PHYSICAL REVIEW A, VOLUME 65, 032720

Resonant contributions to the electron-impact ionization of sodiumlike chromium
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Electron-impact-ionization cross sections for Na-like®trhave been calculated using semirelativistic
distorted-wave Born-exchange approximation. We have included direct ionization, excitation autoionization,
and resonant-excitation double-autoionizati®EDA) processes in our calculation. The overall agreement
between experimental data and our theoretical values is very good. Strong resonant peaks from REDA pro-
cesses are found, and the REDA processes contribute about 50% and 25% to the average total ionization cross
section between 570 and 650 eV and between 650 and 860 eV, respectively. A detailed investigation about the
effects of radiative damping and loss channels on the REDA cross section has been carried out. The ionization-
rate coefficients of GF" are also presented. Besides, we have compared our calculated result§*ofdFe
experimental data and other theoretical values for examining the reliability of our calculations.
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I. INTRODUCTION sion measurement. Schneidetral. [10] have measured the
electron-impact-ionization cross section of*Xe employing
Electron-impact-ionization cross sections and ionizationthe electron-beam ion tra(&BIT).
rate coefficients are very important in astrophysics, plasmas, Using a unifiedR-matrix method considering REDA and
and x-ray laser studig4,2]. In the past years, experimental READI (resonant-excitation auto-double-ionizatiompro-
and theoretical investigatioi8—20] have demonstrated that cesses Teng has calculated the cross section for electron-
contributions from indirect processes to the ionization crossmpact ionization of Af* [13]. Chen and co-workers have
sections are very important for multiply charged Na-like performed detailed calculations of ionization cross sections
ions. The most important indirect process is excitation autoof Ar’* [14], Fe'®" [9,15], S&3" [16], Kr?>" [17], and
ionization (EA) from which the cross sections are about two Xe*** [17,18 considering REDA processes using relativistic
to four times the direct-ionization cross sectiof&-12). distorted-wave methods. They concluded that the REDA pro-
Meanwhile the high-order indirect process, resonantcesses contribute about 10—30 % to the average total ioniza-
excitation double autoionizatigfiREDA), can also contribute tion cross sections. Tayal and co-worker have studied the
greatly to the total ionization cross section in some particulaREDA processes of Na-like ions Ar [19] and Fé>" [20]
resonant-energy regiomnd —9,13-20. employing the close-coupling method. Their results show
To date, the electron-impact-ionization cross sections ofmany REDA fluctuations in the resonant-energy region. Us-
several Na-like ions have been measured and calculatethg the Breit-Pauli distorted-wave method Linkemagtral.
Crossed-beam measurements for ionization cross sections lofve calculated the electron-impact-ionization cross section
Mg™, AI?*, and St* have been made by Crandatlal.[3].  of Fe'>" [9] including REDA processes.
Using an electron-beam-modulation technique, Thomason In this paper, we have calculated the electron-impact-
and Pearf4] have measured the ionization cross sections ofonization cross section of Na-like &f including REDA
Na-like AI?* from threshold to 400 eV, where many appar- processes using a semirelativistic distorted-wave Born-
ent resonant peaks were found. Racleafal. [5] and Zhang exchange(DWBE) approximation method. This approach
et al.[6] have reported their measurements of cross sectionsas been applied successfully in our previous works to obtain
for electron-impact ionization of A, and the experimental the ionization cross sections of the H-, He-, Li-, Ne-, and
data in the low-energy region of both experiments showNa-like isoelectronic sequencg®l-24, where the excita-
some REDA resonances. By using electron-ion crossed-beation autoionization cross sections for Li- and Na-like ions are
apparatus with an ion source and an ion-storage ring, respeintcluded. Our calculated results are in good agreement with
tively, Gregoryet al. and Linkemanret al. measured ioniza- the overall magnitude of the experimental cross sections. Be-
tion cross sections of i [7], Cr'3* [7], and F&°" [8,9].  sides, we have studied in detail the contributions to REDA
Although the measurements in RET] for Ti'* and CF*  from the different intermediates and examined the effects of
do not show clear evidences for the REDA mechanism, someadiative decay and loss channels on REDA cross sections
energy ranges for both the ions are likely candidates for exfor Na-like Cr*". The contribution of REDA to the
perimental and theoretical studies of the REDA effect.ionization-rate coefficient is also discussed. Over the past
Linkemannet al. resolved the debate about the influence ofyears, the electron-impact-ionization cross section dfFe
resonant processes on the electron-impact-ionization crosss received particular attention in experiment and theoreti-
section of F&*' by revealing the rich structure using preci- cal calculations. To show the reliability of the calculations,
we present the comparison of our calculated results f&t'Fe
with the experimental data and other theories at the end of
*Corresponding author. Email address: yswang@fudan.edu.cn this work.
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Il. THEORETICAL METHOD

Our calculational procedures of the direct-ionization and
excitation-autoionization cross sections have been describec

in detail in Refs.[21,22. We have even studied systemati-
cally the REDA cross sections of Li-like iong5]. The

REDA process included in our present calculations is shown

schematically below:

e+ 1s22183s5—15%2173snin’l’'—1s22173sn'l" + e

—1s%25?2p8+e+e.

(N
Assuming that the direct- and indirect-ionization pro-

cesses are independent, the total ionization cross section
then given by

Quor= Qd+§ QMJ)B%? QEBA, (2)

whereQy is the direct-ionization cross sectioQ..{j) and
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FIG. 1. Total ionization cross section for €f. The dashed
curve shows the direct- and excitation-autoionization cross sections.
The solid curve represents the total ionization cross section includ-
ing REDA contributions. The black dots with error bars are experi-
mental data from5].

Qj** are excitation and dielectronic-capture cross sectiongn=g_10), and $22s22p®3s5I5!’. Extrapolation ton
respectively; andB]"1 andB}DA are the branching ratios for the =30 was accomplished using tme ® scaling[15] for the

single and sequential double Auger emission, respectively.

The single and double Auger branching ratios can be writ-

ten as

Ba E mA?m

- —mhim 3
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and
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jd f

7 dE A;."‘d,—i—; Al fZ Aiﬁ% Al

(4)

in which A%, andAj, are the Auger- and radiative-transition

rates, respectively. These transition rates are calculated using

the Hartree-Fock approximation with the relativistic-
correction method26]. In the calculation of branching ra-

tios, we included all possible Auger transitions and electric
dipole radiative decays with change of principle quantum

number(i.e., An#0).
The cross sectio®{* captured to levej is calculated
from the inverse Auger proce$ss,27,

2z 3

2mE;g; ' ©

QM E) = S(E—E)),

where E; is Auger energy,g; (=2J;+1) andg; (=2J;

Auger-transition rates.
With the total cross section, we can get the ionization-rate
coefficient, which is defined as

[

-}

wheref(v) is the velocity distribution of the electrons. Usu-
ally a Maxwellian distribution of velocities is assumed. The
ionization-rate  coefficient from direct-ionization and
excitation-autoionization processes for Na-like"Cr have
been calculated in our previous pag@#d]. Here the cross
sections from REDA processes have been included in

Qror(V)-

vf(v) Qo v)dv, (6)

Ill. RESULTS AND DISCUSSION

For the REDA processes, we have done a comprehensive
calculation including more than 20 000 intermediate autoion-
izing levels taking into account the effects of radiative damp-
ing and loss channels. The REDA resonances were convo-
luted with a Gaussian of 2 eV in width to simulate the
experiments of Gregorgt al. [7]. Our results and experi-
mental data are shown in Fig. 1. It can be seen from Fig. 1
that the calculated values agree quite well with the experi-
mental data in magnitude over the entire energy region. The
strong peaks from REDA processes exist in the interval from
570 to 750 eV, where, unfortunately, there are only two ex-
perimental points. It can be seen that the REDA processes
contribute about 50% and 25% to the average total ionization

+1) are the statistical weight before and after the incidentross section between 570 and 650 eV and between 650 and

electron is captured.

For the REDA processes, we carried out explicit calcula-

860 eV, respectively.
In Fig. 2, we show the total REDA cross sections for

tions for resonant states from the intermediate state€r'®* in detail. It can be seen that most of the prominent

15%2s?2p°3s4inl’  (n=4-7), 1s?2s2p®3s4inl’ (n
=4-7), 1s?2s°2p®3s3Inl’ (n=6-10), 1s?2s2p°3s3Inl’

features in the ionization cross sections are due to the com-
bined effects of REDA resonances. The resonances below
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FIG. 2. Total REDA cross sections as a function of electron

energy.

0.35 —

030 -

025 2s22p53s3ln,l’+ 2s22p53s41n21'

0.20 b (1,=6-30, n,~4-30)
015

0.10 |-

Cross Section (10" cm’)

0.05

0.00

550 600 650 700 750

Electron Energy (eV)

900

FIG. 3. REDA cross sections from s22p°3s3in;l’ (n;

=6-30) and 322p°3s4in,l’ (n,=4-30) states as functions of

electron energy.
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FIG. 5. REDA cross sections from thé 23s4Inl’ (n=4-7)
as functions of energy. The solid and dotted curves indicate the
results with and without radiative damping, respectively.
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FIG. 6. The effects of loss channels on the REDA cross sections
for the 2713s3Inl’ (n=6-10) intermediate states. The solid and
dashed curves are the cross sections with and without the effects of
loss channels, respectively.
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FIG. 7. The effects of loss channels on the REDA cross sections

for the 2 13s4lnl’ (n=4,5) intermediate states. The solid and
FIG. 4. REDA cross sections from four autoionizing configura- dashed curves are the cross sections with and without the effects of

loss channels, respectively.
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TABLE |. Radiative damping influence on REDA cross sections for t2pd3s4s5p intermediate state
of Cr'®" at each Auger energy. The number in brackets denotes the power of 10.

Cross sectioricn?) Cross sectioricn?) Cross sectioricn®)
Energy(eV) J not radiative radiative in 2nd step radiative in both steps
773.952 1.0 0.1866-23] 0.1546 23] 0.1514—23]
774.025 2.0 0.1214-22] 0.529%—23] 0.5172-23]
774.212 3.0 0.000@-00] 0.0000+00] 0.0000+00]
774.476 2.0 0.1329-21] 0.9480—22] 0.9006—-22]
774.530 1.0 0.7078-22] 0.6052—-22] 0.5739—-22]
774.553 0.0 0.21§122] 0.2037-22] 0.1934-22]
777.646 0.0 0.4773-20] 0.4281—20] 0.4228—20]
777.703 1.0 0.1437-19] 0.1171-19] 0.1156—19]
777.875 20 0.22§9-19] 0.1736—19] 0.1713-19]
778.515 1.0 0.179719] 0.1590—-19] 0.1562—-19]
782.229 1.0 0.2193-20] 0.2133—-20] 0.2094—20]
782.369 0.0 0.1523-20] 0.1451—-20] 0.1428—20]
782.514 1.0 0.4332-20] 0.408Q—20] 0.401Q—20]
782.652 2.0 0.7819-20] 0.723§—20] 0.7116-20]

620 eV mainly arise from intermediate statesof EA and REDA. Figure 5 shows the REDA cross section
2s%2p°3s3Inl’ (n=6,7). The strong peaks between 620from the 2 '3s4Inl’ (n=4-7). The solid and dashed

and 670 eV are due tos32p®3s4l4l’ and 2?2p°3s3Inl’  curves are cross sections with and without radiative decay,
(n=8) resonances. For electron energg=670eV, respectively. From Fig. 5, it can be seen that radiative damp-
25°2p®3s4inl’ (n=5), 2s2p®3s3Inl’, 2s2p®3s4inl’,  ing can decrease the total REDA cross section by a factor of

and X%2p°3s5151’ states are responsible for the resonance?. In Table | the energy positions and cross sections of the
structure. The REDA cross sections from the intermediatdirst step and the second step from the intermediate state
states 8%2p°®3s4inl’ (n=4-30) and 222p°3s3Inl’ (n  2s2p®3s4s5p are listed. Table | shows that Auger transi-
=6-30) are displayed in Fig. 3. Comparing Fig. 3 with Fig. tions completely dominate the decay process in the first step
2, it can be seen that these Rydberg series contribute most afd the reduction of autoionization cross section mainly oc-
the REDA processes. In order to make out the contributionsurs in the second step.

of different autoionizing configurations to the intermediate The loss channels also have a significant effect on the
states, we present in Fig. 4 the cross sections from four awalculated REDA cross section. In the first step of the auto-
toionizing configurations, which play a dominant role in con-ionization processes, the dielectronic capture states can
tributing to the REDA processes in th@Zs4l4l’ state.

Radiative damping plays an important role in calculations ~ °* ' ‘ ' ‘ ' '
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[9] are indicated by solid circles, measurements of Gregoral.

FIG. 8. lonization-rate coefficients of & . The dotted line [8] by open circles. The solid curve is our theoretical value. The
includes only direct ionization. The dashed curve includes contri-dashed curve and dotted curve are the calculated results from
butions from direct ionization and excitation autoionization. The Chenet al.[15] and Linkemanret al.[9], respectively. The dashed-
solid line involves contributions from direct ionization, excitation dotted curve is our result for the direct-ionization cross
autoionization, and REDA. section.
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decay to an excited bound state, which stabilizes by radiativéhe energy position of the different autoionizing levels, and
damping, so the process does not contribute to the REDAence the resonances attached to them, can give rise to large
cross section, and thus represents a loss to the ionizatiafifferences in the superposed results.
channels. Figure 6 shows that the loss channels reduce the
217 13s3Inl’ (n=6-10) REDA cross sections by a factor of
1-3 in the entire energy range. However our calculations
show that the effect of loss channels on the Bs4inl’ We have calculated the REDA cross section fot*Cr
(n=4,5) state(See Fig. 7 is quite small. The total ionization cross section including the direct-
By using the formuld6) the ionization-rate coefficients of ionization, excitation-autoionization, and resonant-excitation
Cri3" are calculated and plotted in Fig. 8, from which we double-autoionization processes is found to be in good
can see that in the region of the electron temperature, 40agreement with the experimental ddfg. Strong resonant
1000-eV REDA processes greatly enhance the rate coeffpeaks from REDA exist in the energy range from 570 to 750
cients by a factor of 1-2.5. eV. It is important to include REDA processes in calculating
Many experiments and theoretical calculations have beealectron-impact-ionization cross sections. Radiative damping
done on the cross section of Na-like'Fe In Fig. 9 we and loss channels play significant roles in calculating the
present our calculation for the total cross section ofFe REDA cross sections. New precision measurements bf Cr
including REDA processes. Each REDA resonance is convoare needed to compare these results with the theoretical
luted with a experimental Gaussian of width 0\E7eV [9]. results.
It can be seen that our results are in good agreement with the
overall_magnitude of experimental cross sgctions ar]d other ACKNOWLEDGMENTS
theoretical values. However the theories disagree with each
other and with the experiments with respect to the fine de- This work was supported by the National Natural Science
tails of the ionization. As pointed in Ref9], the major dif-  Foundation of China, Project No. 10104005, National High-
ferences arise in two ways. First, the REDA cross section sit§ech ICF Committee in China, the Chinese Research Asso-
on a rapidly varying EA contribution. Second, there are con<iation of Atomic and Molecular Data, and the Research
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IV. CONCLUSIONS
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