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Electron-impact excitation of beryllium and its ions
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Inelastic electron scattering from light atomic species is of fundamental importance and has significant
applications in fusion-plasma modeling. Therefore, it is of interest to apply advanced nonperturbative, close-
coupling methods to the determination of electron-impact excitation for these atoms. Here we present the
results ofR matrix with pseudostattRMPS calculations of electron-impact excitation cross sections through
then=4 terms in Be, B&, B&", and BE™. In order to determine the effects of coupling of the bound states
to the target continuum in these species, we compare the RMPS results with those from sRanmrik
calculations. In addition, we have performed time-dependent close-coupling calculations for excitation from
the ground and the metastable terms of Band the metastable term of Be In general, these results are
found to agree with those from our RMPS calculations. The full set of data resulting from this work is now
available on the Oak Ridge National Laboratory Controlled Fusion Atomic Data Center web site, and will be
employed for collisional-radiative modeling of Be in magnetically confined plasmas.
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I. INTRODUCTION lations by Bartschat and Brdyt4]. To our knowledge, there
have been no prior close-coupling calculations for excitation

Beryllium has been used as a surface material at JET anof He-like B€". However, there have been the DW calcu-
is being proposed for the plasma-facing walls for ITER. Forlations of Pradharet al. [15] and Badnell[16]. For Be'™",
that reason, experiments on beryllium are being conducted &ihere have been the-matrix and DW calculations presented
the PISCES-B plasma-surface interaction research facility éh the paper by Berrington and Clafid3]. More recently,
the University of California at San Diego. Collisional- RMPS calculations for B& were reported as part of a study
radiative modeling of beryllium is an important part of that of the hydrogen isoelectronic sequend#].
effort, and this requires accurate electron-impact excitation, The purpose of the present investigation is twofold. On
ionization, and recombination data. Recently, we completethe fundamental side, we wish to study the effects of cou-
a series of time-dependent close-couplifigdpCC) and R pling of the bound states to the high-Rydberg states and the
matrix with pseudostatétRMPS calculations of the ioniza- target continuum, for similar transitions along the Be iso-
tion of beryllium and all its ion$1]. In addition, dielectronic nuclear sequence. For that reason, we have compared the
recombination data for beryllium have been generated in theesults of our RMPS calculations with those from a standard
distorted-wave approximation[2], using the program R-matrix calculation that employed the same configuration-
AUTOSTRUCTURE[3]. In this paper, we report on the results interaction description of the target, but did not include pseu-
of electron-impact excitation calculations using the RMPSdostates in the close-coupling expansion to represent the
method for Be, B&, Be&*, and BE*, and the TDCC high-Rydberg states and the target continuum. Furthermore,
method for Li-like and H-like beryllium. as an independent check of our RMPS results in the

Because of its toxic nature, very few experiments of elecintermediate-energy range, we have performed TDCC calcu-
tron collisions with beryllium have been completed. Thelations from the ground and metastable terms foi” Bed
only experimental excitation data of which we are aware ardrom the metastable term of Be.
those of Tayloret al.[4] for the 25— 2p transition in B€ . On the applied side, we wish to generate excitation data
However, there has been a number of theoretical studies @hat can be used for the modeling of Be and its ions in mag-
electron-impact excitation for both Be and BeFor the neu- netically confined fusion plasmas. The TDCC, CCC, and
tral species, this includes the-matrix calculations of Fon RMPS methods are all capable of producing cross sections
et al.[5], the distorted-wavéDW) calculations by Clark and that include the effects of coupling the target continuum,
Abdallah [6], the RMPS calculations by Bartschat al. ~ which are important for neutral atoms and low-charge-state
[7,8], and the convergent close-coupli@CC) calculations ions at intermediate energies. However, of these three, only
by Fursa and Bray9,10]. In addition, CCC data for a large the RMPS method provides an efficient method for including
number of transitions from the ground and2d configura-  an accurate description of the resonance contributions, which
tions of Be are available on the web page of Bfag]. For  can dominate the low-energy cross sections, especially for
Be', there have been the close-coupling calculations byondipole transitions in ionic species. Nevertheless, the ap-
Mitroy and Norcros$12], the R-matrix calculations reported plication of electron-impact excitation data to plasma mod-
in a paper by Berrington and Clafk3], the DW calculations eling places special demands on RMPS scattering calcula-
by Clark and Abdallai6], and the RMPS and CCC calcu- tions. For accuracy at low temperatures, the outer-region

1050-2947/2003/68)/06270%11)/$20.00 68 062705-1 ©2003 The American Physical Society



BALLANCE et al. PHYSICAL REVIEW A 68, 062705 (2003

portion of the calculation must be carried out over a suffi-=5; this leads to a total of 103 spectroscopic and
ciently fine energy mesh to resolve the majority of narrowpseudoterms, 60 of which are above the ionization limit. For
resonances. For accuracy at higher temperatures, one mB#*", we included pseudostates for thé Sonfigurations
incorporate a large pseudostate expansion of the target coffom =0 tol=4 and allnl configurations froorm=6 ton
tinuum and a large basis-set representation of the=12, andl=0 to |=5; this yields a total of 57 spectro-
(N+1)-electron continuum. Furthermore, one must includescopic and pseudoterms, 36 of which are in the continuum.
contributions from high partial waves. These requirements Originally, for the He-like and H-like ions, we had hoped
can lead to very large RMPS calculations, even for relativelyto calculate excitation to the=5 configurations, which are
simple target species, providing a real challenge for currentepresented fairly accurately by pseudostates. For these con-
massively parallel computing platforms. figurations, coupling to the highdr=5 pseudostates could

The remainder of this paper is organized as follows. In thé'ave some effect and were, therefore, included in our pseu-
following section, we give a brief description of our RMPS, dostate expansions for these ions. However, the excitation
R-matrix, and TDCC calculations. In Sec. I, we present thecross sections to a number of the=5 terms were found to
results of our calculations and compare them with each othdrave large pseudoresonances and were too unreliable to be
and with the results of CCC calculations, where available. Irincluded in our final results. Coupling to tle=5 pseu-
Sec. IV, we summarize our findings and discuss their impli-dostates should have negligible effects on the results reported
cations. here.

Il. DESCRIPTION OF THE CALCULATIONS B. RMPS and R-matrix scattering calculations

All R-matrix scattering calculations reported here were
performed with our parallel versions of tR&IATRX | suite of

All the target states employed in our RMPS ddnatrix ~ programs[18]. The RMPS calculation for Be included 280
calculations were generated using the progranterms in the close-couplin@CC) expansion. In addition, we
AUTOSTRUCTURE([3]. For Be and all its ions, we employed performed anR-matrix calculation that included all 280
spectroscopic radial wave functions for all configurations in-terms in the configuration-interactidi€l) expansion of the
volving 1s through 4 orbitals. For B&", in addition to the target, but only the 29 terms through ths52 configurations
1snl configurations, we also included the?2and & con- in the close-coupling expansion. By comparing the results of
figurations in order to improve the target structure. For Bethese two calculations, we can determine the effect of cou-
and Bé", the spectroscopic radial wave functions were de-ling to the high-Rydberg statest5) and the target con-
termined from local potentials using Slater-type orbitals; fortinuum on excitation between the lowest 19 terfttgough
Be", they were calculated using a Thomas-Fermi-Dirac-the 2s4| configuration In order to remove the pseudoreso-
Amaldi statistical potential; and for B&, they were, of nances in the 29-teriR-matrix calculation that are attached
course, numerical hydrogenic radial wave functions vidth to the 251 terms included in the CI expansion, but not in the

A. Target states for the RMPS andR-matrix calculations

=4, 29-term CC expansion, we employed the pseudoresonance
For the pseudo-orbitals, we first generated a set of nonorremoval method described by Gorczyesaal. [19].
thogonal Laguerre radial wave functions of the form For the inner-region portion of these calculations, the size
of the R-matrix box was 71.7 a.u., and 45 basis orbitals were
Poi(r)=Np(\Zr)' e M2 28N (N ZI). (1) used to represent theN@ 1)-electron continuum for each

) ) . ) value of the angular momentum. Calculations with full ex-
In this equz¢|31+t|§)nZ=z+ 1, wherez is the residual charge on change were performed for dlSII partial waves up td.
the iion, L "(NZr) represents the Laguerre polynomial, —11. In order to improve on the accuracy of the calcula-
andN, is a normalization constant. These Laguerre orbitalgions, the term energies were adjusted to the experimental
were then orthogonalized to the spectroscopic orbitals and tgalues. In the outer region, we employed 1280 energy mesh
each other. The screening parameterswere adjusted so points in the energy range between the first excited term and
that then=>5 andn=6 pseudostateSn the case of Be, the the highest-energy term arising from the&2 configurations,
2snl configurations onlywere bound. This procedure leads for a mesh spacing of 3:5610 * Ry. Above this energy, we
to a set ofn=5 terms that are nearly spectroscopic and a seémployed 192 mesh points up to a maximum energy of 2.5
of n=6 terms that are used to approximate the effects oRy, with a mesh spacing of 9710 Ry. The long-range

coupling to the higher-Rydberg states. multipole potentials were included perturbatively in the
In the case of neutral beryllium, we included pseudostatesuter-region solutions for all partial waves.
for all 2snl configurations froom=>5 throughn=11 and all A partial-wave expansion up to=11 is not sufficiently

2pnl configurations froom=5 throughn=10, withI=0to  complete to allow for the determination of cross sections up
=4, this leads to a total of 280 spectroscopic andto the highest-energy run for Be of 2.5 Ry. Thus, for the
pseudoterms, 241 of which are above the ionization limit.29-term R-matrix calculation, we performed a calculation
For Be", we included pseudostates for all configurations  without exchange for all partial waves froin=12 to L
fromn=5ton=12 and =0 tol =4, for a total of 49 terms, =50; this was then topped up as follows: the dipole-allowed
30 of which are in the continuum. For Be we included transitions were topped up using a method originally de-
pseudostates for thes®l configurations foi=0 tol=4 and  scribed by Burgesg20]; the nondipole transitions were
all 1snl configurations froon=6 to n=11, andl=0 to | topped up assuming a geometric seried_jnusing energy
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ratios, with a special procedure for handling transitions beizing the one-dimensional hydrogenic Hamiltonian wih
tween nearly degenerate terms based on the degenerate lim4.
iting case[21]. In order to include the high partial-wave  The total two-electron wave function for the valence and
contributions to the RMPS calculation, we performed a 280-continuum electron is expanded in coupled spherical har-
term RMPS calculation without exchange frdm=12 toL. ~ monics in the standard manr{@2]. The time propagation of
—20, followed by a 29-termR-matrix calculation without the radial part of the wave functio}-$ (r1,r,t), is then
exchange fromL=21 to L=50 with topup, as described governed by
above.

The RMPS andR-matrix calculations performed for the 07P|Lj2(f1,fz,t)
. . - . - B _ LS
ions of beryllium were similar in nature to the description 1= =Ti;,,(r1,12)Pi7,(r1.ra,t)
given above. For Be, we included 49 terms in the RMPS
CC expansion and 14 terms in tRematrix CC expansion. In L Ls
the inner region, the size of tfematrix box was 41.5 a.u., + 2/ Ui (Tr2) P (rarast),
and again, 45 basis orbitals were used to representNhe ( 1
+1)-electron continuum. Full exchange calculations were 2)
performed up toL=11 and nonexchange calculations with
topup were performed froh =12 to L=>50. In the outer where T, | ,(r;,r;) contains all kinetic energy, centrifugal
region, a mesh spacing of 9_4(210 ¢ Ry was used in the parrier, nuclear, direct Hartree, and local exchange operators,
Iowe_r—energy range and QL0 “ Ry at higher energies to a and U" . (r1,r5) couples the variousl{l,) scattering
maximum of 6 Ry. PR

For BE*, we included 103 terms in the RMPS CC ex- channels. At a suitable time=T after the collision, which
pansion and 29 terms in the tfematrix CC expansion. In depends on the energy of the incoming electron, the excita-
the inner region, the size of tHematrix box was 25.9 a.u., tion cross section from the state in question can be deter-
and 45 basis orbitals were used to represent th&ined by
(N+1)-electron continuum. The range bfvalues for the
exchange and nonexchange parts of the calculations were the

a
same as for Be. In the outer region, a mesh spacing of Un|(L)=ﬁ(2L+1)ES % (2S+Dppm,
1.0x 10 2 Ry was employed in the lower-energy range and
5.0x10"2 Ry at higher energies to a maximum of 18.4 Ry. Ls

Finally for Bé*, we included 57 terms in the RMPS CC WNeré¢nin is the probability of finding one electron in a
expansion and 15 terms in tRematrix CC expansion. In the bound state and the other in the continuum. This probability

inner region, the size of the-matrix box was 21.4 a.u., and is found by projecting the two-electron radial wave fur_lctions
51 basis orbitals were used to represent ie-()-electron &t t=T directly onto products of bound and continuum
continuum. The range df values for the exchange and non- States. , _
exchange portions of the calculations were the same as for FOr our calculations on Bg a uniform mesh ofAr
Be" and B&*. In the outer region, a mesh spacing of =0.2 with 512 points was employed. TDCC 'ca!culgtlons
5.0 104 Ry was employed in the lower-energy range andVere m_ade up to apd including=10. In our |on|zat|.0n
1.4x 102 Ry at higher energies to a maximum of 30 Ry. calculations for B&, it was founq that TDCQ ca!culatlons
were necessary only up to=6, with the contribution from
the higher partial waves adequately represented by distorted-
wave calculationgl]. For excitation cross sections, however,
The time-dependent close-coupling method used to detethe convergence by partial wave of the time-dependent re-
mine ionization of ions in the Be isonuclear sequence hasults to the distorted-wave results is slower for some of the
been discussed in detdil]. Our technique to extract excita- transitions considered here. Therefore, it was necessary to
tion cross sections from the time-dependent scattering calciextend the time-dependent calculations uplLte 10. The
lations has also been discussed for the case of neutral lithiugbntribution to the cross section for the higher partial waves
[22]. Here we review the important elements of our methodfor most of the transitions is then given by distorted wave.
Both the TDCC calculations for Beand B begin by  For the Z—nd transitions, an extrapolation of the TDCC
constructing a complete set of bound and continuum orbitalgalculations to the distorted-wave calculations a15 was
for each ion. For Be, a complete set of orbitals is generated made using a cubic spline fit, following previous wg@e].
by diagonalizing the Hartree-Fock equation in the presencehis was necessary because, for these transitions, the TDCC
of a frozen B&" 1s® core. A pseudopotential is used to and distorted-wave partial-wave cross sections are still not
generate thas orbitals in order to eliminate the inner node completely converged, even kat=10.
of the wave function. This prevents unphysical excitation of ~Our calculations on BE were made with a uniform mesh
filled subshells during time propagation of the close-coupledf Ar=0.1 with 512 points. Even with this relatively fine
equations. By a suitable adjustment of a coefficient in themesh, it was found that theslorbital of B€* was still not
local exchange potential, the ionization threshold from thewell represented, with the energy of this orbital being almost
ground state of Bé was tuned to the experimental value. For 4% above the experimental value. However tiseopbital of
Be** a complete set of orbitals is found by simply diagonal-Be** was much better, with the energy within 1% of experi-

C. TDCC scattering calculations
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TABLE I. Energies in Rydbergs for the first 19 terms in Be  TABLE Il. Energies in Rydbergs for the first nine terms in'Be

relative to the 22'S ground term.

relative to the 2 ground term

No. Term  Energy(Expt.[29]) Energy(Theor) Diff. No. Term  Energy(Expt.[29]) Energy(Theor) Diff.

1 2s?1s 0.0000 0.0000 0.0000 1 2s 0.0000 0.0000 0.0000

2 2s2pdP 0.2003 0.1998 —0.0005 2 2p 0.2910 0.2941 0.0031

3 2s2plp 0.3879 0.3992 0.0113 3 3s 0.8040 0.8038 —0.0002

4 2s3s3S 0.4746 0.4848 0.0102 4 3p 0.8793 0.8798 0.0005

5 2s3s!s 0.4983 0.5069 0.0086 5 3d 0.8935 0.8935 0.0000

6 2p®'D 0.5184 0.5208 0.0024 6 4s 1.0522 1.0519 —0.0003

7  2s3p®P 0.5368 0.5467 0.0099 7 4p 1.0822 1.0822 0.0000

8 2p2 %P 0.5440 0.5535 0.0095 8 4d 1.0882 1.0880 —0.0002

9 2s3plP 0.5485 0.5583 0.0098 9 Af 1.0885 1.0881 —0.0004
10 2s3d°D 0.5655 0.5749 0.0094 lonization energy 1.3385 1.3381 —0.0004
11 2s3d'D 0.5871 0.5983 0.0112
12 2s4s°S 0.5878 0.5986 0.0108
13 2s4sls 0.5946 0.6048 0.0102 lead to errors in the size and position of the resonance con-
14 2s4p°P 0.6088 0.6193 0.0105 tributions. However, this should not have a large effect in the
15 2s4p'pP 0.6109 0.6211 0.0102 case of Be since the resonance contributions in a neutral
16 2s4d 3D 0.6191 0.6294 0.0103 species are less pronounced than they are in ions.
17  2s4f3F 0.6219 0.6325 0.0106 In Table IV, we present our absorption oscillator
18  2s4flF 0.6219 0.6325 0.0106 Strengths, calculated in the length gauge using our RMPS
19  2s4d D 0.6268 0.6381 0.0113 target states, for a set of transitions in Be for which other

lonization energy 0.06852 0.6952 0.0100 Calculated results are available. They are compared to those

from a large configuration-interaction calculation, using a

model potential, by Chef23] and those from a large multi-
ment. In order to represent the brbital more accurately, a configuration Hartree-FocKMCHF) calculation that are
finer radial mesh must be employed. However this severelgiven on the MCHF collection web sif@4] and described in
reduces the time step that must be used in the timed Paper by Tachiev and Froese Fiscf#5]. In general, the
dependent propagation, which makes the calculations muckgreement of our oscillator strengths with those from these
more computationally demanding. For this reason, we chosBV0 large structure calculations seems quite satisfactory. The

only to examine excitation calculations from the &rm of

Be**. Time-dependent calculations were made up to and in- TABLE Ill. Energies in Rydbergs for the first 19 terms inBe

cluding L=8, with the same procedure employed as beforgelative to the ¥* 'S ground term.

to determine the contribution from the higher partial waves:

It should be noted that for both sets of time-dependent cal-No. ~ Term  Energy(Expt.[29]) Energy(Theor)  Diff.
cualons described here e Fourer tenslom MO0 81 s oo oo 00000
sclectlijons folr sevéra'l V(l,lner;ies fromxa single tiriiel prlopagation 2 1s257S 8.7163 8.7013 ~ —0.0150
"3 1s2s'S 8.9412 8.9202 —0.0210
4  1s2pdpP 8.9611 8.9599 —0.0012
ll. RESULTS 5 1s2plP 9.0895 9.1185 0.0290
In Tables I-l11l, we compare our term energies, calculated 6 1s3s is 10.2170 10.2240 0.0070
using the target states employed in our RMPS calculations, 7 1s3s°S 10.2764 10.2809 0.0045
with the experimental values for all terms from the ground 8 1s3p°P 10.2818 10.2910 0.0092
term throughn=4 in Be, Be', and B&*. The theoretical 9 1s3d°D 10.3099 10.3221 0.0122
and experimental ionization energies are also given in thesel0  1s3d'D 10.3106 10.3236 0.0130
tables. The average percentage error between experimentail ~ 1s3p ‘P 10.3191 10.3353 0.0162
and theoretical term energies is 1.7% for Be, but only 0.2% 12  1s4s°S 10.7101 10.7204 0.0103
for Be, and 0.1% for B&". We note in the case of neutral 13  1s4s'S 10.7348 10.7474 0.0126
beryllium that, with the exception of two excited terms, the 14  1s4p3P 10.7363 10.7474 0.0111
energies are all high with respect to the ground term by about15  1s4d D 10.7480 10.7601 0.0121
0.01 Ry; in addition, the theoretical ionization energy is high 16  1s4d D 10.7484 10.7609 0.0125
by the same amount. As mentioned previously, we have17  1s4f'F 10.7485 10.7607 0.0122
shifted the theoretical threshold energies to the experimentalig  1s4f 3F 10.7485 10.7606 0.0121
values in the scattering calculations. However, this procedure1g  1s4p 1p 10.7514 10.7657 0.0141
does not shift the N+1)-electron resonances that are in- jonization energy 11.3110 11.3232 0.0122

cluded explicitly in the scattering calculations, and this can
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TABLE V. Absorption oscillator strengths for Be.

Transition Present Chén % Diff.P MCHF® % Diff.
2s215.2s52p 1P 1.37 1.38 0.5 1.38 0.9
2s?15-2s3p 1P 1.1 -2]° 9.01 — 3] 21.7 8.99—3] 21.9
2s?15-2s4p 1P 2.00 — 4] 2.30 —4] 14.0

2s2p %P-2s3s°S 7.5 — 2] 8.23 - 2] 8.5 8.41-2] 10.6
2s52p 3P -2s3d °D 2.99 -1] 2.99-1] 1.3 3.00—1] 0.3
2s2p ®P-2s4s°S 1.09 - 2] 1.1 -2] 10.0

2s52p 3P-2s4d °D 9.59 — 2] 9.5 — 2] 0.4

2s2p 1P-2s3s!s 1.20-1] 1.19-1] 1.7 1.1%5-1] 4.3
2s2p 1P-2s3d 'D 3.8 —1] 4.10-1] 6.0 3.96—-1] 2.6
2s2p 1P-2s4s1s 7.70—3] 9.8 —3] 24.2

2s2p P-2s4d 1D 1.69—1] 1.74-1] 2.9

2s3s35-2s3p P 1.02 1.13 9.9 1.14 11.1
2s3s35-2s4p 3P 1.79 3] 3.01 3] 51.4

2s3s1S-2s3p 1P 9.0 —1] 9.5§ —1] 5.4 9.47-1] 4.2
2s3s'S-2s4p 1P 1.30 - 2] 9.8 —3] 27.3

2s3p ®P-2s3d D 4.83-1] 5.00—1] 3.7 514-1] 6.2
2s3p 3P-2s4s°S 2.04 —1] 219 —1] 3.3

2s3p 3P-2s4d °D 1.47-1] 1.31-1] 8.1

2s3p tP-2s3d 1D 6.917—1] 6.87—1] 0.6 6.81—1] 1.5
2s3p 1P-2s4s'S 2.04—1] 2.09 1] 2.4

2s3p P-2s4d 1D 9.1q — 3] 1.80-2] 65.7

2s3d °D-2s4p P 7.61-2] 8.1 — 2] 6.9

2s3d'D-2s4p 1P 2.17-1] 1.99 -1] 9.2

254s53S-254p °P 1.63 1.61 1.1

2s4s1S-2s4p 1P 1.42 1.43 1.3

2s4p 3P-2s4d °D 8.07—1] 8.17—1] 1.2

2s4p P-2s4d D 1.16 1.20 35

3 rom the calculations of Chg23].

bpercentage difference between present values and those of Chen.
‘See Ref[24].

dpercentage difference between present and MCHF values.

€a[b] denotesax 10°.

average percentage difference between our values and thowmtial, and found only very small variations from the one
of Chen is 11%; furthermore, only 6 out of 27 values differ reported here. Thus the large difference between the present
by more than 10%. For the ten transitions provided in theand NIST value for this particular transition remains unclear.
MCHF collection, the average percentage difference is 6%.lt should also be mentioned that we compared length and
Our absorption oscillator strengths for Beand Bé™, velocity oscillator strengths for beryllium and these two be-
also calculated in the length gauge using our RMPS targetyllium ions and found overall good agreement, including
states, are shown in Tables V and VI, respectively; they ar¢hose for the $2s'S-1s3p 1P transition in B&*.
compared to values given on the NIST web dig8]. In The amount of collisional data generated from the present
general, the present values are in excellent agreement witliork is far too large to be reported here. However, our
the NIST data for both ions. The one exception is theRMPS results are now available in the form of Maxwell-
1s2s1S-1s3p P transition in B&", where our value is only averaged effective collision strengths on the Oak Ridge Na-
40% of the NIST value. In light of the excellent agreementtional Laboratory Controlled Fusion Atomic Data Center
between the oscillator strengths for the other nine transitiong/eb site[27]. Here we will focus on comparisons of cross
in this ion, we are puzzled by this discrepancy. We madesections determined from the RMPS method with those ob-
several different structure calculations in order to investigateéained from the standarB-matrix method, and those from
this problem. For example, we varied the scaling parameterthe present TDCC and earlier CCC calculations. Out of the
in the Slater-type orbitals used to generate the local potentiahany transitions included in these calculations, we have tried
and found that this oscillator strength was insensitive to thest select those that will provide the most complete informa-
changes. We also calculated this particular oscillator strengttion regarding the effects of coupling to the target continuum
using Hartree-Fock spectroscopic orbitals as well as thosas a function of ionization stage.
generated from a Thomas-Fermi-Dirac-Amaldi statistical po- In Fig. 1, we present results for the excitation cross sec-
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TABLE V. Absorption Oscillator Strengths for Be 2000 ——7— T . LA
N Be (25 'S-252p°P)
Transition Present NIST % Diff. 1500 - —
2s-2p 5.04-1]° 5.07—1] 0.6 1000 —
2s-3p 7.99 - 2] 8.0 - 2] 05 L il
2p-3s 6.59 —2] 6.69 —2] 15 500 - .
2p-3d 6.40 —1] 6.5 —1] 1.9 - -
3s-3p 8.37—1] 8.43—1] 1.3 Bt e
3s-4p 6.5 — 2] 6.90 — 2] 4.7 5 1500 — — T T T T T
3p-3d 8.17 —2] 8.0 — 2] 0.7 § i Be (252 'S - 252p 'P) -
3p-4s 1.37-1] 1.35-1] 15 = 1000 i
3p-4d 5.19 1] 5.1 —1] 0.2 = D T i e
3d-4f 1.02 1.01 1.0 8 N
/s —
aSee Ref[26]. = i
Pa[b] denotesax 10P. e e e
o 20 24 28 32
tions from the 2?'S ground term of beryllium to the I
2s2p 3P, 2s2p P, and 22 'D excited terms. For excitation i T BelsT8s2p D)
3 : 120 — - —
to the Z2p °P term, we see, by comparing the curve from i /9 -~
the 29-termR-matrix calculations with that from the RMPS 30 -
calculation, that the effects of coupling to the target con- L
tinuum are quite small for this spin-forbidden transition. 40 -
However, for the dipole-allowed excitation to the2p P L
term, theR-matrix result is about 20% higher than the RMPS ol—
result near the peak in the cross section. These effects ar 4
much more pronounced for the two-electron spin-allowed Energy (eV)

transition to the p? 1D term, where thdR-matrix cross sec-
tion is more than 50% higher than the RMPS cross section at FIG. 1. Electron-impact excitation cross sections from the
20 eV, 2s? 1S ground term of Be to the 2p 3P, 2s2p P, and 2?'D

As mentioned previously, electron-impact excitation data€Xcited _terms. pashed curves are from the present 29Remmtrix
from both CCC calculations and earlier RMPS calculationscalcmat'on; solid curves are from the present 280-term RMPS cal-
have been reported in the literature. Cross sections from lation; solid circles are from CCC calculations as described in
RMPS calculation that used a much smaller pseudostate exfsd and Braj9] and provided at the CCC database web sitg.
pansion than the one employed here were presented for ex-
citations from the ground term to thes2p »°P terms by and 2p?2D terms were first reported by Fursa and Bfay
Bartschatet al. [7]; this was then extended to include all and then extended to include all excitations from the ground
transitions from the ground term to the ten lowest excitedstate to the lowest 18 excited terfii€]. Bartschatt al.[8]
terms by the same authof8]. The results of CCC calcula- and Fursa and Braf9,10] also presented comparisons be-
tions for excitation from the ground term to thes2p %P tween the CCC and RMPS results. Finally, CCC data for

excitation from the 82'S ground term and the 2p *°p

TABLE VI. Absorption oscillator strengths for B&. excited terms are provided at the CCC database web site
[11]. All the published results are presented in the form of
Transition Present NIST % Diff. graphs, some of which are on a logarithmic scale. Therefore,
we have limited our comparisons in neutral beryllium to
1s°'s-1s2p 'P 569-1]"°  557-1] 2.3 those tabulated at the aforementioned web site. These CCC
1s°'S-1s3p 'P 1.34-1] 1.27-1] 5.4 data for excitation to the 2p 3P, 2s2p P, and 2?'D
1s2s°S-1s2p °P 2.10-1] 213-1] 0.9 terms are represented by the solid circles in Fig. 1, and are
1s2s35-1s3p °P 2.39-1] 253 -1] 5.7 seen to be in excellent agreement with the present RMPS
1s2s's-1s2p 1P 1.53-1] 1.49-1] 2.6 results.
1s2s1S-1s3p 1P 3.40—-1] 8.44—1] 84.9 In Fig. 2, we present results for excitation to both te
1s2p 3P-1s3d °D 6.2 —1] 6.40—1] 2.2 and 1P terms of the 23p and Z4p configurations. For the
1s2p tP-1s3d 1D 7.30—1] 7.10-1] 2.8 spin-forbidden transitions to th&P terms, near the peak in
1s3p °P-1s3d °D 7.31-2] 7.89—2] 7.6 the R-matrix cross sections, th@-matrix results are higher
1s3p *P-1s3d 'D 1.2 -2] 1.3 -2] 9.1 than the RMPS results by a factor of 2 foe=3 and a factor
of 3 for n=4. The effects of coupling to the continuum are
aSee Ref[26]. less pronounced for the two dipole-allowed transitions; how-
ba[b] denotesax 10P. ever, theR-matrix cross sections are still over 40% higher
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FIG. 2. Electron-impact excitation cross sections from the
21 3 1 H
2s°°S ground term of Be o the shp*P and Znp"P excited n?sz S ground term of Be to the €ns'S and XZnd!D excited

terms forn=3 and 4. Dashed curves are from the present 29-ter Jorms. Dashed curves are from the present 29-@mmatrix calcu-

R-matrix calculation; solid curves are from the present 280-term . =" — "
RMPS calculation; solid circles are from CCC calculations as dgatlon, solid curves are from the present 280-term RMPS calcula-

. . . tion; solid circles are from CCC calculations as described in Fursa
jvcerLbzi(iel[nlgursa and Brejt0] and provided at the CCC database and Bray[10] and provided at the CCC database web [its.

FIG. 3. Electron-impact excitation cross sections from the

there is some large scatter in the CCC cross sections for
than those obtained from the RMPS calculations. We not¢hese transitions.
that, at intermediate energies, the present results are in good The excitation cross sections for the-2np transitions
agreement with the CCC cross sections; however, there doés Be" are shown in Fig. 4. As can be seen by comparing the
seem to be some scatter in the CCC data, especially at low&®MPS andR-matrix cross sections, the effect of coupling to
energies. the target continuum for excitation to they 2erm is negli-

In Fig. 3, we show excitation cross sections from thegible and to the B term is small; however, this effect is
2s? 1S ground term of Be to the £hs'S and Znd'D ex-  much larger for excitation to thepiterm, where at the peak
cited terms. Even though the effects of coupling to the conin the cross section, the-matrix value is about 60% higher
tinuum are larger for the spin-changing transitions than theyhan the RMPS value. Also shown in this figure are the re-
are for the spin-allowed transitions shown here, we focus osults of our TDCC calculations and they are seen to be in
the latter since they provide more meaningful comparisongxcellent agreement with those from the present RMPS cal-
with excitations in the Li-like and H-like Be ions. We see culations. As mentioned previously, cross sections from both
that the effects of coupling to the target continuum are largeCCC and earlier RMPS calculations for this ion are available
for these spin-allowed nondipole transitions than they are foin the literaturg 14]. They are found to be in good agreement
the dipole-allowed transitions considered above. For excitawith each other for excitation to thep2and 3 terms; how-
tion to the Zns'S terms, the ratio of the 29-terfR-matrix  ever, there are some noticeable differences between the two
cross section to the RMPS cross section near the peak fer excitation to the 4 term at low energiegl4]. In Fig. 4,
about 2.0 fom=3 and has increased to 2.7 fo=4. Inthe  we show only the CCC results; they are seen to be in excel-
case of excitation to theshd'D terms, the ratio is 1.5 for lent agreement with the present RMPS and TDCC results for
n=3 and increases to 2.5 for=4. We also note that, in the all three transitions.
intermediate-energy range, our RMPS results are in excellent The 2s—ns and the 32— nd excitations for this ion are
agreement with the CCC results for excitation to ts@8'S  shown in Fig. 5. For these transitions, the effects of con-
terms. However, the CCC cross sections are clearly highainuum coupling for excitation to tha=3 terms are much
than the RMPS values for excitation to therd'D terms; at  larger than they are for the corresponding dipole transitions.
20 eV, the CCC values exceed the RMPS values by 11% foMoreover, at the peak in the cross sections, the ratio oRthe
n=3 and by 38% fom=4. Furthermore, at lower energies, matrix to RMPS values is about 1.8 for excitation t® @nd
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ground term of Bé to thens andnd excited terms. Dashed curves

are from the present 14-terRrmatrix calculation; solid curves are

from the present 49-term RMPS calculation; solid squares are from
2 the present TDCC calculation; dot-dashed curves from the CCC
calculation by Bartschat and Brgg4].

Energy (eV)

FIG. 4. Electron-impact excitation cross sections from tise
ground term of Bé to the np excited terms. Dashed curves are
from the present 14-ternR-matrix calculation; solid curves are
from the present 49-term RMPS calculation; solid squares are frorglectrons. Work on this is currently in progress. For these
the present TDCC calculation; dot-dashed curves from the CCQeasons, our cross-section comparisons fof ‘Bare re-
calculation by Bartschat and Brgg4]. stricted to those between our 29-tefRamatrix calculation

and our 103-term RMPS calculation. Such a comparison for
about 2.3 for excitation tod. Cross sections from the earlier the dipole-allowed excitations sf'S—1snp'P and
CCC and RMPS calculations for excitation to theandnd ~ 1s2s3S—1snp3P are shown in Fig. 6.
terms appear to be in good agreement with each q¢thér As can be seen, coupling to the target continuum is pro-
and here we only show the CCC results. The present RMPSwounced for the excitations from the ground term; for ex-
TDCC, and earlier CCC cross sections are in good agreeample at 200 eV, th& matrix cross sections are about 20%,
ment for the 3—ns excitations in the intermediate-energy 40%, and 60% above the RMPS cross sections for excitation
range. For the 8- 3d transition, the TDCC and CCC results to then=2, n=3, andn=4 terms, respectively. For the
are somewhat larger than the RMPS cross section at thexcitations from the metastable term, continuum-coupling ef-
higher energies; for example, at 50 eV, the TDCC and CCGQects are negligible for the transitions to the=2 andn=3
cross sections differ from the RMPS value by 8%. In the cas¢éerms, but at 60 eV, they have increased to just over 20% for
of the 2s—4d excitation, the RMPS and CCC results are intransitions to then=4 term. The ratios of th& matrix to
excellent agreement at higher energies, but the TDCC resul8MPS cross sections are much larger for excitations from
are from 5% to 10% higher. Nevertheless, the results from allhe ground term, since these particular transitions tend to be
of these nonperturbative calculations confirm the large efdominated by the lower partial waves, which are the ones
fects of continuum coupling in this ion. most affected by coupling to the target continuum. Although

As mentioned earlier, we are not aware of any prior close€ontinuum coupling has larger effects in a neutral species, a
coupling calculations for Be. Furthermore, the TDCC similar trend is also seen for these transitions in neutral he-
code, which describes the dynamics of two electrons in théium [28].
continuum, is not capable of calculating term-to-term excita- In Fig. 7, we present the excitation cross sections from
tion cross sections in a system with more than one valencés2s 3S metastable term to theshs®S and 1snd®D terms
electron; therefore, TDCC calculations in a heliumlike sys-in Be". We focus on the spin-allowed transitions from the
tem will have to await the development of a time-dependenmetastable state in this ion, since they provide more mean-
code that fully describes the behavior of three correlatedngful comparisons with the spin-allowed transitions from
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FIG. 7. Electron-impact excitation cross sections from the
Energy (eV) 1s2s°S metastable term of Bé to the 1sns®S and 1snd®D ex-
cited terms. Dashed curves are from the present 29-Rmatrix
FIG. 6. Electron-impact excitation cross sections fof B&om  calculation; solid curves are from the present 103-term RMPS cal-
the 1s? 1S ground term to the 4dnpP excited terms and from the culation.
1s52s3S metastable terms to theshp3P excited terms. Dashed
curves are from the present 29-tefRmatrix calculation; solid

curves are from the present 103-term RMPS calculation. pling effects for those transitions are quite small. As in the

case of B&", the effects of coupling to the target continuum
the ground state in Be as well as with the excitations fromin these dipole-allowed transitions are larger for transitions
the ground state in Be We see that, as in the cases of Befrom the ground term than they are from the metastable term,
and Be, these dipole-forbidden transitions show larger ef-again because of the importance of the low partial waves in
fects due to coupling to the target continuum than the correthe 1s—np excitations. At 220 eV, the ratio of thie matrix
sponding dipole-allowed transitions. Furthermore, these efto RMPS cross sections is 1.4 for the-3p transition and
fects are still appreciable in this doubly ionized species1.7 for the k5— 4p excitation. This ratio is small for the
especially for excitation to the=4 terms. Although not 2s—3p excitation, but at 60 eV, is 1.4 for thes2-4p tran-
shown here, continuum coupling is even larger for excitasition. The size of these continuum-coupling effects for
tions from the ¥°'S ground term to the 4ns'S and dipole-allowed transitions in a triply ionized species is sur-
1snd!D excited terms. prising.

Finally, we consider electron-impact excitation of’Be Also shown in Fig. 8 are our TDCC cross sections for the
As mentioned earlier, RMPS results for this ion were re-2s—np excitations. They are somewhat higher than the
cently reported by Ballancet al. [17] in a study of the hy- RMPS results; for example, at 50 eV, the TDCC values differ
drogen isoelectronic sequence. However, that paper only irffrom the RMPS cross sections by 12% and 6% for tise 2
cluded comparisons with the DW calculations reported in the—3p and Z—4p excitations, respectively. The fact that the
paper by Berrington and ClafkL3]. Therefore, in order to TDCC cross section is slightly above tRematrix value for
complete the present study of continuum-coupling effects irthe 2s— 3p excitation is not significant, since the effects of
the Be isonuclear sequence, we show our RMPS results ioontinuum coupling are clearly very small. However, the
comparison with the results of a 15-tefamatrix calcula- TDCC results do confirm the much larger effect of con-
tion. We also show the results of our present TDCC calculatinuum coupling for the 8—4p excitation.
tion for excitation from the 8 metastable term. In Fig. 9, we show the 15-termfR-matrix, the 57-term

In Fig. 8, we compare the cross sections for excitation ta(RMPS, and the TDCC cross sections for excitation from the
the 3p and 4p terms from the % ground term with those 2s metastable term to thes and nd excited terms. Again,
from the 2 metastable term. We have not included excita-we focus on transitions from the metastable state in this ion
tions to the 2 term in this figure since the continuum cou- to allow for comparisons with similar transitions in Be and
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FIG. 8. E|ectr0n_impact excitation cross sections from tlse 1 FIG. 9. EleCtron'impaCt excitation cross sections from tlse 2
ground term and the?metastable term of B& to thenp excited ~ Metastable term of Be to thens andnd excited terms. Dashed
terms. Dashed curves are from the present 15-Ramatrix calcu-  Curves are from the present 15-tefRamatrix calculation; solid
lation; solid curves are from the present 57-term RMPS calculation€urves are from the present 57-term RMPS calculation; solid
solid squares are from the present TDCC calculation. squares are from the present TDCC calculation.

its other ions. The RMPS and TDCC results are in goodo represent the N+ 1)-electron continuum becomes pro-
agreement for excitation to thies terms. For this ion, there is hibitively large at high energies. However, to include an ac-
also good agreement for the-2:4d excitation; however, the curate description of the resonance contributions using either
TDCC cross sections are larger than the RMPS values bghe CCC or TDCC methods would be prohibitively time con-
about 7% for the 8—3d excitation. The effects of con- suming, since this would require separate close-coupling cal-
tinuum coupling are still large, especially for excitation to culations at a very large number of energies. On the other
the n=4 terms. For example, at 60 eV, tiiematrix cross hand, the RMPS method provides an efficient way to accu-
sections are about 40% and 70% above the RMPS values feately describe the resonance contributions, which are impor-
the 2s—4s and Z—4d transitions, respectively; again this tant for the low-temperature modeling of fusion plasmas.
is surprising for a triply ionized species. Thus the present RMPS results represent the most complete
set of excitation data for modeling applications of beryllium
in the edge region of magnetically confined plasmas.

In addition to our RMPS calculations, we also performed
We have completed an extensive setRfmatrix with  standardR-matrix calculations that included the same target
pseudostate calculations of electron-impact excitation for bedescription, but did not include those pseudostates in the
ryllium and all its ions. In addition, we have carried out close-coupling expansion that were used to represent the
time-dependent close-coupling calculations for excitatiorhigh-Rydberg states and the target continuum. Since the tar-
from the ground and metastable terms of Band the meta- get structure for these two calculations is identical, a com-

stable term of B&", and we have compared our RMPS crossparison of the results of the RMPS aRematrix calculations
sections with these as well as with some earlier convergerdllowed us to determine the effects of coupling to the target
close-coupling calculations for Be and Be continuum on electron-impact excitation cross sections. As
The TDCC, CCC, and RMPS methods are all capable obne might expect, these effects are quite large in the neutral
including the effects of coupling to the target continuum,species, especially for excitations to the-4 terms. How-
which are important in atoms and low-charge-state ions irever, they were also found to be significant in all stages of
the intermediate-energy region. The TDCC and CCC methionization, and in the case of the He-like and H-like species,
ods have the advantage that, in general, they can be carriede especially pronounced for excitation from the ground
out to higher electron energies than the RMPS methoderm.
which is limited by the fact that the basis-set expansion used Thus, if one wishes to generate accurate excitation cross

IV. CONCLUSIONS
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sections at intermediate energies in neutral and lower chargeaatrices that must be considered increases by about a factor
state species, coupling of the bound states to the target coof 5. Whether such a calculation is even feasible with present
tinuum must be included. The size of the close-coupling exmassively parallel machines has not yet been determined.
pansion that is required in the RMPS calculations can preseftlearly more work needs to be done on ways to include these
difficulties. In neutral beryllium, we included 280 terms in continuum-coupling effects more efficiently.

our close-coupling expansion, and even with the use of effi-

cient parallel programs and massively parallel machines,

such calculations become exceedingly ti_me consuming. We ACKNOWLEDGMENTS
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