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Auger width and branching ratios for berylliumlike 1 s2s’np*P° and 1s2p3'P° resonances
and photoionization of beryllium from 1s%2s?1S
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The photoionization cross sectigRICS of Be from the ground state is studied with the saddle-point
complex-rotation method for photon energies from 25 to 122 eV. A full-core plus correlation wave function is
used for the ground state. For the resonances in the continuum, the energy and width for the singly core-excited
Be-like 1s2s?2p 1P°, 1s2p®P°, and 1s2s?3p 'P° are calculated to high precision. The PICS are studied
with a single open-channel approximation as well as fully coupled open channels. The Auger decay branching
ratios of these states are studied to check the spin-alignment theory recently proposed by Chung. These results
are compared with the existing theoretical and experimental data in the literature. For beryllium, our energy
and width of 1s2s?2p are 115.513 eV and 36.6 meV and those 824?3p are 121.420 eV and 50.4 meV,
which agree with the experiment of Caldwel al, [Phys. Rev. A51, 542(1990].
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I. INTRODUCTION . [15°3p+e, T8%
1s2s°3p "P°— . , 0
In 1990, Caldwellet al. [1] reported an experimental 1s*apte, 22%.
study of Be ¥22s? under synchrotron radiation. They found
that the most prominent decay channel for t22p 1P° . . . .
is the 1s?2p channel rather than the expectesf2s channel. RecTnt_Iy, Jimgez-Mier et al. [7]h_carr|ed out a hh'gh'
This paper has stimulated considerable interest. In this worS0'ution experiment on Be. In this experiment, the decay
we carry out a calculation on the photoionization cross secode for 12snp~P®(n=2,3) found previously by Cald-
tion for Be using a saddle-point complex-rotation methogWell et al. is reconfirmed. In addition, they also studied the
[2]. The photoabsorption experiment is strongly symmetrydecay modes of higher resonances foup to 6. On the
selective. For photon energies from 25 to 122 eV, there aréheoretical side, they have made a “shake” calculation in
only two core-excited P° resonances (@s’npP°) affect-  terms of the projection of the bound electron wave function

ing the cross section, namely to compare with experimental data.
To explain the Auger branching ratios for multiply excited
261 _ atomic systems, a spin-alignment-dependent theory was pro-
152232+h,,_>{ 132322p lp’ ABis2p=1155 eV posed by Chung8]. It gives the physical reason behind the
1s2s°3p°P, AE;s .3,=121.4 eV. relative magnitude of the partial widths. Many examples of

three-electron systems have been calculated to support this
These resonance states decay by electron emission. CaldwBIeory. Our study is intended to investigate the validity of
et al. found that the decay to the ground-state¥2s) chan-  this theory for four-electron systems and to compare our re-
nel is almost invisible. That is, sults with experiments.
The resonances studied in this work are inner-shell core-
1s22s+e  lessthan 2% excited states _Which lie highly above the ionization thresh-
1s2522p 1P0_)[ ) qld. To determmg the closedjchannel part of the wave func-
1s“2p+e more than 95%. tion, a saddle-point methd®] is used. A k-vacancy orbital
is explicitly built into the wave function to remove the con-
This feature for Be may occur in slow ion-surface colli- finuum. The energy and the' wave function for the resonance
sion experimen{3]. The lack of ground-state channel ap- are obtained through a minimax procedure. Accurate results
pears to be a common feature for the Be-like se@@sFor for 2—4 electron atoms have been achieved by this method in
this 1s2s?2p'P° it mainly decays via one channel the pas{10-16.
(1s?2p-+e). But, for 1s2s?3p 1P° and 1s2s%4p 1P°, there To include the contribution from the open channels, we
are two or more important decay channels. In these Augeuse the saddle-point complex-rotation metiad]. Square
decays, the outer electron can be considered as a spectatorititegrable wave functions are used to calculate the resonance
some theoretical studies, the importance of the spectator width. We first include one open channel at a time for an
Auger decay has been taken into consideration, for exampl@pproximate partial width and the total width is calculated by
in calculating the photoexcitedsI'np for Ne [5] and the including all important open channels. For all the resonances
photodetachment on Li [6]. For beryllium 1s2s?3p, we investigated in this work, the sum of the partial widths devi-
have[1] ates from the total width by 1% or 2%. Finally, the photo-
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ionization cross sectiofPICS is computed using a method
similar to Chung/2,18] following a suggestion by Rescigno
and McKoy[19].

The energy and Auger width for Bes2s’np(n=2-6)

1po are calculated in this work. When we extend the calcu-

lation from B to Ne, the three lowestP® states, $2s22p,
1s2p3, and 1s2s?3p are investigated. The theories for our
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For a singly core-excited state, only one electron is allowed
to occupy the % orbital and a § vacancy needs to be built
into the closed-channel wave functidin.

Y.=A 2

WORIO)

cl)

Crh (1= Q) Pny, |(,)(r1,r2 ra.fs). (8

calculation are reviewed in Sec. Il. The calculated results ar@ is an antisymmetrization operatd®’s are linear coeffi-

presented and compared with experimental data and othefenis an

dQ;=|¢15(r)){@1s(r;)| is the projection operator

theoretical results in Sec. Ill. The discussion of the Augery, the vacancy where
decay modes is also given in this section. Section IV is short

conclusions.

Il. THEORY
A. The variation principal and the saddle-point method

The zeroth-order nonrelativistic Hamiltonian for a four-
electron system i¢in a.u)

4

HO:E

=1

_ EVZ__ i
rij

1)

Z

To calculate' P° resonances, a multiconfiguration interaction
(MCI) wave function inLS coupling scheme is used. The
basis functions are eigenfunctions bf, S?, L,, andS,.
HereL and S are the total orbital and spin angular momen-
tum of the system. The basis functions may be written as

. L, -
Py iy(F1:F2:r3:r )= @n)(R)Y i (R)xss. (2

The radial function is the product of the Slater orbitals

4

(Pn(i)(R):jl:[]_ r?je’“jri. (3)

The orbital angular part is given by

vtz

|(|)(R) 2 (Lamloma[15my o) (1Mol Mgl 1p9My 09

4

><<|123'“123J4m4||—|—z>]1;[l Yim (€)), (4)

wherel (i)=[(l1,15)112,13]l123,14. This implies that the an-
gular momenta of electrons 1 and 2 couple intg which in
turn couples witH 5 into | 153. The finalP state is obtained by
couplingl ;o3 with I 4. Similarly, the spin angular part is given
by

Xs5,=[(S1,52)S12,5315123,Ss.- (5
For a singlet, two spinor functions are possible,
(11 11 11 "
X722/ 2|22 ©
, |11 01 11 7
X222 202 @

3/2 -

1s(1]) =24 ©)
The parameteq can be interpreted as the effective nuclear
charge seen by thesivacancy orbital. A secular equation is
constructed from

<\PC|H0|\PC>

7 A

(10

It is solved to determine th€’s and the eigenenergk.,
which is a function of two classes of nonlinear parameters,
E.=E.(«,q). The resonance energy is given by a minimum
of ag and a maximum of.

B. The restricted-variation method

Adding more terms in a secular equation to saturate the
functional space can, in principle, give a more accurate en-
ergy. For nonorthogonal basis, such as Slater orbitals, how-
ever, this may cause numerical instability due to linear de-
pendence. The restricted-variation metta@] allows us to
saturate the functional space and avoids numerical instability
by treating the wave functiol; as a single term. A more
accurate wave functioW is constructed as

V=dyW .+, did;. (11)
I

Thed'’s are linear coefficients and are determined by solving
a new secular equation. The improved energ¥ry
=E.(new)—E.(old) can be calculated. Although the basis
functions®;’s are similar to those o, as long asb; is
independent of one of the basis functionsdip, numerical
instability is avoided. Each of the nonlinear parametess

in ®; is optimized and the number of terms can be increased
significantly to achieve a higher accuracy.

C. The perturbation correction

The relativistic and mass polarization corrections are ob-
tained with first-order perturbation theory using the perturba-
tion HamiltonianH’

AEreI:<\Pc|H,|\Pc>y (12

whereH’'=H;+H,+H3+H,;+Hs and
(1) H,=—(1/8c%) 2, P} (kinetic energy correction
(2) Hy=—(Zm/2c®) =%, 8(r;) (Darwin term
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(3) Ha= _(W/CZ)zﬁjzl(lJr §§i.§j)5(ﬂj) (electron-  wherew is the photon energy) is the dipole length opera-

i<j tor, ¥, is the initial ground-state wave function and; is
electron contact tem}l the final-state wave function.
(4) Hy=—(1M)Zij=1V;-V, (mass polarization correc- The polarizability of an atomic system is given by

. 1<] . .
tIOI’]) ) 4 L. ( ): Z |<WO|D|\Pn>|2+ |<‘If0|D|‘le>|2
(5) Hs=—(1/2c*) Zij=1(1/r;;)(P;- P; i En—Eo—w E-E,—w—ie

n
i<j

+{[rij(rij-P;)-P;1/r}) (retardation potential 5 RAGLAE /
+p, — 3. 1
M is the nuclear mass in a.u. aneF 137.036 is the velocity n En—Eoto (17
of light. o
Defining
D. The complex-rotation method |<q, |I5|\If >|2 |<\If |5|‘PE)|2
. . — [0} n (o]
The total wave function for the resonance includes both - (®) (Z E,—Ey—o + E—Eo—w—iedE> /31

the closed and open channels, i.e., (19)

¥(1,2,34=P,12,34+A ®(1,2,3U,;(4), then
0,]
13 1 -
(13 IMa_(w)= 5 7|(VolBI¥(E=Ep+ o). (19
where ®'s are the target states of the open channels and
U, represents the outgoing electron. The open-channefhat is,
components in real coordinate space are not square inte-

le. H if Ad7w
grab e owever, IT we assume O_(w): - Im a’,(u)). (20)

— Na— a;ln
UOJ_; do jr'e (149 7o calculatea (), we construct a functional

and make an inverse complex scaling:re '’ in U, the F=(VelHo—Ei— o[ We)+(Wo|D[We) +(We|D[W,).
complex resonance energy of the resonance can be calculated (22
with a variation method. Proper angular and spin coupling

betweend, andU, ; is implicitly assumed in Eq(13). For ~ We complex scaleV'e and solveVe by finding the extre-
narrow resonance, the coupling between the closed and op&num for F. Finally, «_(w) is given by the expression
channels is weak. The resonance wave function can be ap-

proximated by the closed-channel wave function. In compu- a_(w)=(Ve[D[¥)/3. (22
tation, the nonlinear parametexs in V. obtained from the

. ' . ' - To obtain high-precision PICS, a full-core plus correlation
saddle-point calculation are fixed, but the linear coefficients - 21 .
- ) : wave function is used for thesf2s? 1S wave function,
C's in ¥ and thed’s are recalculated to allow for full in-

teraction between the closed and open channels. The real part 49

of the eigenvalue gives us the resonance engtgyand the ¥,(1,2,3,9 =A( 2 ¥,12(1,2)¢;D;(3,4)
imaginary part gives us the width of the resonantgg,,;s; =1

=E,.s— E. represents the energy shift due to tfg interaction. 801

In this work, the target states considered a2t and b

Lenone 222, +,Zl dj¢,(1,2,3,4) : (23)

Finally, we obtain the energy of the resonance ) )
V¥, is a 159-term core wave functio;(3,4)’s are the

Eiota= Ec T AERy+ AE o+ AEghift- (15  Slater orbitals for the two 2electrons®;(1,2,3,4)’s are Cl
wave functions to account for intershell correlation. Com-
pared to the usual ClI method,, is equivalent to a 8592-

term wave function.
The PICS is obtained from the imaginary part of the po-

larization. Thi§ method is suggested .by. Rescigno and IIl. RESULT AND DISCUSSION
McKoy [19]. Highly accurate results for lithium have been

achieved with this methof2,18]. The PICS may be written A. Energy contribution

as

E. Photoionization cross section

The energyE, for the berylliumlike 1P° states is calcu-
A2 lated with the saddle-point method. It is the energy obtained
o(w)= o 2 |<\p0||j|qrf>|2, (16) from the closed-channel wave function. Basis functions of
3¢ E-Fo+o 387-731 terms are used in these calculations. To ensure suf-
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TABLE |. Energies for the singlet berylliumlike systentgis the nonlinear parameter of the Yacancy.
TheE. is the energy calculated by the saddle-point metidelz,, represents the energy improvement using
the restricted-variation method,E,, is the perturbation corrections, aid,,;s; is the energy shift due to
the interaction with open channgh a.u). I' is the total width in meV.

1Po state q Ec AERV AEreI AEshift Etotal r

Be 1s25%2p 3.410 —10.421802 —0.000814 —0.002053 0.000275 —10.424394 37
Be 1s25?3p 3.470 —10.204670 —0.000637 —0.002079 0.000072 —10.207314 50
°Be 1s2s%4p 3.473 —10.163637 —0.000571 —0.002093 0.000064 —10.166 237 51
Be 1s2s5p 3.473 —10.146344 —0.001140 —0.002086 0.000041 —10.149529 52
Be 1s2s%6p 3.476 —10.138155 —0.000970 —0.002092 0.000025 —10.141192 >482
1B+ 1s2s%2p 4394 —-17.201771 —0.000977 —0.005316 0.000351 —17.207 713 45

1p+1s2p® 4.453 —16.635278 —0.001789 —0.004620 0.000435 —16.641252 27
12C?%1s25%2p  5.384 —25.732431 —0.001522 —0.011517 0.000390 —25.745080 53
12c?*152p8 5.548 —24.973280 —0.001198 —0.009780 0.000686 —24.983572 35

12C?%1528?3p  5.472 —24.669262 —0.000862 —0.010813 0.000269 —24.680668 65
UNSt1s2s?2p  6.378 —36.013832 —0.001454 —0.022095 0.000414 —36.036967 58
NSt 1s2p® 6.569 —35.063077 —0.002175 —0.018543 0.000837 —35.082958 43
NSt1s2s?3p  6.467 —34.320863 —0.001245 —0.021824 0.000282 —34.344214 69
1604+ 1s2s?2p  7.374 —48.045945 —0.001162 —0.038696 0.000434 —48.085369 62
1604+ 1s52p3 7.604 —46.904276 —0.001525 —0.032354 0.001186 —46.936969 50
180**1s25?3p  7.474 —45.584892 —0.001031 —0.037992 0.000365 —45.623550 72
19F5+1s25%2p 8.371 —61.827211 —0.001201 —0.063298 0.000452 —61.891258 65
95+ 152p8 8.625 —60.495039 —0.001831 —0.052817 0.001027 —60.548660 55
19F5%1525?3p  8.474 —58.459624 —0.001239 —0.061779 0.000382 —58.522260 75
20NePt1s2s?2p  9.360 —77.358819  0.000303 —0.098217 0.000341 —77.456393 68
20Nebt 152p° 9.640 —75.836309 —0.001767 —0.081704 0.001342 —75.918438 60
20NePt1s2s?3p  9.474 —72.946068 —0.008037 —0.095515 0.000464 —73.049156 78

3For Be 1s2s%6p, the partial width of the §°8p channel is significansee Table Il), and the °9p channel
should not be neglected. However, an accurate wave function of this highly excited state is difficult to obtain.
Since the $?9p channel is not included in our calculation, the total width of B2€%6p is expected to be

more than 48 meV.

ficient accuracy, the functional space is saturated by a muclarger than that of 82s?np and they increase monotonically
larger basis set using the restricted-variation metf#@.  asZ increases. .
For each angular component, an additional 400 terms are Based on the results from Table |, we compute the transi-
used in this calculation. The improvemegy, is less than ion energies of the core-excited states from ground states.

10~*E, (see Table), which suggests that the closed-channelTNeS€ energies agree with other theoretical regatts-23
energy is well approximated b and experimental data as is shown in Table II.
.-

In Table I, we list the energies for all the states calculated
in this work. The three lowestP° states of singly core-
excited states of Be ares2snp(n=2-4), while those of B The Auger decay rate and the lifetime of the core-excited
to Ne are £2s?2p, 1s2p®, and 1s2s3p. Be 1s2p3 is  States can be calculated with the complex-rotation method.
above the £2s?np series. A< is increased, 42p® became T_he complex-rotatlon calculatlpn with a single open c;hannel
lower than 52523p. gives us an approximate estimate of the partial width for

Th | i tai tent ts the effecti each channel. This partial width should be proportional to the
e value ofg, to a certain ex ent, represents the etiec IVebranching ratios of the Augur decay channels in collision
charge seen by theslvacancy orbital. Because the nuclear gyperiments. In photoionization experiments, the observed

charge is half screened by the otherelectron,qis close to  pranching ratios are further influenced by the oscillator
Z-0.5. strengths from the initial state to the different ionization

The relativistic and mass polarization corrections are obchannels. Nevertheless, the Auger partial widths of the reso-
tained from the first-order perturbation theory. The perturbanance state still plays a crucial role in these observed branch-
tion correctionsAE,, increase monotonically from 0.002 ing ratios. The total width in Table | is obtained by including
a.u. for Be to about 0.098 a.u. for Ne. all important open channels in the complex-rotation calcula-

AEgpit Is the energy shift due to the interaction betweention. These results are very close to the sum of the partial
the closed and open channels. For these narrow resonancesdth for each channel. The maximum difference is less than
AEgnis; is quite small. In our resultAEgy; of 1s2p® is 2% for the states investigated in this work.

B. Auger width and branching ratios
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TABLE Il. Transition energies from the ground state for the singlet berylliumlike systems.

1po state This work Theory Experiment of R¢¥]  Experiment of Ref[1]
%Be 1s2s522p 115.513 115.64, 115.66° 115.49-0.04 115.5-0.7
Be 1s25°3p 121.420 121.49 121.42+0.04 121.4-0.8
%Be 1s2s%4p 122.537 122.68 122.52+0.04

%Be 1s2s%5p 122.992 123.08 122.96+0.04

°Be 1s2s%6p 123.219 123.160.04

1B*1s25%2p 194.311

11g*1s2p® 209.725

122+ 1525%2p 293.58 292.49

122t 152p8 314.30

122+ 1525%3p 322.543

NSt 1s25%2p 413.197 412.59

N3t 1s2p® 439.156

N3t 1s25%3p 459.257

1804t 1s25%2p 553.071 553.18

1604+ 1s52p3 584.319

160%*1525?3p 620.058

195+ 1525%2p 713.167 714.17

195+ 152p8 749.700

1995+ 1525%3p 804.840

20Nebt1s25%2p 897.025 895.16

20Nt 152p8 938.874

0NePt1s2s?3p  1016.949

&Theoretical results of Berringtoet al. [21].
®Theoretical results of Voket al. [22].
‘Theoretical results of Che23].

For the decay of 2s%2p !P, it is observed in the experi- not fall into the vacant-& shell without a spin flip. There-
ments of Caldwellet al. [1] that there is a near-100% pro- fore, only the Auger decay from thes2s interaction is
duction of the excited Be This result is consistent with the most important, which leaves the residue target system in a
partial widths obtained in this worksee Tables IlI-Y. To 1s22p state.
understand the physical reason behind this experimental re- From the resonance ofs2s?3p in Table IIl, the ratio of
sult, we can make the following arguments according to thgne decay of $2s23p to ground-state ion £2s is extremely
spin-alignment theory proposed by Chuirg. _ small, and this is similar to the case c§2s?2p. But why is

(1) When the orbitals are close together, their eIectrom[here a large portion decaying ta24p? In 1s2s?np with
electron Coulomb interaction is strong. On the other handn>2' the nuclear charge seen by thp orbital is screened

VAVSeSrnggczle?;rﬂjsﬂié?r f:)wgg’c;?a/hré?]vtehgtttlvev(;né?éifrt(')?]r;by three inner electrons prior to the decaying process. Hence,
9 Y y Z.ss=1 for thisnp. After the Auger decay and in thesdnp

are close together. h | th lect I that i |
(2) Pauli exclusion principle suggests that the probabilityC annel the newnp electron sees a nucieus that 1S only
creened by twod electrons, i.e.Zqs=2. Due to the stron-

density of two electrons with parallel spin is zero when they® . e
are at the same location. This implies that the Auger widtf/ attraction of the nuclear force, the newp orbital in
caused by the interaction between pairs with parallel spids"hp should be closer to the nucleus than the in

must be small. 1s2s’np. For this reason, theptorbital in the 1s?4p could
(3) If an Auger decay needs angular momentum exchangbave significant overlap with thep3in 1s2s%3p. Even so,
or spin flip to occur, it is less likely to happen. the 3p in 1s2s?3p still has more overlap to the®in 1s?3p

(4) The more the overlap between the wave functions othan that of the g orbital. The width from %23p is larger
the initial state and target state, the more significant is théhan that from %24p. The branching ratio of B:4p is cal-
Auger width will be for the correspondent channel. culated to be 100:27, which is close to the intensity ratio
For 1s2s°2p, the 1s electron is a spectator. Let us assume100:32 observed in the experimdni]. For 1s2s?2p, the p
this 1s is spin-down. If we consider the spin configurations, electron has the same principle quantum number as the two
strong interactions between the twe 2lectrons and be- 2s electrons, and this argument does not apply.
tween the 2 spin-down electron and@spin-up electron are The results of $2s’np(n=4-6) are similar to those of
most probable. But, owing to the existence of & dpin-  1s2s?3p except that the screening and effective nuclear
down electron, the  electron in the 8-2p interaction can- charge effect become more pronounced. Fs#2sf4p decay
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TABLE lll. Relative intensities of the Auger decay channels of beryllium.

Resonance  Channel PW Relative Intensities Auger En@yy
1s’nl  (meV) This work Expt® Expt.” Theory® This work Chund  Expt.®
1s2s?2p'P° 1s?2s  0.35 1.02  1.671) 1.81) 106.186 106.20 106:00.2
1s?2p 34.89  100.00 100  100.0 100.00 102.231 102.24 10202
1s?3p  0.23 0.66  3.406) 2.867) 0.10 94.221
1s?4p  0.02 0.06 0.766) 0.477) 0.05 91.435
1s’5p  0.00 0.01 0.266) 0.164) 0.03 90.173
1s2s?3pP° 1s?2s  0.12 0.30 2.83) 0.01 112.093
1s?2p  0.24 0.60 108.138
1s?3p 39.74  100.00 100 100 100 108.138
1s?4p 10.73  27.01 30) 282 26.8 97.342
1s’5p  0.05 0.13 0.01 96.081
1s2s?4p'P° 1s?2p 0.11 0.39 109.256
1s’3p 3.83 1337 108) 15.3  101.245
1s?4p 18.61  65.03 5®@) 61.2 98.459
1s’5p 28.62  100.00 100 100.0  97.198
1s’6p  0.47 1.64 4.%) 2.2 96.497
1s2s’5p1P° 1s?2p  0.04 0.11 109.710
1s?3p  1.26 3.34 2.3) 3.7 101.700
1s?4p 5.86  15.48 141) 14.9 98.914
1s°5p  1.74 4.60 7.8) 5.1 97.653
1s’6p 37.86  100.00 100 100.0  96.952
1s’7p 5.16  13.63 201) 15.3 96.511
1s2s’6p *P° 1s?2p  0.01 0.042 109.937
1s?3p 0.61 2.29 220  101.927
1s?4p 2.58 9.75 8.®) 8.60 99.141
1s?5p  1.92 7.25 181) 6.70 97.880
1s’6p 1.73 6.55 161) 4.40 97.179
1s?7p 26.44  100.00 100 100.00 96.738
1s’8p 14.52 54.92 961) 59.80  96.431

aJimenez-Mieret al. [7].
bCaldwell et al. [1].

‘Theoretical results of Chund.0].
dExperimental results of Redbet al. [24].

channels, the g:5p ratio is less than 1, implying that th@g5 change to leave the residue target system irs22fi state.

in 1s?5p has a larger overlap to thepdorbital in 1s2s’4p  Therefore, the Auger width ofsPp® is smaller than that of
than the 4 of 1s?4p. Similarly in 1s2s?5p, the partial  1s2s?np. The latter decays without an angular momentum
width of the 1s?6p channel is the largest, whereas in exchange.

1525%6p, 1s?7p channel has the largest partial width. It is  From C to Ne, the $22p channel from decay of2p? is
interesting to note that the the partial width of the’8p  near 100%. Only in B, is there a significant portion decaying
channel is even smaller than that of th&4p in 1s2s’5p,  to 1s?3p. This is because the energies of B2b® and

but 'this result_is supporteq by the experiment as well as th§52523p are close together and the two states are nearly
earlier theoretical calculatiofy]. degenerate. The resonance is a mixture of these two configu-

As Z increases, the total width of the four-electron reso- ,iions since the decay mode from223p is known to be
nances increases slightly. There are also changes in the Ay-

. ; Hominated by the €23p channel, the partial width of the
ger decay branching ratios. For Iargbrthe: effect of chang- 1s?3p channel should be significant. The ratio gb:3p is
ing from Z.¢; to Zos;— 1 becomes less important. For the

decay modes of £2523p, the Auger decay branching ratios calcula:)ted to be 84:15. In ouor calculation, we find t?at there
of the 1s?4p channel vs that of thesf3p decreases a& are 83%spppwaves and 13%sspwaves in B 52p".
increases. This ratio of @4p for Be is calculated to be
78:21, and that of F is 96:1.

For 1s2p®, Auger decay arises from the interaction of two ~ The B spectrum of Rgdbret al.[24] was recalibrated by
2p electrons. One falls into theslshell while the other Chung and Bruch25]. The identification of lithiumlike reso-
escapes. This Auger decay needs an angular momentum exances in the high-resolution Auger spectra of Be and B was

C. Identification of Auger spectra
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TABLE V. Auger branching ratio for berylliumlike ions.

Resonance Auger branching rathb)
Decay channel Be B C N (@) F Ne
1s2s%2p 1P° 1s?2s+kp 0.98 0.34 0.06 0.00 0.02 0.08 0.13
1s?2p+ks 9332 9364 9372 93.81 9390 9384 9395
1s22p+kd 4.99 5.76 6.07 6.10 6.03 6.04 5.89
1s2s?3p 1P° 1s?3p+ks 78.09 94.61 95.68 96.08 96.26 96.29
1s?4p+ks 21.09 3.10 1.79 1.17 0.84 0.64
1s2p3 1P° 1s22s+kp 0.04 0.01 0.02 0.03 0.03 0.03
1s23s+kp 0.27 0.01 0.00 0.00 0.00 0.00
1s?2p+ks 15.03  13.49 13.23  13.03 13.09  12.65
1s22p+kd 69.28 8522 8592 86.34 86.44  86.93
1s?3p+ks 13.32 0.16 0.08 0.06 0.04 0.08
1s23p+kd 1.59 0.97 0.66 0.46 0.34 0.27
1s?4p+ks 0.30 0.02 0.01 0.01 0.01 0.00
1s?4p+kd 0.17 0.12 0.07 0.06 0.04 0.03

made by Chung10]. Energies of the 42s22p 1P° states of  (1s%2p,e):(1s22s,e) is not surprising. The decay rate of the
Be-like ions and comparison with experimental energies inl.s?2s channel is extremely small indicating that large can-
the (1s2s?S,e) and (1s?2p ?P,e) channels have also been cellation exists in the matrix elements. A slight difference in
carried out[4]. However, the shift from the interaction be- the wave function may cause a small difference in the abso-
tween the open- and closed-channel components was not ifiste value of partial width but very significant difference in
cluded in these earlier works. In this work, we have includedyis ratio. Experimentally, we note that this€?Rs,e) decay

the open-channel interaction as well as adopted a larger basjge |ies on the shoulder of a very intense spectral [i2@].

set and further saturated the functional space with theyhy small contribution from the stronger line may cause an
restricted-variation calculation. The improved accuracy and1
%

. . MNBverestimate of decay rate for the?2s channel. Removing
the calculated branching ratios can be used for a more criticgl;ig ¢oniripution wil significantly increase the ratio in ques-
comparison with the observed Auger spectra. tion

The calculated Be 42s?2p'P°— (1s?2p,e) is at '
102.23 eV. It is close to the very weak line observed at
102.12+0.1 eV [24]. The corresponding sRs?2p 1P°
— (1s?2s,e) Auger energy is 106.19 eV, which is close to
an even weaker line at 106:®.2 eV. However, Chunfl0] In Fig. 1, we show the photoionization cross section in the
pointed out that the $2s2p2p °P— (1s°2p,e) is also at  nonresonant region from Bes32s?'S. There are two open
106.16 eV. Judging from the weakness of the 102.1Z%hannels in this photoionization process. We have made
*=0.1 eV line and the branch ratios calculated in this work,cross-section calculation by including one channel at a time
it is highly likely that the 106.6:0.2 eV line may have and compare the results to those with both channels in-
come from the°P state rather than from thiP°. This con-  cjuded. These results are presented. It is apparent that there
clusion is also consistent with the Auger spectra observed fogre cancellations in the total cross-section calculation. The
higherZ systems. For example, the corresponding line foRajye of the largest cross section in this region is about 1.4
the tP°— (1s?2s,e) channel is completely absent in the B mp, 400 times smaller than the first peak in the resonant
spectrum of Rgdbret al.[24] and the C spectrum of Bruch region in Fig. 2.
et al. [26] and Mann[27], consistent with our calculated | Fig. 2, we give the resonant region for Be. The first
branching ratios. Since the observed lines corresponding tBeak in this region comes froms2s22p 1P° resonance and
'P°— (1s’2p,e) are weak in the experiments, the decay-is at about 530 Mb. The resonant photo energy is 155.5 eV.
ing to (1s”2s,e) would be invisible. The second peak comes from the2%?3p *P° resonance.

For oxygen, the 42s*2p *P° Auger transition is studied The resonant photo energy is 121.4 eV. The peak is at about

in the experiment of Bruckt al. [28]. The (1s°2s,e) chan- 47 Mb, 10 times smaller than the first peak.
nel intensity is very weak, in accord with the theoretical

results. The intensity ratio of &f2p,e):(1s?2s,e) was
found to be 16-10, which is in close agreement with the
theoretical result 14.7 of Nicolaides and Mercoyf9] and
differs by a factor of 5 to the theoretical result 74.1 of Chen In this work, we have computed the energy and width of
[23]. Our result is closer to the result of Chen and does nothe singly core-excited berylliumliké P° resonances with
lie within the experimental uncertainty. The discrepancythe saddle-point complex-rotation method #+4-10. We
between the theoretical calculations for the ratio offind that the Auger decay modes of the2s?2p P° reso-

D. Photoionization from Be 1s?2s? 'S

IV. CONCLUSION
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TABLE V. Auger width, branching ratio, and Auger energy for berylliumlike ions.

Resonance Decay PW Branching Auger enday)
channels (meV) ratio(%o) This work Chung Experiment Chén
B* 1s2s?2p tP° 1s?2s 0.15 0.34 169.326  169.35
1s%3s 0.00 0.00 146.963
1s?2p 4513 99.40 163.332  163.834  163.38°
1s?3p 0.11 0.24 145.400
1s4p 0.01 0.03 139.190
B* 1s2p° 'pP° 1s%2s 0.01 0.04 184.739  185.61
1s%3s 0.07 0.27 162.376
1s?2p  22.88 84.31 178.745  179.60
1s23p 4.04 14.91 160.814
1s?4p 0.13 0.47 154.603
C?* 1s2s?2ptP°  1s%2s 0.03 0.06 246.088  246.13 246.63
1s%3s 0.00 0.00 208.517
1s?2p  52.60 99.79 238.089  238.f1 238.0:0.2° 238.54
238.21+0.2f
1s°3p 0.07 0.13 206.402
1s?4p 0.01 0.01 195.432
C?* 1s2pd tpP° 1s%2s 0.00 0.01 266.809  266.88
1s23s 0.00 0.01 229.238
1s?2p  34.62 98.71 258.809  258.87 258.56:0.2° 260.58
258.6+0.2°
1s%3p 0.40 1.13 227.123
1s%4p 0.05 0.24 216.153
C?" 1s2s?3ptP°  1s8%2s 0.17 0.26 275.051
1s%3s 0.41 0.64 237.480
1s°2p 0.88 1.37 267.051
1s?3p  61.23 94.63 235.365
1s?4p 2.01 3.10 224.395
N3t 1s2s?2p1P°  1s%2s 0.00 0.00 336.497 337.08
1s%3s 0.00 0.00 279.920
1s?2p  57.96 99.91 326.503 326.99
1s%3p 0.04 0.07 277.252
1s4p 0.01 0.01 260.194
N3t 1s2p3 1p° 1s?2s 0.01 0.02 362.456
1s%3s 0.00 0.00 305.879
1s?2p  42.77 99.15 352.462 354.28
1s?3p 0.32 0.74 303.211
1s%4p 0.04 0.08 286.153
N3t 1s28?3p1P°  1s%2s 0.19 0.28 382.558
1s%3s 0.54 0.78 325.981
1s%2p 1.00 1.45 372.563
1s?3p 65.91 95.70 323.313
1s4p 1.23 1.79 306.254
O** 1s25?2pP°  1s?2s 0.01 0.02 440550  440.60 440.5-0.2" 441.16
1s%3s 0.00 0.00 361.169
1s?2p  61.90 99.93 428559  428.99 4285-0.2"  429.07
1s%3p 0.03 0.05 357.944
1s?4p 0.00 0.00 333.471
O** 1s2p3 1p° 1s?2s 0.02 0.03 471.799  471.89
1s%3s 0.00 0.00 392.418
1s?2p 4957 99.37 459.807  459.88 461.63
1s°3p 0.26 0.52 389.193
1s?4p 0.04 0.07 364.719
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TABLE V. (Continued.

Resonance Decay PW Branching Auger enday)
channels (meV) ratio(%o) This work  Chung  Experiment Chén
O*" 1s2s23p 1pP° 1s?2s 0.18 0.25 507.537
1s?3s 0.72 0.99 428.156
1s°2p 1.07 1.49 495,546
1s23p 69.55 96.10 424.932
1s?4p 0.85 1.17 400.458
F** 1s2s%2p 1P° 1s22s 0.05 0.08 558.288 558.9
1s%3s 0.00 0.00 452.301
1s%2p 65.11 99.88 544.287 544.8
1s%3p 0.02 0.04 448515
1s%4p 0.00 0.00 415.299
F°* 1s2p® P 1s?2s 0.02 0.03 594.821
1s%3s 0.00 0.00 488.834
1s22p 55.28 99.53 580.820 582.65
1s23p 0.21 0.38 485.048
1s%4p 0.02 0.05 451.832
F°* 1s2523p 1p° 1s?2s 0.20 0.26 649.961
1s°3s 0.80 1.07 543.973
1s%2p 1.15 1.53 635.960
1s%3p 72.21 96.29 540.187
1s%4p 0.63 0.84 506.972
Ne** 1s2s22p 1P°  1s%2s 0.09 0.13 689.739 690:60.3'  690.31
689.29
1s%3s 0.00 0.00 553.338
1s%2p 68.48 99.84 673.709 6730.1' 673.17
673.8:0.1'
1s%3p 0.02 0.03 548.983
1s%4p 0.00 0.00 505.699
Neb* 1s2p8 1p° 1s?2s 0.02 0.03 731.587
1s?3s 0.00 0.00 595.186
1s°2p 59.59 99.58 715.558
1s°3p 0.21 0.35 590.832
1s%4p 0.02 0.03 547.548
Ne®* 1s2s23p 1P°  1s?2s 0.21 0.27 809.662
1s%3s 0.90 1.16 673.261
1s%2p 1.22 1.56 793.633
1s%3p 74.95 96.32 668.907
1s%4p 0.50 0.64 625.623
1s?5p 0.03 0.04 605.680

&Theoretical results of Cheli23].
®Theoretical results of Chunid.0].
‘Experimental results of Rgdbet al. [24].
4Theoretical results of Chunig.1].
®Experimental results of Manf27].
fExperimental results of Brucét al.[26].
9Theoretical results of Chund.2].
PExperimental results of Brucét al. [28].
iExperimental results of Itokt al. [31].
IMulticonfiguration Dirac-Fock calculations in Brugt al. [30].
K1/Z expansion in Bruclet al.[30].
'Experimental results of Brucét al. [30].
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FIG. 1. The photoionization cross section from the Be
1s%2s? 1S in nonresonant region.

FIG. 2. Photoionization cross section for the resonance Be
152s%2p P° and 1s2s?3p 1P°.

nances are very similar for different valuesafThis agrees literature to compare with at present. We hope our results
with the experimental results of Caldwelt al. [1] and oth-  would be useful in more extensive studies of the Auger spec-
ers. It confirms the conclusion that the near 100% productiotrum and photoionization spectrum of four-electron system
of the (1s?2p,e) decay channel of $2s?2p 'P° is a com- in future experiments.

mon feature of the Be-like serig¢4]. Furthermore, our re-
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