explicit calculations
not practicablg27]. Hence, then™2 scaling law is widely
used in the literature to extrapolate the satellite intensity fac-
tors (proportional to DR cross sectiprior higher ((=4)
resonancef9,12,31,33 Based on QDT, we have developed
the SRCI method, in which all the high-lying resonant dou- 10’ 10 10° 10* 10°
bly excited states are treated conveniently through interpola- T (eV)

“ﬁrn' When the energy-no_rmallzed ma.trlx elemetd, and FIG. 1. The total DR rate coefficiens®® vs temperaturel.

Mji of a few statesincluding one continue stgtare calcu-  sojid curve: present calculation; dotted curve: Burgess formula.
lated as benchmark points, all the Auger and radiative matrix

elements and the corresponding rates of the infinite resonaflom Z=2 to Z=4 and then decrease.

doubly excited states can be obtained by interpolation with  The N dependence of the DR rate coefficients for‘He
adequate accuracy and much less computational effort. Ignd N&* ions are displayed in Fig. 2. The ratio of the partial
our calculation all the doubly excited statds.nl with high DR rate coefficients of Bnl intermediate states to the 2l

n can be conveniently calculated based on QDT. Then, alhartial DR rate coefficients is about 0.14 for Helt de-

the Coster-Kronig transitiont.g., 203.nl—2py,+e€) that  creases rapidly with the increase f e.g., only about 0.06
become energetically possible for a certain higtare in-  and 0.04 for N& and A*7*, respectively. Thus, the contri-
cluded in our calculation. We have calculated the DR crosgytion of highN (N=3) double excited states is less impor-
sections for H&(Z=2) [16] and A" (Z=18) [17], which  {ant, especially for the intermediaeand highZ ions. Even
are in good agreement with the recent absolute cross-sectiggy |ow-z ions, we only need to consider thé @l and anl
measurementgl8,19 within 10%. For H€, the electron-  contribution to the total DR rate coefficients. In our present
electron correlationgconfiguration interactionsare most  SrC| calculation, the interchannel interaction is neglected.
important along the H-like isoelectronic sequence. Therpys, the calculated DR cross sections of the speclficl3
agreement shows that our SRCI method includes the maiptermediate states for Heare smaller than the experimental
part qf configuration mterachons, i.e., the configuration IN-measuremeri28]. Nevertheless, this will not affect our cal-
teractions among the states with the saiienl. The other  cyjated total DR rate coefficients, since the interchannel in-
configuration interactions of states with differMtL'n’l"  teraction only result in the redistribution of the DR cross

may affeCt the indiVidUaI transition probabllltlé‘é‘ andAr. section among Pnl and A_nl intermediate Statesy which
Anyhow, neglecting the other configuration interactions isyj|l pe discussed elsewhef@9].

anticipated to have an effect of a few percent on the total
cross sections and rate coefficients since there is an agrec 1g

16
ment between the SRCI calculation results and the absolut
cross-section measurements. This is owing to that “the er- ™| “r ./‘\_ Ne®t
rors and variations due to approximations introduced in the 44} i
evaluation of the individual transition probabilitig€® and 2y \
A" tend to cancel,” as discussed in RE34]. Furthermore, 8 | ol !
the configuration interactions, including interchannel interac-% |
tions, which will be discussed in the next paragraph, only 8
result in the redistribution of DR cross section among inter-2 2|
mediate states. The SRCI method can be applied for arbitrar}'ga . &1
Z ions because of its relativistic treatment. We here report a
systematic study of the total DR rate coefficiert8® of 4 ‘T
hydrogenlike isoelectronic sequence with atomic number | o
2=<Z7=<79 using our SRCI method, as shown in Figsblid
curves. The results from the widely used Burgess formula 0 = s o= | R
[13] are also plotted in Fig. 1dotted curvek It is obvious,
for the ion withZ=36, that the results calculated from the TEv)
Burgess formula would be larger by a factor of 2. Zs FIG. 2. The contribution of Bnl and anl intermediate states
increases, the peaks of the DR rate coefficienf§, as @  to the DR rate coefficients for Heand N& ions. Solid curve: total

function of T shift from low T to high T, while o35, increase DR cross section; dot-dashed curvé:r2; dotted curve: &nl.
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FIG. 3. Then dependence of the DR rate coefficients. The FIG. 4. The(l) dependence of the DR rate coefficient. The
curves in the order from top to bottom are the tothin2 DR rate  curves in the order from top to bottom are the totain2 DR rate
coefficients and partial rate coefficients as follous: with n>5, coefficients and partial rate coefficients as follow®) with
n=4,3,5,2 for HE; (b) with n=2,3,n>5, n=4,5 for Att™; (©)  1=pgp,dsp,S,dg,P12.f72.F5,  for  He™; (b))  with
with n=2,3, n>5, n=4,5 for Xe**. | =P3i2,Pr2.052,03,8,F72,F5,  for At (00  with

| =Pa2,P12,S, 0512, a2, F712, Fspo fOr Xe**.

The n dependence of the DR rate coefficients withn2
intermediate states is shown in Fig. 3. The contribution ofthe DR rate coefficients for several hydrogenlike ions. In
high-n doubly excited statesn5) to a°R is 87% for He", their calculationaPR were obtained explicitly in the nonrel-
it decreases to 16% and 7% for AF and Xe&3', respec- ativistic intermediate-coupling scheme including spin-orbit
tively. Hence, the DR rate coefficients are dominated by th&oupling for n<4, for n=5-8 a configuration average
contribution of higha states for lowZ ions and the lona  scheme was used, and the® scaling law was employed for
states for highz ions. This can be understood as follows. N=9. In Ref.[32] Karim and Ruesink recalculatee™® for
The radiative transition rates increase withapidly (scaling  hydrogenlike ions wittz =14, 20, and 26, including the ef-
asZ*), while the Auger rates remain nearly the safsealing  fect of configuration interaction and spin-orbit coupling for
asZ%) [30]. For Z<20, because the autoionizations are then<8. The later results by Karim and Ruesif82] are about
dominant decay Channel§3k,A;k,<2i,A;, L agj Al 14% larger than the former ones by Karim and BhaBa].
which depends on very weakly, then the contribution of a Their new result§32] are still smaller than ours, while our

large amount of highr states is important. On the contrary, results are closer to the results calculated by the Burgess

for high-Z ions, the radiative processes are the dominant defermufa [13], which ‘is ‘widely used for lov& and

cay channelsaij.kocAf}ocn‘3 [30], the contribution of high- inter_medi_atez i_ons. In Nilson_’s work[33], the rel_aétivistic
n states becomes less important. In the comparison with thglulnconflguratlon wave functions are used andnhe scal-

absolute cross-section measuremd®, our calculated DR ing law IS adopted to cglculate t.he Auger rates for4
cross section of A7+ [17] is overestimated by about 10% states, while we use the interpolation scheme based on QDT,

for n=2, and underestimated by about 8% and 5% forwhich is more reasonable. Far~ 36,54(high Z) ions, where
’ high-n double-excited states are not so important, his results

n=3,4 double excited states, respectively. They are in gen- > g . -
eral agreement with the experimental measurements fpl max [33] agree with ours within 5%, and 2%, respec-

n=>5,6. Thus, our calculated total DR cross section and rate

coefficients for AF'* are anticipated to be larger and within ~ TABLE . Comparison of theoreticaty, of H-like ions.
about 8%. In Ref[16], our calculated DR cross section of e
He™ is overestimated by about 5% for=2 and underesti- amad(107 1 cm/seq

mated by about 5_% fan=3, and slightly unqlerestimated for 5 lon  Ourwork Burges$1] Karim[32] Nilson[33]
n=4 and overestimated far=5 double excited states com-

pared with the measuremenpts8]. Thus, our calculated total 2  He" 17.9 19.9

DR cross section and rate coefficients for'Hee anticipated 4 Be** 225 22.3

to be larger and within about 6%. Figure 4 shows &{é) 10 Neé* 15.3 14.3 9.1

dependence of the DR rate coefficients for 'HeAr'™, 14 s 111 10.7 9.3 7.6

Xe*3", and AU®" ions with 2Lnl intermediate states. The 18 Art7* 8.7 8.4 6.1

DR rate coefficients is dominated by the contribution frompo cd°* 7.2 75 6.0

thel =1 doubly excited states, and this contribution increaseg &5+ 4.3 5.6 4.0 3.8

with the increase oE. 36 K5t 1.9 35 1.8
In Table |, the peak values of the DR rate coefficientsgg xe53+ 0.63 1.6 0.64

aPR calculated by our SRCI method are compared with7g A8+ 0.91 0.75

other theoretical works. In Ref31] Karim and Bhalla gave
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tively. For low- and intermediaté- ions, where hight  and 3.5 times larger than our present calculations féPKr
double-excited states are important, his results,f, [33]  Xe5*, and AUB*, respectively. In this case, the relativistic
are significantly smaller than ours as shown in Table I. Ineffect should be considered. Thus, it can provide some clue
Fig. 1, the total DR rate coefficients from the widely usedabout the validity of the Burgess formula from Table I. Be-
Burgess formuld 13] are compared with our SRCI results. cause of its relativistic treatment, our SRCI method should
The differences ofaﬁf;( between the two calculations are be applicable for arbitrarg ions and it can also be applied
also shown in Table I. For He(low Z), the aPR from the  to the many-electron atoms, where the matrix elements have
Burgess formula is about 11% larger than ours, which ighodes.

anticipated to be 6% larger than the experimental rate coef-

ficients[18] as discussed above. For the ions with interme-

diate Z (10<Z=<20), the a2%, calculated by the Burgess ACKNOWLEDGMENTS
formula agree with ours within 7%, e.g., for &F, the o2%, This work was partially supported by the Chinese Science

from the Burgess formula is about 4% smaller than oursand Technology Commission, the National High-Tech ICF
which is anticipated to be 8% larger than the experimentaCommittee in China, the Science and Technology Funds of
rate coefficient§19]. The ahx, from the Burgess formula are CAEP, the Chinese Research Association for Atomic and
significantly overestimated for high-atoms, e.g., 1.8, 2.5, Molecular Data, and the Chinese NSF.
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