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Relativistic calculation of dielectronic recombination on the CG* ground state
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The measurement of the dielectronic recombinatidR) cross section of € with a high resolutior[S.
Mannerviket al, Phys. Rev. A5, 1810(1997)] provides a rigorous test case for various theoretical methods.
In the earlier work, the relativistic multichannel theory was applied to the DR process on thieifor both
the AN=1 andAN=2 transitions with a principal quantum number of the outermost electron up to 5. In
principle, that method can be applied to resonances with any high principal quantum numbers. Practically,
however, the calculations become very time consuming. In the present work, the method is extended by
incorporating the Bell-Seaton theory. The DR cross sections®of f6r the resonances with<2n<25 are
calculated. The results are in good agreement with those of the experiment exceptrier Ghand 7 reso-
nances. According to the present calculation, the Rydberg cutoff due to field ionization could benghout
=25 instead ofn,,,,=16 to take into account the effect of the radiative decay during the time of flight. A
sudden decrease is observed betweemth@ and 8 resonances due to the opening of te2stSel con-
tinuum. From the agreement with experiment, it would appear that the present method is applicable to both the
low-n and highn resonances.
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I. INTRODUCTION tions with the pseudo-Maxwellian distributid20] of elec-
trons. The results are in good agreement with those of the

Dielectronic recombinationDR), which composes the observatior12] except for then=6 and 7 resonances where
resonant component of radiative recombinatid®R), is  the theory overestimates the intensities by about 15% at the
practically important and fundamentally interest[dg-5]. In peaks. This discrepancy may be attributed to the couplings
astrophysical and laboratory plasmas, DR affects the ionizabetween the closed channels or to the effect of field ioniza-
tion balance and also causes energy losses since the chatg®. According to the present calculation, the Rydberg cut-
state of the ion changes and a photon is emitted in the proaff due to field ionization could be abont,,=25 instead of
cess. Fundamentally, the studies of DR are significant nat,,,,=16, taking into account the effect of the radiative de-
only for their provision of a better understanding of the cor-cay during the time of flight. A sudden decrease is observed
relations in the doubly excited states but also because of thefretween then=7 and 8 resonances due to the opening of
revelation of the relativistic effe¢6] and radiation damping 1s2s'Sel continuum. A dim resonance is identified that
[7-10Q. After the experimental observation of Kilget al.  may be derived from the sPp? ?P state through the spin-
[11], Mannerviket al.[12] remeasured the DR cross section orbit interaction.
of C** for the AN=1 transitions with a much higher energy
resolution. More resonances with<3 were resolved and
the peaks fon= 6,7 were fully separated. This measurement
provides a more rigorous test case for various theoretical According to the general DR theory of Davies, Bell, and
methods. Seator(7,19)], the DR probability for a given incident chan-

In the earlier work[13], the relativistic multichannel nelj can be expressed &DR:EﬁASﬁM,jlz, with
theory (RMCT) [14—164 was applied to the DR process on
the He' ion for both theAN=1 andAN=2 transitions with
the principal quantum number of the outermost electron up Spp,j=—2mi 2 (1+ L);l , D,

. ) , wB ! 1B

to 5. A good agreement with the experimdii7,18 was B
achieved for then<3 resonances and the effect of field ion-
ization for the highemn resonances was elucidated. In prin- where Dj,ﬁM(E)=(‘lij|P(“)|‘Pﬁ> is the radiative transition
ciple, that method can be applied to the resonances with anyatrix element, and the matrix represents the high-order
high principal quantum numbers. But practically the calcula-effect of radiation. It is explained physically as the radiation
tions become very time consuming because the resonancdamping effect¥;z and¥ 4z are wave functions of the initial
tend to be narrower and more partial waves have to be takezontinuum states and the final bound states, respectively, and
into account. In the present work, the DR cross sections oP*) is the dipole operator of radiative transitions with photo
C** for the n=<4 resonances are calculated with the RMCT polarization.
method. For the resonances witks#A< 25, the Bell-Seaton In the present worl ¢ is computed with RMCT an 4
(BS) theory[19] is incorporated with the RMCT to obtain is obtained by using the configuration-interaction method.
the cross sections for 12 partial waves. The whole experiThe wave function of the continuum state for a specific in-
mental spectrum is reproduced by convolving the cross secident wavep;z can be expanded 481]

Il. THEORETICAL METHOD
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K. N K. N [19] is incorporated with the RMCT to obtain the DR prob-
V= L((f@ﬁz Pf —LeE R o de ability. According to BS theory, the DR probability can be
n E—-Ej, i’  E—€ expressed as

+ ¢ieNig, (1)

where ¢ is the basic vector and P indicates the principal
integral. The matrixK can be obtained by solving the .
Lippman-Schwinger-type equatiorfd44,16, and N;g=[1 with

+m?SKA(E)]7Y? is the normalization factor, where Suo=Xoo— Xod Xec— g XH — 27 1)] xeo  (2)
K;i(E)=Kjg e is the on-the-energy-shell element of

Kje' ie - The first and second terms in Ed), respectively, and

represent the resonance component and the scattering waves 3o

for the specific incident wave;z. Only the first term is g=exp(mv°R/Z%).

retained in the calculation of the transition matrix element
for the DR process. In the calculation of thematrix, the
lower limit €. of the integral for each channel in E¢L)
takes the value of the middle energy between the states wi
the principal quantum numbers of 9 and 10. Besides discre
states, the infinitely high Rydberg states with the principalas

guantum numbers larger than 9 and the conjunctive con-

tinuum states are also included in the integral as channels. in=2 Uj.exp2im o) Ui, - 3
All required bound and continuum orbitals are generated us- “«

ing a Dirac-Fock-Slater potential that is obtained by the self- . .
consistent iteration procedure in the configuration st8k. The MQDT physical parameterf22] (the eigenchannel

To resolve the doubly excited states in each symmetry Oguantum d_efecru,a and the transformatlor_u mat”u‘a) are
. : obtained with the RMCT from the first principle. These pa-
total angular momentum and parit}”, the corresponding

energy region is scanned. The effective principal quanturrqam(aters vary slowly and smoothly with respect to the en-

numbery of the first closed channel is adopted to control the™ Y In the vicinity of each threshold. Therefore, it is unnec-
energy step that is automatically adjustable below a maxic ooy o solve the Lippman-Schwinger-type equations point

mum step of 0.001 to ensure the full resolution of the impor-by point in the highw region. I_n the present work, only five
tant resonances energy points are computed in the vicinity of threshold and

Considering the radiation rates are much smaller than ththen an interpolation or extrapolation is performed to obtain

o . e parameters at any energy in the highegion. Since Eq.
,g\fugser raf;;hfoé Iowi reszt;r}aDnces i(;f g%r:plt(:e r(ljs,fct)f:etélgioider (2) can describe only one specific transition of ion core, the
B, Bu — iBu =

resonances. However, the neglect of the radiation Widtrg:alculatedx matrix is partitioned according to the state of

. e S ion core before incorporation with the BS theory. This par-
would lead to a nontrivial probability overestimation for the ... all | h i ff f closed ch
very narrow resonances with a radiation width comparable t(’gmon partially neglects the coupling effect of closed chan-

nels that belongs to the different ionization threshold. But

the Auger width. A correction has been adopted to those Vethis coupling effect is included in the elements of mapix
narrow resonances to include the radiation width. Assuming

the isolate-resonance approximation is valid for such narrow
resonances, the corrected DR probabil®yR(E) is ex-

P;=1—Z |S;i1?

SThe radiative transition probabilitiR represents the decay
rate of ion core. Equatiof?) is valid for the highn reso-
fances where the transition probably of the outer electron is
tléegligible. The unphysical scattering matgpcan be written

Ill. RESULTS AND DISCUSSION

pressed as The partial cross sections calculated by the RMCT
method are shown in Fig. 1 for the<4 resonance states.
POR(E) = AR Since the effective quantum number of the horizontal axis
' corresponds to the first closed channel, namedgsfSwl,
(E—Eq)*+ (AT R)? the resonances af=4 converging to higher ionization lim-

its (1s2s1S or 1s2p >!P) extend tor=4.6. It can be ob-

The Auger rateA, the radiative ratéR, and the positiorE, served that the partial cross sections exhibit the same fea-
can be obtained by fitting the original DR probability to  tures for the total angular momentum and padify= 3 * and
2%, This similarity can also be found for other pairs of

POR(E)— AR (37,27, (37,27), and € ,%7). The similarity is deter-
5 5 mined by the incident channel. Ff=2" and3 " the inci-
(E-Eo)"+ ZA dent channels aresteds, and 1s?eds,, respectively. For
the low Z ion of C** the spin-orbit interaction is very weak
in the vicinity of each resonance. and thel S coupling is valid. Both incident channels belong

For the numerous resonances witk 5, the direct calcu- to the same.S symmetry of 2D®. The resonance states for
lation with the RMCT is infeasible. In this case, the multi- J”=3"* and3* must belong to this symmetry too. The cross
channel quantum defect theofy!QDT) of the DR process sections ford”=32" and3 " exhibit the feature ofD® sym-
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FIG. 1. Partial cross sections calculated with the RMCT method vary with respect to the effective quantum numbemnfed the
resonance states.

metry. The 6+,2%), (:7,27), and € ~,% ") partial waves The partial cross sections for thes2p Pnl(n=4-16)
correspond to thé S symmetry of 2G¢, 2P°, 2F°, respec- 'esonances are shown in Fig. 3 that have been calculated by
tively. The 1 * partial wave corresponds &8¢ symmetry. ~ using the RMCT combining with the BS theory. The peri-

In order to compare with experimental measurement, th@dical feature with respect to the effective quantum number
calculated DR cross sections are convolved with the electroi$ observed. Two resonances ofs2p'Pnl®L; and
distribution of the pseudo-Maxwelliaf20]. Figure 2 shows 1s2p *Pn(l+2)2L; appear in each period corresponding to
the convolved partial cross sections. The vertical temperaan incident channel of el ?L,(L=1). TheJ"=3" partial
turesT, and longitudinal temperaturdg are 80(120 meV ~ wave is exceptional since only thes2p 1Pnp?s,, reso-
and 0.11(1.5) meV for the solid(dotted lines, respectively. nance is possible for the incident channel afds?S,,.

The two pairs of temperatures are obtained by fitting to thelThe amplitude of the resonances deceases drastically above
experimental spectra of Mannervit al [12] and Kilgus n=7 resonance because then trg24'Sel and 1s2p °Pel

et al. [11]. By comparing the partial cross sections in thechannels become open. The large overlap between the
sameL S symmetry, one can find that the ratio of the maxi- 1s2p *P,nl(n=8) resonance states and the2%Sel con-

mum of each peak is approximately equal to the ratio of théinuum leads to an intensive Auger decay of those resonance
statistical weight of the final state in the DR process, namelystates, which causes the sudden decrease of the DR probabil-
(2J+1)/(23’ +1). That indicates the total orbital angular ity. Contrasting to the 42s'Sel channel, the $2s°Sel
momentum and spin df S are good quantum numbers for continuum opening between the statesrmef4 and 5 at
these resonances. However, an exception can be found in t288.978 eV affects the DR probability to some extent, but
J™=3" and3* waves that belongs to theS symmetry of much less than thesPs *Sel continuum does. That indicates
2De®. For thei ™ partial cross section, a small peak exists justa small overlap between thesdp 'Pnl resonances and the
above the first peak but no counterpart appears in3the 1s2s3Sel continuum.

partial cross section. This small peak at 243.26 eV may be Figure 4 gives the convolved partial cross section corre-
assigned to the€2p? 2P resonanc§11]. Since the incident sponding to Fig. 3 with the same temperature pairs as in Fig.
channels are £ed?Dy),, the 1s2p? 2Py, resonance state 2. Forthe; ™, 3%, and} ™ partial waves, no sudden decrease
can be formed only by the spin-orbit interaction. Thereforeappears between=4 and 5 resonances but a considerable
its overlap with the incident continuum is very small. The reduction is observed for other partial waves. These can be
1s2p? 2P,,, resonance state is also expected to appear in thexplained by the decrease of the Auger rate with respect to
1% partial wave but its overlap with thesies?S,;,, may be  the orbital momentunh. The 1s2p Pnp resonances are the

too small to be scanned out in the calculation. main contributors for the;™, 3%, and 3" partial waves.
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FIG. 2. Convolved partial cross sections for the 4 resonance states vary with respect to the electron energy. The vertical temperatures
T, and longitudinal temperaturg are 80(120) meV and 0.11(1.5) meV for the sdlitbited lines, respectively.

These resonances have a large Auger decay rate with respeesolution[12]. Uniform RR backgrounds of 0.4, 0.3 and
to the 1s?el channels. Therefore, the opening of the0.1x10 2%n? are added to the calculated results for Figs.
1s2s3Sel channels has less influence on the DR cross se®-8, respectively. For the resonances s2I2I’ shown in
tions. For the $2p 'Pnl’(I'=2) resonances, the Auger de- Fig. 6, the calculated cross section is in good agreement with
cay rates to the €el channels decrease and become comthat of the observation. The resonance positions are about 0.5
parable with those of the sPs3Sel channels. These eV lower than those of the measurement except for the
channels affect the DR cross sections considerably. Th&s2p? 2S resonance that is about 1 eV higher. The first reso-
1s2p'Pns resonances appear in thg and 3~ partial  nance of 52s?2S,,, at about 227 eV that has no radiative
waves just below the main resonances s 'Pnd. By  dipole decay channel completes a radiative decay through
comparing then=4 and 5 resonances, no sudden reductiormixing with 1s2p?2S,,,. The small peak at 243.3 eV may
appears for the £2p P ns resonances series but it does for assigned as thesPp? 2P resonance in.S couplings men-

the main series of $2p Pnd although the two series are not tioned above. Inspecting the experimental spectrum care-

resolved completely fon=5. Thet*, 37, and¥ ™~ partial  fully, one may find a dim peak at about 243.4 eV.

waves are from the<2p *Pnh and 1s2p 'Png resonances. Figure 7 shows the cross section for the resonances of
Therefore, the resonances start frare5 and 6, respec- 1s2Inl’ (n=3,4). The present results are in excellent agree-
tively. ment with those of the experiment for both the positions and

The total cross section convolved wifh, =120 meV the intensities of the resonances. The only exception is the
andT;=1.5 meV are shown in Fig. 5. The temperatures areshoulder at about 278.5 eV in the experimental spectrum that
obtained by fitting to the experimental spectrum of Kilgusis reproduced in the present calculation. This shoulder may
et al. [11]. The solid line and the dashed line are from thebe from some very narrow resonances. They are missed in
RMCT and RMCT-BS methods, respectively. Both methodsthe calculation because widths of the resonances are smaller
are applied to then=4 resonances to compare with eachthan the basic scan step.
other. The result of RMCT is about 16% higher than that of The RMCT-BS method described in the theoretical part is
RMCT-BS. Since the top part of the peak is very narrow, theadopted for the Rydberg resonances withtke4 and only
difference between the integral cross sections should b#he radiative decay of the ionic core, namely
small. 1s2p 1P,-1s?1S, is considered here. It is found that the

In Figs. 6—8, the present total DR cross sections for theontributions from the partial wave with total angular mo-
n=2, n=3—4 andn=4-16 resonances respectively are mentumJ larger than 11/2 are negligible, so the convergence
compared with the experimental measurement with a higlof partial waves is well ensured. For=4, as shown in Figs.
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FIG. 3. Similar to Fig. 1 but for the £2p *Pnl (n=4-16) resonances calculated with the RMCT-BS method.

7 and 8, both methods reproduce the experimental cross sesponding ton=9 to 16 is narrower than that of the observa-
tion, which suggests the second one is valid from4. The  tion by about 1 eV. This discrepancy may be attributed to the
situation in then=5 energy regime is more complicated than radiative decay during the time of flight. The ions in a state
that in then<5 regime since more Auger channels are operVith n>16 formed in DR can decay radiatively to the states
as mentioned above. The ionization thresholds are 298.974ith n<16 during the time of flight from the cooler to the

eV for 132338 304.404 eV for £2s ls and 304.420 eV for analyzer. Therefore, they can SUrViVe fleld ionization and be
1s2p 3P [23]. Forn=6 and 7, the calculated peaks are Sub_counted in the experiment. With a larger valuengf,,, say

stantially higher than those of the observation. The overestigS’ the discrepancy just disappears, as shown in Fig. 8 by the

mation is consistent with the theoretical results of Kilgusdoﬁtﬁidm?ﬁary we have calculated the DR cross section due
et al. [11] and Pradharet al. [8]. This discrepancy may be ’

buted h i b he closed ch | to AN=1 transitions for the ground state ofCwith the
attri ll"te to the scouplngs etweenlt sﬁ:ose channels Qjativistic multichannel theory combined with BS theory.
1s2s-Snl, 1s2p°Pn’l’, and 1s2p“Pn”"l” that are not

) . The agreement with the observation is excellent in the whole
taken into account in the RMCT-BS method . Another POSegime except fon=6 and 7 where the overestimation is

sible cause for the discrepancy is the field ionization. Somergpably due to the neglect of field ionization or the cou-
loosely bounded resonance states may not survive the fielglings of the closed channels. According to the present cal-
ionization [12] in the experiment but are included in the culation, the Rydberg cutoff due to field ionization could be
calculation. The quantitative explanation needs further StUdYaboutnmaX=25 to take into account the effect of the radiative

According to Ref[12], the Rydberg series are cut off at decay during the time of flight. From the agreement with
Nmax=16 according to semiclassic estimation. However, asexperiment, it would appear that the present method is appli-
shown by the solid line in Fig. 8, the calculated peak corre-cable to both the lowt and highn resonances.
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experimental measurement for the212l’ states of &*.
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