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Auger width and branching ratios for Be-like 152s22p 3P° and 1s2s2p?°3S,3P,%D resonances
and photoionization of Be from 1s22s2p 3P°
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The energy and Auger width for the singly core-excited Be-like2sf2p 2P°, (1s2s)3S,2p? °P,
(1s2s)'S,2p? 3P, and 1s2s2p? 3S°D states are calculated using a saddle-point complex-rotation method. The
decay branching ratios of these states are calculated to check the spin-alignment-dependent Auger decay theory
recently proposed by Chung. These branching ratios also enable us to make many positive identifications in the
observed Auger spectra. In addition, the photoionization cross s¢&l@® from the Be £%2s2p 3P° state
is calculated for photon energies from 30 eV to 125 eV, including the resonance region. Accurate initial and
final state wave functions are used. We find that although the Auger width of #2s)¢5,2p? 3P transition
is smaller than that of (42s)'S,2p? 3P by a factor of 2.5, its peak PICS is larger by a factor of more than 300.
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I. INTRODUCTION four-electron systems was limited to the calculation of en-
ergy [20—24. No saddle-point complex-rotation calculation
Many experimental results on thes Tore-excited four- has been carried out for systems with more than three elec-
electron resonances from ion-atom or ion-molecule collisiorfrons. In view of the highly accurate results obtained in the
experiment§1—11] have been reported in the literature. Al- Past, it will be interesting to find out how effective this
though the Auger spectra of lithiumlike systems have beefnethod is for four-electron systems. o
well studied, the Auger spectra of berylliumlike systems are Recently, Chung [25] proposed a spin-alignment-

more difficult to identify due to the lack of accurate theoret-dependent theory for Auger decay branching ratios. He used
.this theory to explain the branching ratios for the decay of

ical data and the multichannel nature of the Auger transi- . ) i )
tions. There have been a number of theoretical methods th(Iﬂply excited thrge-electron systems. |t would be interesting
check how this theory works for four-electron systems.

have been successful in studying three-electron systems, e.g:, In this work we calculate the enerav and Auaer width for
the close-coupling methofi12], matrix variation method . . ay 92 3m0
[13], and quasiprojection operator methiit], etc. In the the triplet states of the singly core-excited B&%2p “P°,

: P 1s2s)35,2p? °P, (1s2s)'S,2p? °P, and 1s2s2p? 3S,°D

C?S(? of 5 core—et>|<C|;[jed fo?r—elicttr on re sct)'nanc;az tk}eoret:ﬁ tates. These studies are extended from Be to Ne. The photo-
studies aré mostly done tor photoionization of Be Trom e, i ation cross sectiofPICS from the Be ¥%2s2p 3P°

15?25 state[15,16]. The final states are ofP® symmetry.  giate s also calculated. We compare our results with avail-
A recent study has shown that tRB° final states could also able experimental data whenever available. Some of the
be important due to the relativistic effeft7]. Unlike the  resonances calculated in this work are not yet measured and
dipole selection rule in photoionization experiments, manyour results could be useful in identifying these states in fu-

resonances of different symmetry are present in collision exture experiments. Section Il briefly presents the theories used
periments. The resulting resonance spectra are much mofe our calculation. Section Ill shows the computational as-

complicated. In this case, accurate theoretical data argect. We present our results and discussion in Sec. IV. Sec-

needed for positive identification of these resonances. tion V is a short conclusion.
In 1979, a “saddle-point” methofi18] was developed to
study inner-shell vacancy systems. In this approach spurious Il. THEORY

solutions are removed by directly building the proper vacan-
cies into the wave function. A maximum-minimum proce- The nonrelativistic Hamiltonian of a four-electron system
dure is then used to arrive at an optimized wave functioris given by
with a relatively compact set of basis functions. The method .
has been employed extensively and shown to be a highly 1, 2
- ot Ho=> | —5V2— =]+
accurate and rapidly convergent method. The combination of 0T~ 20
the saddle-point technique with the complex-rotation method

allows the inclusion of the open-channel segment explicitly The relativistic corrections will be calculated using first-

Thus the width of a resonance and the small “shift” from order perturbation theory. The perturbation potentials consid-
the saddle-point energy to the true resonance position can kged are

calculated. This has been proved to be an accurate method in
predicting resonance energies and lifetimes for atomic sys- H'=H;+H,+H3+H,+H;g 2
tems was two and three electrdri$].

In the past, the application of the saddle-point method fomwith
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whereM is the mass of the nucleus awcdg-137.036 is the
velocity of light.
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tional method 18] for the nonrelativistic Hamiltonian. This
wave function is used to calculate the relativistic corrections.

(2) The restricted variation methd@6] is used to saturate
the functional space to further improve the nonrelativistic
energy.

(3) The energy shift due to the interaction with the open
channels, the Auger decay width, and the PICS are calcu-
lated using the complex-rotation methf27—3Q.

For example, for & 2121'21"”, a 1s vacancy is built into
the total wave function,

\PLSM%:AHE’:JH Cr, 1, (L1=P i Y Xss, )
where
Pi=]d1s(rj))(d1s(rj)l.
This vacancy orbital is given by
b15(r)=20>%" 9 Y oo 0, ). (8)

The LS coupling scheme is used. The basis function is & coefficientsC and the energy are determined by solving

product of Slater orbitals with angular and spin parts that ar

the eigenfunctions of ?,5%L,,S,,
D1 (F1,72,13,F2) = (R)YM(Q)Xss, ()

where
4
U (RI=11 1 exp(—ajry),
j=

YtM(Q) = ; (Lamgloma| 11 omy o) (1Mol gMs|LyogMi o)
i

4
X<|123mlz§4m4||—M>jH1 Yljmj(Qj)-

[, represents the set of,l,,15,14,115,1 123 quantum numbers

=010 12,1311 123,14 (4)
The spin angular function can be represented by
Xss,=[(51,52)S12,53]S123,51- 5

Three spin angular functions are possible for a triplet,

X=[(

NI
N
NI
NI=

’ )01%]

X?=[(3,2)1213.7, (6)

X*=[(3,3)1513.5.

In this work, the Feshbach resonances are obtained by the

following procedures.

fhe secular equation

(W[Ho|W)

2o =21y

(€)

The energy is maximized with respect goand minimized
with respect to thex’s. The perturbation correction is ob-
tained from first-order perturbation theory:
AE e =(V[H'[¥). (10

The width and the energy shift due to interaction with the
open channel are calculated by the complex-rotation method.
The photoionization cross section from the B&#ds2p 3P°
state is also calculated with this method in the dipole ap-
proximation. We follow closely the procedures used by
Chung[31], where a highly accurate PICS was obtained us-
ing a method suggested by Rescigno and McKag]. The
PICS is given by

2

4ar
o(w)=—o—w_ > (WD (11)
3C  EZEy+e

wherew is the photon energyp is the dipole operato® is
the initial ground state wave function, anll; is the final
state wave function.

The polarizability of an atomic system is given by

2 I( ¢0| D|\Pn>|2 +

(0| DI W e)? dE
n En_EO_(I)

E—Eg—w—ie

/s

a(w)=<

+2 |<¢O|D|‘Pn>|2

n En_ Eo+(1) (12)

(1) The energy and the wave function of a closed-channel
resonance are first calculated with the saddle-point variabefining
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(o DI W E)[?
E_Eo_w_|€dE)/3'
(13

D|W¥ )2
a_(w)= ; |<E¢nolE|o—zl +

then

1
ima ()= Z(WolD| ¥ ((E=Eg+w))P. (14

That is,
o(w)=47wIma_(w)/c. (15
a_(w) is obtained by first constructing a functiorid3],
F=(WelHo—Ei—o|Vg)+(Wo|D|Ve)+(Ve|D[Wy).
(16)
Ve is then solved by finding the extremum fBrafter the
complex scaling is done oW . Finally, «_(w) is given by

the expression

a_(w)=(¥e[D|Wo)/3. (17

I1Il. COMPUTATIONAL ASPECT
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perturbation corrections considered in Sec. Il, and the energy
improvements from the restricted variation metH@é| are
listed in this table. To a certain extenmf,represents the ef-
fective nuclear charge experienced by the vacancy. In our
computation for core-excited states, seveyahlues are less
than Z—1), rather than the expected values of abazit (
—0.5). This implies that the electrons of the atom are
pulled in by the strong nuclear charge so that the effective
nuclear charge experienced by thevicancy is significantly
shielded by the electrons in addition to the othersklec-
tron. This effect becomes much more apparent for systems
with largerZ. Take the $2s2p? °D states as an example; the

g values are 3.30, 4.09, 4.92, 5.73, 6.55, and 7.37 for ions
with Z=4, 5, 6, 7, 8, 9, and 10 respectively. That is, the
effective shielding of nuclear charges is 0.70, 0.91, 1.08,
1.27, 1.45, and 1.63 faz=4, 5, 6, 7, 8, 9, and 10, respec-
tively.

IV. RESULTS AND DISCUSSION

Our results for the Auger energies from the four-electron
core-excited triplet states will be presented and compared
with available experiments in different subsections. In
Tables IV and V, we list the calculated energies, total widths,
and branching ratios for the Auger transition channels for
Bel, B, Cii, Niv, Ov,and Nevii. To compute the Auger

The method of calculating the nonrelativistic energies forenergies, we need the energies of t#2s, 1s°2p, and
these resonances follows closely that of Ch{iag]. From 1s23p states of the residual ions. We use the data of Chung
30 to 42 angular spin partial waves were used for most of th€34] for 1s?2s, of Chung and zZhy26] for 1s*2p, and of
resonances considered in this work, For each partial wave, Wang, Zhu, and Chun§35] for 1s?3p. These values are
set of four radial nonlinear parameters is adopted for the foulisted in Table VI. These data are highly accurate. For ex-
Slater orbitals. These nonlinear parameters are individuallgmple, for Be, the §22s-1s?2p energy difference is 3.955
optimized in the variation process. Over 200—300 linear paeV, which agrees with the value 3.960 eV given by Bashkin
rameters are used for the resonances considered in this workd Stone36]. For C, the energy difference is 5.994 eV,
As an example, we list the wave functions and the energyhich agrees very well with the 5.999 eV from RB6].
breakdowns for the nitrogens2s2p? 3D state in Table I. In  For N, the energy difference is 8.000 eV, which compares
this case, a 302-term wave function is used. The optimizeavell with the 8.005 eV from experimeriB86]. And finally,
value of the parametarin Eq. (8) is 5.73. for O, the 1s?2s-1s%2p energy in this work is 11.992 eV,

The relativistic and mass polarization corrections to thewhich agrees well with the value 11.999 eV in RE56].
energy are calculated using first-order perturbation theory. Recently Chung[25] used a spin-alignment-dependent
The relativistic perturbation corrections increase monotonitheory to explain the relative magnitude of the Auger branch-
cally from 0.05 eV for Be to 2.6 eV for Ne. Even though Be ing ratios. It is interesting to check this theory with our cal-
is a system with smalf, the relativistic perturbation correc- culated branching ratios. In Table VII we list the relevant
tions for these core-excited resonances are about 0.05 egpin alignments for the decay channels calculated in this
which is about the error bar of the experimental data reportedork. Consider the decay of thtP° states. For thal chan-
in recent literature. The relativistic corrections for the three-nels, the 3 electron number 2 jumps intosland kicks out
electron target states are much larger. Hence, they could aélectron number 4 in the® orbital; this occurs due to the
fect the identification of the spectra. Most of the corrections2s2p interaction. In the decay channa®, the X electron
come from the correction to the kinetic enerdy,) and the number 2 drops to 4 and kicks out electron number 3,
Darwin term H,). As an example, the results for the nitro- which is also in the & orbital. Since the overlap between the
gen 1s2s2p? °D state are listed in Table Il. The mass polar-two 2s electrons is much larger, this explains why the
ization calculations are carried out usiri@e, 'B, C,  branching ratios of th@2 channels are much larger than
1N, %0, F, and?’Ne. The expectation values of the massthose in theal channel. Notice that the ratio decreases
polarization effect H,) and the retardation effectH) are  monotonically from 74:23 for the Be atom to 64:32 for Ne.
usually opposite in sign. This shows that the effect is decreased as the nuclear charge

In Table I, we list the energies for all the states calcu-increases, since the electrons are getting closer to the nucleus
lated in this work. The nonlinear parametgrthe nonrela- and to each other. A similar effect can be seen in the branch-
tivistic energies calculated with the saddle-point method, théng ratios for thecl channels as compared with tb2 chan-
energy shift due to the interaction with open channels, thaels. For3S, the decay is somewhat complicated due to the
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TABLE I. Energy (—E in na.u) and wave functions of$2s2p? °D of N. q=5.73.a,b,c represent the
spin configuration; see E). n is the number of linear parameters in the partial wavg. a,, a3, anda,
are the corresponding nonlinear parameters.

Nonlinear parameters

PR Energy a; as ag ay Subtotal

001b 01 45 35645443.43  6.9585 3.2580 3.3075 3.6881  35645443.43
0011 01 22 53371.24 6.8138 3.5000 4.8567  2.7431  35698814.67
0011a 01 8 2654.25 6.8904 2.9660 3.2499 27055  35701468.92

000D 00 23 13235.03 6.7078 2.2233 43950 5.0058  35714703.95
000z 00 7 1203.89 7.0090 2.1673 4.4177 3.2918 35715907.83
00022 00 7 766.47 7.0388 2.7386 2.9661 2.4101 35716674.31

011z 11 21 22956.23 6.8692 2.9169 3.6721 3.4943 35739630.53
01122 11 11 2355.50 6.8436 2.6083 3.0863 3.8389 35741986.03
0112a 11 4 265.69 1.5634 2.7853 4.5765 6.7703 35742251.72

012%x 11 5 704.26 7.3806 2.8914 3.4450 2.6645  35742955.98

001x 01 11 3926.84 6.7275 2.3250 2.9716 4.4052 35746882.82
0013 01 4 879.85 6.9031 2.4456 3.5588 3.9806  35747762.67

0013 01 1 51.70 7.1332 1.8922 2.5688 3.3989 35747814.37

00246 02 4 198.32 7.0254 1.8636 5.0442 4.8606 35748012.69

0024 02 4 506.24 7.0206 1.9157 4.9061 4.6789 35748518.93

003% 03 4 152.85 6.6517 1.7615 6.1171 5.7106 35748671.79

0022 02 14 5231.13 6.8923 2.5844 4.0222 3.6825 35753902.91
0022 02 3 105.95 2.0488 6.8941 41930 4.6267  35754008.86

0033 03 3 460.87 6.9924 2.7713 45162  4.6029  35754469.73

0121 11 11 1732.14 2.5026 8.2313 6.4418 2.7275 35756201.87
012 11 5 70.41 6.8038 3.4261 3.6242 2.6672 35756272.28

0121c 11 11 1228.72 2.2278 8.5974 6.4227 2.5266 35757501.01
0121c 12 5 180.06 7.2256 2.7193 2.4920 3.5729 35757681.07

0121a 11 5 743.29 6.8473 2.6571 3.7082 3.3058 35758424.36

0121a 11 1 84.14 1.5895 3.9649 7.8795 3.0706 35758508.50

1001a 11 11 952.26 25712 2.2679 6.3899  3.8397  35759460.76
011t 12 4 741.87 6.0316 2.5234 2.7258  3.2580  35760202.63
011 12 4 280.12 7.1522 3.2084 2.3986 2.9206 35760482.75
111b 01 6 856.91 5.3785 5.1364 25608  3.6332  35761339.67
0231a 21 5 238.08 7.1546 4.5222 3.5849 2.6998 35761577.74
023b 21 11 1054.71 6.4588 4.4720 5.2949 2.7851 35762632.46
023b 21 5 233.04 1.7117 10.5645 7.4856 2.7451 35762865.49
0231c 21 1 70.56 1.4586 9.7251 7.5959 2.5636 35762936.05

0231c 21 5 388.58 6.6225 4.6160 4.0404 2.6165 35763324.64
012%x 13 1 57.22 6.9988 2.7888 3.0946  3.4072  35763381.86

0134 12 5 209.14 7.2534 2.7463 3.5732 6.2939  35763591.00
013%& 13 1 123.89 7.2392 2.7435 43203 5.2099  35763714.90
0134 14 1 102.18 7.2180 2.7316 4.3106 5.1480 35763817.07
014% 13 1 67.48 7.2517 2.7296 5.3251 6.2332 35763884.55

02222 21 1 87.07 7.0684 3.1332 3.4302 3.3016 35763971.62

0044 04 1 107.55 7.0234 1.8705 5.6297 5.6535 35764079.17
Total 41 302 35764079.17 35764079.17

large mixing from the $2s?3s configuration. This also ex- However, the effects of the open channels and the branching

plains why theb1l channel is much more significant.

A. Identification of Auger spectra for beryllium

ratios are not included in this earlier study. We repeat the
same calculation for the core-excited triplet states of Be with
larger basis functions. In this work, we use the restricted
variation method to saturate the basis functions for the wave

Identification of high resolution Auger spectra of boron function. Furthermore, we use the complex-rotation method
and beryllium has been carried out by Chum] before.

to calculate the width and the branching ratios for the decay

012709-4



AUGER WIDTH AND BRANCHING RATIOS FOR Be. ..

TABLE II. The energy of nitrogen 42s2p? °D (in a.u), in-
cluding those perturbations considered in SeQAlEgy is the im-
provement from the restricted variation method, axg, is the
shift due to the interaction with open channels.

Mass polarization —0.000083
Kinetic energy correction and Darwin term  —0.020702
e-e contact 0.000056

Orbit-orbit interaction 0.000226
Total correction —0.020503
Subtotal energy —35.784582
AEgy —0.000621
AEg 0.000161

Total energy —35.785042
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modes. In the Be spectrum of/Blaro et al. [1], decays from
the lithiumlike states have a higher intensity as compared
with those from the four-electron states. Using the calculated
Auger transitions tabulated in Table 1V, we can identify the
lines 4, 8, 11, 13, and 15 in the spectrum. The results of our
identification for Be are summarized in Table VIII.

Line 4 is reported at 101.020.1 eV. Our calculated Au-
ger energy for

152s5252p® P°—1s%2p+e (18)

is 101.12 eV. From the calculated branching ratios of Table
IV, it appears that this is the main Auger channel. THR®

is the lowest & 2121'2|” state. An observable line is ex-
pected. This identification agrees with the assignment of-
Chung[20]. It also agrees with the tentative assignment of

TABLE lll. Energies for the triplet four-electron systenggis the nonlinear parametdtg, is the energy
calculated by the saddle-point methatE ), is the energy shift due to the interaction with open channels,
AE, is the total perturbation corrections considered in Sec Il,/8Bd\, represents the energy improvement

using the restricted variation methgall in a.u).

Atom State q Esal AEg;, AE,q AEgy Eot
Be 1s2s?2p3P°  3.47 —10.463081 0.000065 —0.002059 —0.000279 —10.465354
1s2s2p? 3S 3.42 —10.257468 0.000130 —0.001979 —0.000640 —10.259957
1s2s2p?3P(1) 3.40 —10.323572 0.000560 —0.001920 —0.000414 —10.325346
1s2s2p?3P(2) 3.52 —10.198641 0.000053 —0.001884 —0.000682 —10.201154
1s2s2p? °D 3.30 —10.315617 0.000123 —0.001978 —0.000467 —10.317939
B 1s2s?2p3P°  4.47 —17.273852 0.000104 —0.005293 —0.000273 —17.279314
1s2s2p?3s 3.99 -16.944436 0.000080 —0.004980 —0.000413 —16.949749
1s2s2p?3P(1) 4.40 —17.055213 0.000684 —0.004915 —0.000684 —17.059893
1s2s2p?3P(2) 4.52 —16.882169 0.000011 —0.004760 —0.000577 —16.887495
1s2s2p? D 4.09 —17.045306 0.000195 —0.005020 —0.000544 —17.050675
C 1s2s?2p3P° 547 —25.836932 0.000015 —0.011440 —0.000336 —25.848693
1s2s2p? 3S 4.88 —25.393330 0.000097 —0.010677 —0.000513 —25.404423
1s2s2p?3P(1) 5.40 —25.537099 0.000756 —0.010593 —0.000449 -—25.547385
1s2s2p23P(2) 5.52 —25.323289 0.000013 —0.010253 —0.000605 -—25.334134
1s2s2p? °D 4.92 —25528835 0.000148 —0.010770 —0.000587 —25.540044
N 1s2s?2p3P°  6.47 —36.151042 0.000234 —0.021894 —0.000362 —36.173064
1s2s2p? 3S 5.74 —35.595413 0.000095 —0.020329 —0.000563 —35.615357
1s2s2p?3P(1) 6.40 —35.768964 0.000812 —0.020247 —0.000467 —35.788866
1s2s2p?3P(2) 6.52 —35.516662 0.000026 —0.019592 —0.000640 —35.536868
1s2s2p? D 5.73 —35.764079 0.000161 —0.020503 —0.000621 —35.785042
0 1s2s?2p3P°  7.47 —48.215669 0.000264 —0.038334 —0.000381 —48.254120
1s2s2p? %S 6.43 —47.548972 0.000118 —0.035491 —0.000512 —47.584857
1s2s2p? 3P 7.38 —47.750785 0.000850 —0.035428 —0.000481 —47.785844
1s2s2p? °D 6.55 —47.750335 0.000245 —0.035766 —0.000618 —47.786474
F 1s2s?2p3P°  8.47 —62.030610 0.000263 —0.062720 —0.000394 —62.093461
1s2s2p?3S 7.28 —61.253377 0.000118 —0.057941 —0.000552 —61.311752
1s2s2p? 3P 8.38 —61.482592 0.000895 —0.057918 —0.000491 —61.540106
1s2s2p? 3D 7.37 —61.487109 0.000169 —0.058368 —0.000658 —61.545966
Ne 1s2s?2p3P°  9.47 —77.595745 0.000259 —0.097297 —0.000405 —77.693188
1s2s2p? 3S 8.21 —76.708351 0.000120 —0.089735 —0.000585 —76.798551
1s2s2p? 3P 9.37 —76.964361 0.000901 —0.089755 —0.000498 —77.053713
1s2s2p? °D 8.19 —76.974264 0.000297 —0.090346 —0.000671 —77.064984
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TABLE IV. Auger energy E,,), branching ratio(BR), and TABLE V. Auger energy E,,), branching ratiqBR), and Au-
Auger width (') for Bel, B, and Civ . 1 a.u.= 27.20974 eV. ger width (') for N v, Ov, Fvi, and Nevii. 1 a.u.= 27.21033 eV.
r r
Atom State Channel BR Ea, (eV) (meV) Atom State Channel BR Eay (€V) (meV)
Bel 1s2s?2p®P°  1s?2s+kp 23.9%  105.07 406 N 1s2s?2p®P° 1s?2s+kp 30.6% 332.79  79.0
1s?2p+ks 73.9%  101.12 1s?2p+ks 66.5%  322.80
1s?2p+kd 2.2%  101.12 1s?2p+kd 2.9%  322.80
1s2s2p?3S  1s?2s+ks 95.9%  110.66  13.7 1s2s2p?3S  1s?2s+ks 78.2%  347.97 28.6
1s?2p+kp 4.1%  106.71 1s?2p+kp 21.8%  337.97
1s2s2p?3P(1) 1s?2p+kp ~100%  104.93 7.3 1s2s2p?3P(1) 1s?2p+kp ~100% 333.25 10.8
1s?3p+kp 1s?3p+kp
1s2s2p?3P(2) 1s?2p+kp ~100% 108.31  18.4 1s2s2p?3P(2) 1s?2p+kp ~100% 340.11 55.0
1s?3p+kp 1s?3p+kp
1s2s2p?°D  1s?2s+kd 90.2%  109.08 14.8 1s2s2p?3D  1s?2s+kd 88.2%  343.35 57.7
1s22p+kp 9.8%  105.13 1s2p+kp 11.8%  333.36
Bl 1s2s?2p®P°  1s?2s+kp 27.5% 167.38 565 Ov 1s2s?2p3P°  1s?2s+kp 31.4% 43596 86.4
1s?2p+ks 69.9%  161.38 1s?2p+ks 65.5%  423.97
1s?2p+kd 2.6%  161.38 1s?2p+kd 3.0%  423.97
1s2s2p?3S  1s?2s+ks 83.6%  176.34  17.7 1s2s2p?3S  1s?2s+ks 77.3% 45417 32.8
1s?2p+kp 16.4%  170.35 1s?2p+kp 22.7%  446.18
1s2s2p?3P(1) 1s?2p+kp ~100% 167.35  9.82 1s2s2p?3P  1s?2p+kp ~100% 436.71 115
1s?3p+kp 1s?3p+kp %
1s2s2p?3P(2) 1s2p+kp ~100% 172.03  33.3 1s2s2p?°D  1s?2s+kd 87.9%  448.68 69.1
1s?3p+kp 1s?2p+kp 12.1%  436.69
1s2s2p?°D  1s?2s+kd 89.1% 17360 3222 Fuvi 1s2s?2p®P°  1s?2s+kp 31.9% 552.79 87.6
1s?2p+kp 10.9%  167.60 1s?2p+ks 64.9% 538.79
Civ  1s2s%2p3®P° 1s®2s+kp 29.5% 24327 71.3 1s?2p+kd 3.2%  538.79
1s?2p+ks 67.1%  235.27 1s2s2p?3S  1s?2s+ks 76.7% 574.06 36.2
1s?2p+kd 2.9%  235.27 1s?2p+kp 23.3% 560.06
1s2s2p?3S  1s?2s+ks 79.8%  255.36 235 1s2s2p?3P  1s?2p+kp ~100% 553.84 12.1
1s?2p+kp 20.2%  247.36 1s?3p+kp
1s2s2p?3P(1) 1s2p+kp ~100% 243.47 10.2 1s2s2p?°D  1s?2s+kd 87.8% 567.68 72.9
1s?3p+kp 1s?2p+kp 12.2% 552.68
1s2s2p?3P(2) 1s?2p+kp ~100% 249.27 452 Nevn 1s2s?2p3P° 1s?2s+kp 32.4% 683.30 949
1s?3p+kp 1s?2p+ks 64.4% 667.27
1s2s2p?3D  1s?2s+kd 88.6%  251.67 485 1s?2p+kd 3.2%  667.27
1s?2p+kp 11.4%  243.67 1s2s2p?3S  1s?2s+ks 76.2%  707.64  39.2

1s?2p+kp 23.8% 691.61
1s2s2p?3P  1s?2p+kp ~100% 684.67 11.4

Rodbro et al. [1], which was based on the calculation of 1s23p+kp
Safronova and Kharitono87] at 101.4 eV. 1s2s2p?°D  1s?2s+kd 87.7%  700.39  76.7
Among the four-electron lines, line 8 is a line of signifi- 1s?2p+kp 12.3% 684.36

cant intensity. The reported line position is at 104-&81
eV. We identify this line as the transition

transition. Our calculated energy for this transition is 105.07
1s2s2p?3P(1)—1s?2p+e. (19)  eV. ltlies outside the experimental uncertainty. Furthermore,
from the branching ratio of Table 1V, we know that this is

. 2 3 0 - -
Our calculated energy is 104.93 eV which agrees with thenOt the main decay channel fos4s°2p "P®. Since the main

value 104.91 eV obtain by Churig0]. As can be seen from decay channel yields only a weak liflane 4), this transition

. . cannot be the main contributor to line 8, which is a line with
Table IV, this is a preferred decay mode since ts25 significant intensity. This conclusion was already presented
channel is forbidden in the nonrelativistic approximation. 9 Y. yp

In the assignment of Ribroet al.[1], line 8 at 104.9 eV by Chun_g_based on the de_cay brgnchmg f’°T“°S of [©].
. o Our explicit calculation confirms this conclusion.
was identified as the

Lines 11 is weak but broad. The reported position is
107.02:0.2 eV. Chung[20] claims this is the result of a
1525?2p® P°—1s?2s+e (200 blend of
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TABLE VI. Energies(in eV) used for the three-electron target states.

1s%2s-1522p

1s?2s 1s22p 1s?3p This work Expt2

Be —14.3268967 —14.1815456 —13.8871577 3.955 eV 3.960 eV
B —23.4306217 —23.2103335 —22.5513433 5.994 eV 5.999 eV
C —34.7890742 —34.495071 —33.3305756 8.000 eV 8.005 eV
N —48.4034966 —48.036188 —46.2261927 3.955 eV 3.960 eV
(@) —64.2758399 —63.835141 —61.2400335 11.992 eV 11.999 eV
F —82.4085547 —81.894024 —78.3743389
Ne —102.8045041 —102.215427 —97.6316979
8Referencd 36].

1s2s2p?3s—1s22p+e (22) 140-220 eV. There is little doubt that line 3 comes mainly

from this 2P° state. Our calculated electron energy for the
and transition
1s2s2p? 'D—1s?2p+e. (22 1s2s%2p 3P°—1s%2p+e (26)

In this work, our prediction for transitiof21) is at 106.71 is at 161.38 eV in very good agreement with the value
eV. This result agrees with that of R¢R0] at 106.76 eV. 161.36 eV obtained by ChunR0]. As was discussed in
Lines 14 and 15 are so close that it is difficult to resolve[20], since this®P° state is the lowest€2I2|’2|" state, a

them experimentally. Of the states we considered in thissignificant amount of it could be present in the collision

work, the transition within this range is product. Hence, it is possible that this transition also contrib-
- ) utes to the observed 16124.1 eV line.
1s2s2p”°D—1s"2s+e. (23 Line 9 is one of the most intense lines in the boron spec-

. . . trum. Its position is reported at 167.34.2 eV. In this
The transition energy is calculated to be 109.08 eV. It "e%ork, there are two transitions lying within this energy
within the error bar of line 15, 109.260.2 eV. range:

We identify the line 16 reported at 1106D.2 eV as the
transition 1s2s2p?3P(1)—1s°2p+e, (27)

23 2
1s2s2p”~S—1s"2s+e, (24 predicted at 167.35 eV, and
.predicFed at 110.66 eV. ACCOI‘.ding to the _CaICUIated branch- TABLE VII. Electron spin alignment for the relevant Auger
ing ratio, 96%(see Table IV, this is the main decay channel 4 ansition channels considered.
for the Be 1s2s2p? 3S state. Our prediction agrees very well

with the experiment. This line was tentatively assigned as the Electron orbitals Decay channel
transition from[(1s2s)3S3s]2S in Ref.[1] and was not dis-
cussed by Chunfg0]. al 1s 2s? 2p 3po1s®2s+e
7 al 7
B. Identification of Auger spectra for B 1 2,3 4
o a2 1s 2s? 2p Spe—1s?2p+e
In the boron spectrum of Ribbroet al.[1], the lithiumlike 1 11 1

lines are unambiguously identifi¢@8]. Although these lines

1 2,3 4
appear to have a higher intensity as compared with the four- 2 3 2
electron spectral lines, the lines 9, 15, 16, and 18 are also (g)f1 1TS ZTS leT Soisizste
very significant intensity. In this work, we will identify the 1 5 34
lines 3, 9, 12, 14, and 15. These identifications are summas, 1 2 5 ', 35,1822
rized in Table IX. The calculated energies, branching ratios, S S P stepre
and total widths for the Auger transition channels for the 1 1 i
triplet resonances of boron are listed in Table IV. 1 2 3'? 5 )
Line 3 is located at 161.240.1 eV. This line has been €1 1s 2s 2p D—1s2s+e
identified as coming from the lithiumlike transition Tl Tz ?4
[1s(2s2p)3P]?P°—1s%+e. (25 2 1s 2s 2p? D—1s?2p+e
It was predicted to be at 161.26 €28]. This is the most Tl T2 g4

intense line in the boron spectrum within the energy range
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TABLE VIII. Identification of experimental Auger spectra for Bén eV).

Experimenf
this work Theory

Line® Energy Intensity’ This work Chund! Identification

4 101.02:0.1 weak 101.12 101.10 sPs?2p ®P°—1s%2p+e

8 104.88-0.1 strong- 104.93 104.91 §2s2p? %P(1)—1s%2p+e
105.07 105.07 §2s2p?3p°— 15225+ e
105.13 105.24 42s2p?3D—1s*2p+e

11 107.02-0.2 weak 106.71 106.76 sPs2p? 3S—1s*2p+e

13 108.15:0.2 median- 108.31 108.37 42s2p?3P(2)—1s%2p+e

15 109.26:0.2 strongd?) 109.08 109.21 42s52p? 3D —1s%2s+e

16 110.610.2 median- 110.66 B2s2p? 35— 1s%2s+e

aRodbro et al., Ref. [1].

®This line number is the assignment in RE].

“The intensities of these spectral lines are all comparatively weak. The terms used here are in the relative
sense+ (—) indicates the intensity is at the highgower) end of the given range.

YReferencd 20].

152s%2p 3P°—1s%2s+e, (29 In this work, the transition energy aR9) is predicted at
170.35 eV in good agreement with the value 170.33 eV in
{&01. It is within the error bar of the experiment. The same

redicted at 167.38 eV. These values are in almost comple o . ;
P b &wo transitions also contributed to the blended weak line 11

agreement with the results of Chung, who obtained 167.3In the Be Auger spectrum
eV and 167.38 eV, respectively. As was discusse(j, . X )

the transition(27) is a symmetry preferred decay, and the Line 14 is report_e_d at 172.220.2 eV. Our calculated
predicted energy agrees well with the experiment. It can b&N€9Y for the transition

seen from the branching ratios in Table 1V that the transition 15252p23P(2) —»1s%2p+e (31)
(28) is not the major Auger channel. Line 9 mostly comes
from the transition(27). is 172.03 eV, in good agreement with 172.05 eV[20].

Line 12 located at 170.570.2 eV is a weak line. It is  This value agrees with the reported 172:a22 eV of line
somewhat broad, and it was suggedt2d| to be a blend of 14,

Line 15 is reported at 173.580.2 eV with a strong in-
1s2s2p?35—1s%2p+e (290  tensity. In this work, the transition

23 2
— +
and 1s2s2p” °D—1s2s+e (32

is predicted at 173.60 eV, as compared with the value 173.72
1s2s2p?D—1s?2p+e. (30) eV in[20]. From our calculated branching ratio in Table IV,

TABLE IX. Identification of experimental Auger spectra foniBin eV).

Experimenf Theory

Line® Energy Intensity’ This work Chund! Identification

3 161.24-0.1 strongr 161.38 161.36 §2s?2p 3P°—1s?2p+e

9 167.34-0.2 strong 167.35 167.34 s2s2p? 3P(1)—1s*2p+e
167.38 167.38 §2s2p? 3P°— 1s%2s+e
167.60 167.72 §2s2p?D—1s%2p+e

12 170.5%0.2 weak 170.35 170.35 sBs2p?3S—1s?2p+e

14 172.22-0.2 median 172.03 172.05 82s2p? 3pP(2)—1s*2p+e

15 173.58:0.2 strong 173.60 173.72 s2s52p? 3D —1s%2s+e

(18 176.08£0.2 mediar- 176.34 176.34 42s52p? 35— 1s%2s+e

aRodbro et al, Ref.[1].

®This line number is the assignment in the Ref.

“The terms used here are in the relative serde-) indicates the intensity is at the highgower end of the
given range.

dreferencd 20].
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TABLE X. Identification of experimental Auger spectra fomC(in eV).

Experiment Theory

Line? Ref. [3] Ref.[2] This work Other Identification

3 235.44-0.2 235.1-0.2 235.27 235.48 1s2s?2p °P°—1s%2p+e

10 243.38-0.2 242.0-0.2 243.27 243.48 1s2s?2p °P°—1s%2s+e

10 243.38-0.2 242.0-0.2 243.47 $2s52p?%P(1)—1s’2p+e
243.67 B2s2p?3D—1s%2p+e

13 247.26-0.2 247.36 $2s2p? 3S—-1s%2p+e

15 249.210.2 249.1-0.2 249.27 $2s2p? °P(2)—1s*2p+e

16 251.48-0.2 251.4-0.2 251.67 252.6% 1s2s2p? 3D —1s?2s+e

19 255.310.4 255.2£0.2 255.36 $2s2p? 35— 1s?2s+e

8 ine number assigned in Ref3].
®Unrestricted Hartree-Fock plus electron-pair correlation energies[®ef.

we find that 52s2s? 3D decays mostly through this transi- 152s522p 3P°—1s?2s+e. (39
tion channel, with a branching ratio of about 90%. Hence, it
should be present in the existing experimental data for Be, BThe transition energy of37) is predicted to be 243.47 eV

C[1], and O[5]. and lies within the experimental uncertainty. Our calculated

Line 18 is reported at 176.@80.2 eV. Our calculation energy of(38) is predicted to be 243.27 eV as compared with

shows that the energy of the unrestricted Hartree-Fock self-consistent field result of
243.48 eV in Ref[3]. It should be noted from the branching

1s2s2p®%5—1s°2s+e (33 ratio in Table IV that this channel is a less preferred decay

. . . mode. There is another transition,
is predicted at 176.34 eV, in complete agreement \\20j.

It is slightly outside the error bar of the reported line. Chung 1s2s2p?°D—1s*2p+e, (39
[20] suggests this line is probably the transition
310 ) whose energy is predicted to be 247.36 eV and which could
1s2p®D°—1s%2p+e. (34 contribute to this line. But the contribution is probably very
mall.

fs Line 13 is reported at 247.200.2 eV in Ref.[3] with
very weak intensitysee Fig. 1 It is not reported in Ref.2].

Our calculated Auger energy for the transition

There may also be some contribution from the transition o
(33). Our results support Chung[20] contention.

C. Identification of Auger spectra for C

In this subsection we identify the Auger spectrum by 1s252p? °s—1s?2p+e (40)
Mann[2] and by Ralbro et al. [1] as recalibrated by Bruch
and collaborator§3]. The Auger transition calculated in this .
work is listed in Table IV. A comparison of the energies of about 20%.

; : : . . The most intense line in the spectrum of R&ll.is line 16
the Auger electrons obtained in this work and in the experi- . .
ments ?s summarized in Table X. P at 251.48-0.2 eV. It is also reported at 251.48.2 eV in

The 235.10.2 eV line of Mann[2] was identified as Ref.[2]. Chung claims that the reason for this strong inten-
coming frorﬁ thé transition sity is the result of the overlap of several Auger channels
[21]. They are

is at 247.36 eV, and this is a channel with branching ratio of

1s2s?2p 3P°—1s?2p+e. 35
prmasep (39 1s252p? 1P 1s2p e, (41)

Our calculated result, 235.27 eV, agrees with this identifica-

tion. In[3], line 3 was located at 235.440.2 eV and it was 1s2s2p® 'S—1s°2p+e, (42

also identified as coming from the transition q
an

[1s(2s2p)3P]?P°—15°+ e, (36)
1s2s2p?°D—1s?2p+e. (43)
whose energy was predicted to be 235.55 eV. Clearly this
235.44 eV line is the overlap of two Auger processes. In this work, our calculated transition energy @) is pre-
Line 10 at 243.38 0.2 eV is the second most intense dicted to be 251.67 eV, which is within the experimental
line in the observation of Ribro et al. (see Fig. 1, quoted uncertainty. Also, from the branching ratio listed in Table
from Ref.[3]). Our results suggest that this could be thelV, we know that(43) is the major decay channel of tH®

overlap of two Auger channels: state. This transition is also observed in the existing experi-
ments on Be, B, and O; hence we can confirm part of the
1s252p?3P(1)—1s?2p—+e, (37)  claim of Chung.
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FIG. 1. High resolutionKLL
Auger spectrum of carbon in a
single-collision condition (from
Ref.[3)).
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Line 19 at 255.3+ 0.4 eV in Ref[3] is also observed in predicted at 435.96 eV, could also correspond to the spectral
Ref.[2] at 255.2-0.2 eV. We identify this line as the Auger line B4 in the experiment at 435390.2 eV. This transition
channel line blends with

1s2s2p? 35— 1s?2s+e, (44) 1s2s2p?3P(1)—1s?2p+e (48)

which is predicted at 255.36 eV in this work. The agreement

with experiment is quite good and it also agrees with theand

result of Chund 21]. 1505202 15%2p+e 49

D. Identification of Auger spectra for O v ) ) ) ] )
in the discussion of the previous subsections for lo&er

The transition line atoms, Be, B, and C. For oxygen, this Auger spectral line

259 3p0 2504 (47) is more separated from the other two lines in the experi-
1s2s72p"P"—1s72p+e (45) ment[5]. Thus it can be positively identified as lirg4 in
is embedded in the more intense transition line this work. _ .
Perhaps the most detailed experimentally analyzed
[1s(2s2p)3P]?P°—1s°+e (46)  (1s2s?2p)®P° resonance is for @. In 1987, Bruchet al.

reported an experimental res{®] for partial autoionization
for Be, B, and C. In the experimeff] of Bruchet al, these  rates of 3" (1s2s?2p)®P° and 'P°. Since we have calcu-
two lines are resolved into lines3 andB1 for oxygen; see lated the branching ratios, we can compare our results with
Fig. 2. The energy of transitio®6) is identified as the line the experimental data. The measured branching ratio of
A3 at 425.0:0.2 eV, and the lineB1 is located at 423.9 channels(45) to (47) is 1.7+0.1. In this work, we predict
+0.2 eV in Ref.[5]. We can clearly identify the lin81 as this ratio to be 1.9.
(45) here. Our result for lindB1, 423.97 eV, agrees better ~ The energies of the transitiori48) and (49) are close in
with the experiment than the results of RES], 424.2 eV, our calculation. The transition lin@8) is predicted at 436.71
and Ref.[39], 424.54 eV. From our agreement with the ex- eV, and(49) is predicted at 436.69 eV. The predicted ener-
periment, we can make a positive identification for these twdjies are so close that it will be very difficult to resolve them

lines. The other Auger channel of thi®° state experimentally. There is a linB5 at 436.6:0.2 eV which
was identified ag48) in Ref. [5]. Our results suggest that
152s%2p 3P°—1s%2s+e, (47 (49 could also have contributed to this line.
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We also list the experimental results of RE8] in Table  This transition is predicted to be at 442.5 eV, 442.97 eV, and
Xl. The resolution of this experiment is lower than that of 442.18 eV in Ref[8], Ref.[39], and this work, respectively.
the experiment of Ref5]. Since the spacing between those Line 6 at 454-1 eV could be from
resonancef5] is smaller than the error bar of the experiment
[8], we cannot positively identify those lines in R¢B].

Here we just list them for reference. For line 4 of R&] at 1s2s2p? ¥5—1s°2s+e€, (51)
443+ 2 eV, the transition could be
1s2s2p?35—1s?2p+e. (50)  predicted at 454.17 eV in this work.

TABLE XI. Identification of experimental Auger spectra fonQ(in eV).

Experiment Theoretical results

Line® Energy Ref[8] Ref.[39] This work Identification

B1 423.9-0.2 424.2 424.54 423.97 s2s?2p ®P°—1s%2p+e

B4 435.9-0.2 436.2 436.63 435.96 s2s2p? 3P°—1s%2s+e

B5 436.6-0.2 436.4 436.66 436.71 s2s2p? 3P(1)—1s*2p+e
437.0 437.66 436.69 Ps2p?D—1s?2p+e

4¢ 443+2°¢ 4425 442.97 442.18 Ps2p?3s-1s?2p+e

B8 449.0 449.74 448.68 sPs2p? 3D —1s?2s+e

6° 454+1 ¢ 4545 455.06 454.17 Ps2p? 35— 1s%2s+e

8ruchet al. [5].
b ine number assigned in RgB].
‘Referencd8].

012709-11



SHI-HSIN LIN, CHEN-SHIUNG HSUE, AND KWONG T. CHUNG

PHYSICAL REVIEW /4 012709

TABLE XII. Identification of experimental Auger spectra for Me (in eV).

Experiment Theory
Line® Energy Other work This work Identification
B3 667.3-0.22 667.27° 667.27 _‘52322p 3po_, 1322p+e
666.88" 666.95°
665+ 1" 667.839
667.8'
B6 683.2-0.1 683.295 683.30 B2s2p? 3P°—1s?2s+e
683+ 1" 682.97°
683.05¢ 683.8'
A5 684.0-0.4 683.99 684.36 82s2p?3D—1s%2p+e
684.4"
685.28"
A5 684.0:0.4 684.28 684.67 52s2p?3P(1)—1s2p+e
684.57
691.575° 691.61 52s2p?35—-1s22p+e
692.34°
B10 699.8-0.4 700.24 700.39 B2s2p? 3D—1s%2s+e
701.429
707.60° 707.64 B2s2p? 35— 1s%2s+e
708.47°
%Referencd7].
®Line number assigned in R€f7].
‘Saddle-point method including relativistic corrections, R&f.
dKadar et al. [11].
€1/Z expansion, Ref(7] and the references in Réf7].
fSchumanret al. [42].
9Multiconfiguration Dirac-Fock calculations, Réf7].
E. Identification of Auger spectra for Newvi T T T 1 T T T T
In the experiment of Bruckt al.[7], line B3 is the most - o 100 MeV Ne5+on He

intense line located at 667:3.2 eV. It agrees very well
with the 667.27 eV predicted for channel

152s?2p 3P°—1s?2p+e (52
in this work. Our result also agrees with the theoretical result
in Ref.[7] (see Table XI). This is the most intense line in
the 100-MeV Né* + He collision spectruntFig. 3.

The next major pealkB6, at 683.2-0.1 eV is identified
as coming from the Auger channel:

1525%2p 3P°— 15%2s+e. (53

Our calculated result fof53) is 683.30 eV, in agreement

Cross Sections (Relative Units)

with the experiment. It also agrees with the theoretical result

of the saddle-point method, 683.295 eV, in Héfl. B3 and
B6 are the two most intense lines in the observed'Ne
+He spectrun{7]. The intensity ratio of the spectral lines

B1
B [ E—Ba

660

g
rB4

680

700 720 740 760

Electron Energy (eV)

FIG. 3. High resolution zero-degree electron spectrum produced

appears to agree excellently with the branching ratios calclpy 100-MeV N&* +He collisions. The spectrum is displayed after
lated in this work. Hence, we have positively identified thepackground subtraction and transformation to the projectile rest
two most intense lines in the observed spectrum of Bruchrame. The observed Auger lines arise mainly from Be-like core-
etal. [7]. We note, however, that our results are slightly excited 1s2s2p and 1s2s2p? initial configurations. See also Ref.

higher than the observed data of déaet al.[11]. [10]. (From Ref.[7].)
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FIG. 4. The photoionization cross section near the resonance - @ 7]
o
1s2s2p? 3P. There are two peaks near 120 eV. g 152282p 3p° L hu = 152515,2p2 3p |
]
PeakA5 in the spectrum of the 100-MeV Rie+ He col- ; _ !
lision is reported at 684:00.4 eV. We identify this peak as = o 7]
a blend of two Auger channels pa
<
1s2s2p? D —1s?2p+e (54) O
— © .
predicted at 684.36 eV and I S S SR
1s2s2p?P—1s%2p+e (55) FIG. 5. The photoionization cross section near the resonance

1s2s2p? 3P. The left panel is for ($2s)3S, 2p? 3P, and the right
predicted at 684.67 eV. This identification agrees with thefor (1s2s)'S, 2p? °P. The peak PICS of the former is larger than
theoretical results in Ref7]. We note that it disagrees with that of the latter by a factor of more than 300.
those of Kalar et al.[11] measured at 684.67 and 684.05 eV,
respectively. In Ref[7] the authors also identify the lirg7
at 684-0.2 eV as the transitiof55), but in this work our  resonance  states, i.e., s2s2p?3S,1s2s2p?°3P(1),
prediction for transition(55) lies slightly higher than the un- 1s2s2p?3P(2), and %2s2p?°D. In this work, we use

certainty of the experiment. —14.669 677 a.u. for the Besi2s? energy{40]. The energy

The line B10 at 699.80.4 eV is somewhat broad, and it difference between the ground state and the lowest triplet
was identified as from state 22s2p 3P° is 2.725 eV[41].

In this PICS calculation, we found that the cross sections
1s2s2p?°D—1s°2s+e (56)  are very small when away from resonances. Peaks occurred

and from (1s2s?2p?)2P [7]. Our results show that the actual —
3D Auger energy is slightly higher at 700.39 eV. From § - 15%2s2p %P° + hw - 1s2s2p%°D ]
Table XII, our result is close to the result of thezléxpan- -
sion but the deviation from the multiconfiguration Dirac- =
Fock calculation is somewhat larger. 2

In the comparison of the theoretical results in Table XII, it o 3L -
appears that the energy in the multiconfiguration Dirac-Fock  § «
calculation are usually the highest and that of th& éxpan- e
sion is the lowest for the seven lines listed. The energy of the &
Auger electron is usually higher than the experimental data 4 8 L .
in the multiconfiguration Dirac-Fock calculation, and lower é -
than the experimental data in thezléxpansion calculation.
However, the results of the saddle-point method agree with L
experiment very well for these resonances. ol —

115.8 115.7 115.8
V. PHOTOIONIZATION FROM Be 3P° Photon Energy (eV)
In this work we compute the PICS from Be?Rs2p 3P°. FIG. 6. The photoionization cross section near the resonance

We study the line profiles of the PICS near the fouris2s2p?°D.

012709-13



SHI-HSIN LIN, CHEN-SHIUNG HSUE, AND KWONG T. CHUNG PHYSICAL REVIEW /4 012709

- T T T T T T T T
L 40 4
~ @ 1s%2s2p %F° + hw - %D i
£ O
§, ___ total cross section ] -
= 304
ol J L Rt 1s%2s2p ®P° + hv » 15%2s +kd =
2 — — 1s%2s2p ®%P° + hv - 15%2p +kp | i
b °
53 @O 20+
w2 [2]
w w
@ g
: 5
Q 104
0 T v T L] T 1
117.0 171 172 1173 117.4 1175
Photon Energy (eV) Photon Energy (eV)

FIG. 7. The photoionization cross section near the resonance FIG. 8. The photoionization cross section for the resonance
1s2s2p?*D. The cross sections of two different channels are pre-1s2s2p? 3S.
sented, and the total cross section is approximately the sum of the
cross sections of these two channels.

Nevii. These results are used to identify the Auger lines
H 2 3 23c 3p3
in the region about 115 eV and 120 eV where two peak§oming from 1s2s*2p~P° and 1s2s2p®°S,°P°D reso-
show up within a region of about 5 eV. The first peak isN@nces in existing experimental spectra. The identification is
centered at 115.5 eV. The cross section rises to about 13d9ade based not only on the calculated energy, but also on
Mb from around 10 Mb (see Fig. 4 and Fig.)5This peak the predicted branching ratios. If the suggested identifica-

comes from the 42s2p? 3P (1) resonance, i.e., tions in this work are correct then the agreement between
) . ba theory and experiment is excellent. Our results suggest that
1s°2s2p *P°+hv—1s2s2p“ *P(1). (57)  the the saddle-point complex-rotation method is an accurate

nﬁnd powerful method for four-electron resonances. The
our calculation for the 42s2p? 3P(1) state in the previous ranching ratios calculated in this work appear to support the

section, the energy is 10.325 346 a.u. Therefore, the diffel’-b‘uger decay theory of Churig5].
ence between §2232p3P° and 15232p2 3P(1) is 115.48 We have calculated the four-electron resonances far Be

eV. This agrees with the PICS result obtained here. The Seébrough Nevir. From these resuilts, we can make a systematic
ond peak which occurs around 119 eV is significantly'soelemro”'c study of these resonances and compare them
weaker. The peak cross section is only 4 K8ee Fig. 5. It with the observed spectra. We found that the similarity is

Our prediction shows that this is a very strong peak. Fro

comes from the process striking within the isoelectronic series, and the intense lines
in the observed spectra are all coming from the same reso-
1522s2p 3P°+ hv—152s2p? 3P(2). (58)  nances. The branching ratios are very similar for diffez@nt

This al ith . lculati hich That means the interaction between electrons in the atom
is also agrees with our previous calculation, which pre-yjas not vary greatly Witk in the ranqeZ=4—10.
dicts the resonance to occur at 118.98 eV photon energy. The Y9 y g

peak PICS of $2s2p?3P(1) is larger than that of
1s2s2p? 3P(2) by a factor of more than 300.

In Fig. 6 and Fig. 7, the cross section is raised to 280 Mb
From Fig. 7, we see that the peak rises from a rather smal

For some of the theoretical results in this work, there are
still no experimental data in the literature for comparison,
especially for the photoionization. We hope these results will
e useful in future experiments on Auger spectra and on

background cross section. This resonance is due to photoionization. Our results also suggest possible overlgp in
the Auger spectra. We hope these data may help experimen-
1522s2p 3P°+ hv—1s2s2p? °D. (59)  tal workers in resolving the overlap resonances in the future.

In Fig. 7 we combined cross sections from the different
channels. Figure 8 shows the cross section near the reso-
nance at 117.3 eV. This peak is about 40 Mb. It comes from
the 1s2s2p? 3S resonance, i.e.,

ACKNOWLEDGMENTS

This work is supported by the National Science Council,

15?2s2p 3P°+ hy—152s2p? 3S. (60)  Taiwan, R.O.C., Grant No. NSC 89-2112-M-007-008 and by
the U.S. National Science Foundation. This work started
VI. CONCLUSION while K.T.C. was visiting the National Center for Theoretical

Science, at Tsing-Hua University, Hsin-Chu, Taiwan, sup-
We have made an extensive study of triplet core-excitegborted by the National Science Council of Taiwan, Republic
Be-like systems for Be B, Ciui, Niv, Ov, Fvi, and of China.

012709-14



AUGER WIDTH AND BRANCHING RATIOS FOR Be. ..

[1] M. Rédbro, R. Bruch, and P. Bisgaard, J. Phys1B 2413
(1979.
[2] R. Mann, Phys. Rev. 85, 4988(1987).

[3] R. Bruch, K. T. Chung, W. L. Luken, and J. C. Culberson,

Phys. Rev. A31, 310(1985.

PHYSICAL REVIEW A 64 012709

[19] K. T. Chung and B. F. Davis, iutoionization—Recent De-
velopments and Applicatiori®ef.[14]), Chap. 3; B. F. Davis
and K. T. Chung, Phys. Rev. 87, 111(1988; B. Jaskoslka
and W. Woznicki, Phys. Sc89, 230(1989.

[20] K. T. Chung, J. Phys. B3, 2929(1990.

[4] K. T. Chung, Phys. Rev. A1, 4090(1990. [21] K. T. Chung, Phys. Sc#2, 530(1990.
[5] R. Bruch, N. Stolterfoht, S. Datz, P. D. Miller, P. L. Pepmiller, [22] K. T. Chung, Phys. Sc#2, 537 (1990.

Y. Yamazaki, H. F. Krause, J. K. Swenson, K. T. Chung, and[23] K. T. Chung PhyS Rev. A2 645 (1990

B. F. Davis, Phys. Rev. 85, 4114(1987. [24] K. T. Chung, Chin. J. PhysTaipe) 27, 507 (1989.
[6] R. Bruch, D. Schneider, M. H. Chen, K. T. Chung, and B. F. [25] K. T. Chung, Phys. Rev. /9, 2065 (1999

Davis, Phys. Rev. A5, 4476(1992. [26] K. T. Chung and X.-W. Zhu, Phys. Sc#4, 292 (1993

[7] R. Bruch, D. Schneider, M. H. Chen, K. T. Chung, and B. F.
Davis, Phys. Rev. A4, 5659(199)).

[8] R. Bruch, D. Schneider, W. H. E. Schwarz, M. Meinhart, B.
M. Johnson, and K. Taulbjerg, Phys. Rev.18, 587 (1979.

[9] R. Bruch, S. Datz, P. D. Miller, P. L. Pepmiller, H. F. Krause,

J. K. Swenson, and N. Stolterfoht, Phys. Rev.38, 394 [30] B. Simon, Commun. Math. Phy&7, 1 (1972).
(1987. [31] K. T. Chung, Phys. Rev. Let#8, 1416(1997.

[10] A. Itoh, D. Schneider, T. Schneider, T. Y. M. Zouros, G. [32] T. N. Rescigno and V. McKoy, Phys. Rev. ¥2, 522(1975.
Nolte, A. Schiwietz, W. Zeitz, and N. Stolterfoht, Phys. Rev. [33] A. Dalgarno and J. T. Lewis, Proc. R. Soc. London, Ser. A
A 31, 684(1985. 233 70(1955.
[11] I. Kada, S. Ricz, J. Vgh, B. Sulik, D. Varga, and D. Bengi,  [34] K. T. Chung, Phys. Rev. A4, 5421(1991).
Phys. Rev. A41, 3518(1990. [35] Z.-W. Wang, X.-W. Zhu, and K. T. Chung, Phys. Sé, 65
[12] P. G. Burke, J. W. Cooper, and S. Ormonde, Phys. R88, (1993.
245(1969; W. C. Fonet al, J. Phys. Bl11, 325(1978. [36] S. Bashkin and J. O. Stoner, JAtomic Energy Levels and
[13] R. K. Nesbet, Phys. Rev. A2, 444 (1975. Grotrian Diagrams (North-Holland Publishing Co., New

[27] E. Balslev and J. M. Combes, Commun. Math. PI8%.280
(1971).

[28] K. T. Chung and B. F. Davis, Phys. Rev.26, 3278(1982.

[29] B. R. Junker and C. L. Huang, Phys. Rev.18, 313(1978.

[14] A. Temkin, A. K. Bhatia, and J. N. Bardsley, Phys. Rev5A York, 1975.
1663(1972; A. Temkin and A. K. Bhatia, irAutoionization—  [37] U. I. Safronova and V. N. Kharitonova, Opt. Spectro2e,
Recent Developments and Applicatioedited by A. Temkin 300 (1969.

(Plenum, New York, 1986 Chap. 2. [38] K. T. Chung and R. Bruch, Phys. Rev. 28, 1418(1983.
[15] L. Voky, H. E. Saraph, W. Eissner, Z. W. Liu, and H. P. Kelly, [39] M. H. Chen, Phys. Rev. 81, 1449(1985.
Phys. Rev. A46, 3945(1992. [40] K. T. Chung, X.-W. Zhu, and Z.-W. Wang, Phys. Rev.4&,
[16] H. P. Saha and C. D. Caldwell, Phys. Rev4®, 7020(1989. 1740(1993.
[17] E. W. B. Dias, H. S. Chakraborty, P. C. Deshmukh, and S. T[41] K. T. Chung and X.-W. Zhu, Phys. Rev. #8, 1944(1993.
Manson, J. Phys. B2, 3383(1999. [42] S. Schumann, K. O. Groeneveld, A. Nolte, and B. Fricke, Z.
[18] K. T. Chung, Phys. Rev. &0, 1743(1979. Phys. A289 245(1979.

012709-15



