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Electron-impact ionization of all ionization stages of beryllium
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Efforts to provide accurate atomic collisional data for use in fusion plasma models have been extended to
provide electron-impact ionization cross sections for all stages of beryllium. lonization cross sections are
presented from the ground and first excited states of Bg, Be?", and BE™". For all cases, two perturbative
distorted-wave methods are used to calculate the ionization cross section. For'Beari8eBé ", the non-
perturbative time-dependent close-coupling andRheatrix with pseudostates methods are used to calculate
the ionization cross sectionB matrix with pseudostates calculations are also presented for. Be general,
the two nonperturbative methods are in good agreement with each other for electron-impact ionization of Be,
Be", and B&". Furthermore, for ionization from the ground and the first excited states of Be and the first
excited state of Be, the perturbative distorted-wave calculations are significantly higher than the nonpertur-
bative calculations. The atomic level resolved rate coefficients generated in this work have been archived and
will be used to increase the accuracy of collisional-radiative modeling for beryllium.
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[. INTRODUCTION especially for optically forbidden transitions.
A previous set of calculations for the electron-impact ion-

The increasing use of light elements, such as heliumization of the ground state of Behas also been made by
lithium, and beryllium as constituents of plasma facing com-Pindzola et al. [11]. Here, time-dependent close-coupling
ponents and as diagnostic tools in fusion plasma deviceSTDCC) calculations were compared to time-independent
challenges plasma modelers to provide accurate simulationsatrix with pseudostates calculations; very good agreement
of the complex physical processes inherent in fusion plaswas found between the two sets of nonperturbative calcula-
mas. Lithium has been used extensively as a plasma diagnatsens, which were both lower than the only existing experi-
tic [1] and helium is used both for heating and diagnostics irmental measurements of Falk and Dui} by more than
several fusion plasma devices. Recent theoretical studies 80%. A study of comparisons between RMPS and CCC cal-
the electron-impact excitation and ionization of lithium and culations by Bartschat and Br&$2] came to similar conclu-
its ions[2] highlighted the need for a comprehensive reviewsions: the nonperturbative theories, while in very good agree-
of the lithium database, and this has now been comp[&kd ment with each other, were consistently lower than the only

Recently, beryllium has been proposed as a first wall comavailable experimental measurements.
ponent for the plasma-facing material in the planned ITER In this paper, we present ionization cross sections from
experimen{4], due to its lowZ and strong radiation proper- the ground and first excited configurations of neutral Be,
ties at the low electron temperatures present in the divertoBe®, Be?", and BEé". lonization cross sections from ex-
These applications have focused interest on the atomic datated configurations calculated by nonperturbative methods
used to model the interactions with fusion plasmas. Howhave been shown to differ greatly from perturbative calcula-
ever, there exists little experimental or theoretical data fotions [13,14] for neutral species. Also, the large cross sec-
the electron-impact excitation or ionization of beryllium and tions for ionization from excited configurations can signifi-
its ions. There have been few experimental efforts to obtairtantly affect ionization rate coefficients and population
cross sections for excitation or ionization of beryllium or its models.
ions, due to its toxic nature. Only one set of experimental Perturbative distorted-wave calculations are presented for
measurements for the electron-impact ionization of B8]  all systems and the nonperturbative TDCC method is used to
seems to exist in the literature. calculate the ionization cross sections for all ions except

On the theoretical side, studies of the elastic electronBe>*, where for this three times ionized system, perturbative
beryllium scattering cross sections have been made by Furgalculations are expected to be fairly accurate. RMPS calcu-
and Bray[7,8] using the convergent close-coupliiGCQO lations are made for all ions. The distorted-wave calculations
method. They also provided electron-impact ionization crossvere made using a configuration-average set of programs
sections from the ground state. These followed earlier calcy-15] which have been used in calculations of ionization cross
lations using thérk matrix with pseudostatd®RMPS method  sections for many atomic systems.
by Bartschaet al.[9,10] of inelastic excitations into the low- The TDCC theory was first introduced for electron scat-
lying states of neutral beryllium. Overall, these two methodsering in the calculation of the electron-impact ionization of
were found to be in good agreement and the effect of couhydrogen16,17. It has since been applied to a wide variety
pling to the target continuum was found to be important,of electron-impact excitation and ionization calculatigsse
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Ref.[18] for a recent review The R-matrix programs used

to perform the RMPS calculations are modified versions of

the RMATRXI [19] codes. They have been implemented for

PHYSICAL REVIEW A 68, 032712 (2003

distributed-memory parallel computers, and include the or-

thogonalization procedure between pseudostate and co
tinuum orbitals as developed by Gorczyca and Badragl].
These codes have already been used extensively in studies
electron-impact ionizatiof13,21] and excitation 22,23 of
other atomic ions.

In the following section, we give a short overview of the
distorted-wave, TDCC, and RMPS theories as applied to th
electron-impact ionization of Be and its ions. We then

k2
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&ndz is the atomic number. The dire¥t, potential is given

present cross sections for electron-impact ionization of all Be
ions and compare our nonperturbative results with distorted-

wave calculations, as well as other calculations, where avail-

able. In Sec. IV, we discuss efforts that will be required to
address the atomic data needs of fusion plasma modelers.

Il. THEORETICAL METHODS

A. The time-independent distorted-wave method
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where thePnu|u(r) are configuration-average Hartree-Fock

bound radial orbital§24]. The exchang#&/y potential is cal-
culated in a local-density approximati¢®5]. The incident-

The configuration-average distorted-wave expression foand scattered-electron continuum orbitals are evaluated in a

the direct ionization cross section of thel;)"t subshell of
any atom is giveri15] by
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where the linear moment&;(,k.,k;) and the angular mo-
mentum quantum numbers; (I.,l;) correspond to the in-

coming, ejected, and outgoing electron, respectively. The to-

tal energy E=(k/2)—1=(k2/2)+ (k?/2), wherel is the

VN potential, while the ejected continuum orbital is calcu-
lated in aVN~! potential[5], whereN=3 ,w, is the total
number of target electrons. These calculations are listed as
DWIS(N) (distorted-wave with incident and scattered elec-
trons calculated invN potential$ in the following sections.
The DWIS(N) method has proved especially accurate for
high angular momentum scattering. A second set of calcula-
tions was also made where the incident, scattered, and
ejected electrons were calculated invd™! potential[26],
listed as DWISN—1) in subsequent sections. This method
is generally more accurate for low-angular-momentum scat-
tering. The continuum normalization for all distorted waves
Is one times a sine function.

subshell ionization energy. The first-order scattering prob-

ability is given[15] by
Pl le Tt ki ke ke)

=2 Al R Kl kil o kil T2
+2 BN RN (Kl kel eundl kil 12
)\I

+20 2 I R Kle il nd il RY
)\!

X(kflf!kele!ntlt!kili)i (2)

where the angular coefficients,B,C may be expressed in
terms of standard 3 and 6-j symbols, ancR" are stan-
dard radial Slater integrals.

The radial distorted waveB,,(r) needed to evaluate the
Slater integrals are solutions to a radial Sclinger equation
given by

B. The time-dependent close-coupling method

The configuration-average time-dependent close-coupling
expression for the direct ionization of the,l;)"t subshell of
any atom is giveij17,27] by

4
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whereL is the angular-momentum quantum number obtained
by couplingl, andl; (or I, andl;) andSis the spin momen-
tum quantum number obtained by coupling two spietec-
trons. The scattering probability is obtained by projecting the
two-dimensional radial wave functioR}? (ry,r»,t) onto

appropriate products of bound and continuum radial orbitals
at a suitable time after the collision.
The radial wave function®|; (r1,r,,t) are solutions to

the time-dependent radial Scklinger equation given by
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function at a time =T following the collision is obtained by £ 4 L
propagating the time-dependent close-coupling equations Okhf ®r o
a two-dimensional finite lattice. The two-electron wave func- g ool ¥

tions fully describe the correlation between the ejected anc
scattered electrons at all times following the collision.
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The bound and continuum radial orbitals required to de- 9 2 o a0 s g
. .. . . . ectron Energy (eV)
scribe the initial state and for projection can be obtained by
diagonalization of the Hamiltonialn(r) of Eqg. (4) on a one- FIG. 1. Electron-impact ionization cross sections for neutral Be,

dimensional finite lattice. The directVg) and local ex- from (a) the ground $22s? configuration andb) the first excited
change V) potentials are constructed as pseudopotentialeZZSZp configuration. The solid lines are the time-dependent
in which the inner nodes of the valence Hartree-Fock orbitalglose-coupling calculations. The dot-dashed lines are the RMPS cal-
are removed in a smooth manner. This prevents unphysicgHlations and the short-dashesiith crossepand dotted linegwith
excitation of filled subshells during time propagation of thesquaresare the DWISN) and DWISN—1) calculations, respec-
close-coupled equatioi&8]. The Fourier-transform method tively. The solid line with squares are CCC calculations from Ref.
[29], used to extract the ionization cross section for many:’} Inb(br)1 ‘"’l‘:' CZl|CU|a:L0nSRiMnggde ilonliz?tion fromf both .the;_a“‘i
e ; i ; p subshells. Also, the calculations are for ionization from
Lﬂzldggﬁleiictron ener.gles.for only one time propagation the 152252p P term only (1.0 Mb=1.0x 10”8 cn?),

ger equation, is employed to obtain cross sec
tions over a wide range of energies around the peak of the

ionization cross sections. _ The final r_nodels used for all RMPS_ calculati_ons_ of t_he
o ions of beryllium employed pseudo-orbitals ranging in prin-
C. The R-matrix with pseudostates method cipal quantum number up to 14 and orbital angular momen-

The RMPS method excels in providing many energytum from O to 4. Including more pseudo-orbitals, rather than
points from the ionization threshold onward and in giving thetheir spectroscopic equivalent, proved beneficial in two
ionization cross sections from the ground and metastabl@ays: First, the ionization cross sections had less “ripples”
terms in a single calculation; it has been described in detaffom pseudoresonances due to more complete pseudostate
elsewherde.g., Refs[21,30). In our implementation of this bases. Second, the size of Renatrix box for ions is largely
method, the target continuum is represented by a set of norﬁietermined by the radial extent of the SpeCtI’OSCOpiC Orbitals;
orthogonal Laguerre pseudo-orbitals that are generated usirigus by using pseudo-orbitals for all principal quantum num-
the programauTosTRUCTURE[31]. These orbitals are then bers aboven=2, the (N+1)-electron continuum basis could
orthogonalized with respect to the spectroscopic orbitals anf€ kept relatively small, allowing us to calculate cross sec-
with each other. With the exception of neutral beryllium, tions to higher energies. Because of the size of the RMPS
spectroscopic orbitals were employed only for those stategalculation for neutral beryllium, a more limited representa-
from which we determined ionization cross sections. How-tion of the target continuum was necessary. Pseudostates
ever, the RMPS calculation for the neutral atom is very largevere used froom=5 to n=11 for the Znl configurations
and we plan to use the same calculation to study electrorfnd fromn=5 to n=10 for the Znl configurations, again
impact excitation of beryllium. For this reason, spectroscopidvith | ranging froml =0 to | =4.
orbitals were employed through=4.

Extensive pseudostate bases were used in an effort to con- . RESULTS
verge the ionization cross sections from the ionization
threshold to at least four times this energy for the neutral and
singly ionized species, and twice this energy for the doubly In Fig. 1, we show the electron-impact ionization cross
and triply ionized species. In the case of the ions, a variety oections for neutral beryllium, frorfe) the ground %°2s?
calculations involving different expansions of spectroscopicconfiguration andb) the first excited $*2s2p configura-
and pseudostate terms were performed and compared in dien. Our TDCC calculations were made using a uniform
der to ensure consistency between different models. The ionmesh with mesh spacing dfr =0.2 with 512 mesh points.
ization cross sections were determined from the sum of th@artial-wave ionization cross sections were calculated for
cross sections to those pseudostates above the ionizatitr=0—-6 and then “topped up” with distorted-way®WIS
threshold. (N)] calculations for highet. up toL=50. The DWIS{)

A. Electron-impact ionization of Be(1s%2s?) and (1s?2s2p)
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method was used for the top-up as it is known to be moreand RMPS calculations peak at a slightly lower energy than
accurate for higher-angular-momentum states. We also cathe TDCC calculation. Interestingly, the RMPS calculations
ried out further TDCC calculations up to=10 for selected seem to bisect the difference between the TDCC and CCC
electron energies as a check on the accuracy of our top-ugalculations at the higher energies.

these extended calculations differed by at most 5% at the At least part of the difference between the TDCC and the
highest electron energies shown in Fig. 1. The Fourierother two close-coupling calculations may be caused by a
transform method29] was employed to extract ionization |ack of correlation in the description of the target in the time-
cross sections at a wide range of energies around the peak gépendent calculations. The need for aeudo-orbital to
the cross section, from incident electron energies of 15 tQyoid unphysical filling of the & orbital does not allow us to
100 eV. A pseudopotential was employed to construct #1€ 2, jude any two-electron correlations €2+ 2p?+ - --) in
orbi_tal for sca_ltterir)g from the ground state of t_)eryllium o qur target description. On the other hand, the CCC and
avoid unphysical filling of the & orbital. By a suitable ad- ~ pyips “calculations both include ground-state correlations.

J\l/Jstn;;znt. of thf‘. cotifﬂmﬁnT doff thetLocaI excga?gte p?fnt'?lHowever, this does not explain the smaller difference be-
x. the lonization treshald rom the ground state of berylyeen the RMPS and CCC calculations.

lium is tuned to the experimental value of 9.32 E82]. For . C .

. i . X : In Fig. 1(b), we present ionization cross sections for elec-
electron scattering from the first excited configuration of be-t ttering f the first tedd2s? f r
ryllium (1s?2s2p), the 2p orbital was calculated in a ron scattering from the first exciteds l2sep conniguration

Hartree-Slater potential constructed using the @seudo- of '?ery'"“m' Again we pre_sent Tbcc calculatio_ns as de-
orbital. This gave a configuration-average ionization threshSCriPed and both sets of distorted-wave calculations as be-

old of 5.95 eV, again in good agreement with the experimenfore- We also present RMPS calculations for ionization from

tal value[32]. We comment that, for ionization from thep2 the 252p 3P metastable term. All calculations include ion-
subshell of the excited 2p configuration, three times as ization contributions from both thes2and 2o subshells. For
many angu|ar-momenta channels are required due tdtthe th|S Conﬁguration, the TDCC a.nd RMPS Calculations are in
=1 nature of the target. We also performed TDCC calculaduite good agreement in the threshold region. The two sets of
tions for ionization from the & subshell of the 82p con-  calculations may start to differ at higher energies. Unfortu-
figuration, leaving the ion in thesf2p configuration. In this  nately, we cannot test this since the RMPS calculations can-
case, the configuration-average ionization threshold wasot be extended to the higher energies considered here due to
found to be 9.92 eV, in good agreement with thecomputational restrictions on the number of pseudostates that
configuration-average experimental value. can be included as well as limits on the size of the basis set
As mentioned in the preceding section, the RMPS calcuused to represent théN@ 1)-electron continuum.
lation was performed using spectroscopic orbitals for all It is interesting that the configuration-average TDCC cal-
2snl and 2onl configurations up ton=4 and pseudo- culations are in such good agreement with the RMPS calcu-
orbitals for all Znl configurations froom=>5 ton=11 and  |ations made from theé’P term of the Z2p configuration.
all 2pnl configurations froon=>5 to n=10, for a total of  This indicates that the2and 2p orbitals used in the TDCC
280 terms. We employed 45 basis orbitals to represent thgy|cyiations are very similar to theszind 2p orbitals which
(N+1)-electron continuum, and the size of fRenatrix box  ake up thé’P metastable term. However, it should be men-
was 71'.7 a.u. . _ tioned that the time-dependent calculations presented here
In Fig. 1a), our nonperturbative calculations are for neutral Be should be considered as a first step towards a

E)?leg?rNe)d a\rllvéthD\}\\;\llg Wsstls) o;Sd'SrLO\/rith;INac\j’ii Cﬁzls(;ﬂat_'l%ls’complete description of ionization using the TDCC method.
. »asp y o A much more extensive three-electron calculation would be
TDCC calculations and the distorted-wave calculations have

peaks at different electron energies, and the TDCC calculgrccessary to provide a ful t_reatment of ground-state correla-
tions are considerably lower in magnitude in this region.tlon and term dependence n thg@ excited {statgs.
However, by 80 eV and abovever five times the ionization '€ nonperturbative calculations shown in Figb)lare
threshold, both sets of distorted-wave calculations are in&most a factor of 2 lower than the distorted-wave calcula-
good agreement with the TDCC calculations, since for thdions in the region of the peak of the cross section. The sharp
higher energies considered, the cross section will be dom#ise in the DWISQ) cross section at around 10 eV is due to
nated by contributions from the higher partial waves. the very sharp onset of ionization from thes Zubshell,

In Fig. 1 we also show RMPS calculations for ionization which has a much more gradual onset when calculated by the
from (a) the ground state ang) in the metastable2p 3P other methods. Again, at the highest energies considered
term of beryllium. For ionization from the ground state, the (over 15 times the ionization threshgldhe distorted-wave
TDCC and RMPS calculations are in fairly good agreementcalculations are in good agreement with the TDCC calcula-
with the RMPS results about 9% below those from thetions, due to the increasing contribution from the higher par-
TDCC calculation near the peak in the ionization cross sectial waves at these energies.
tion. In Fig. 1a) we also compare with CCC calculations  Unfortunately, there are no experimental measurements
from Ref.[7]. These, while showing good agreement in thewith which to compare for ionization from any configuration
low-energy region(around 20 eV with the TDCC and of neutral beryllium. A series of experimental measurements,
RMPS calculations, are lower than the TDCC calculations byalthough difficult for this toxic element, would prove very
about 20% at higher energies. It also appears that the CCheneficial. However, by comparing perturbative calculations
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_FIG. 2. Ratio of the direct ionization ratg goefficients calcula_ted FIG. 3. Electron-impact ionization cross sections for Eeom
using the DWISN) method to the rate coeffl(:le_nts_ calculated using (a) the ground $22s configuration andb) the first excited $22p
the TDCC method for neutral Beé?)_. The ratio is plotted as a configuration. The solid lines are the time-dependent close-coupling
function of the electron temperature in eV. calculations. The long-dashed lin@gith crossesare the DWISN)

. L . . calculations and the dotted linéwith squares are the DWISN
with more sophisticated nonperturbative calculations, and by 1) calculations. The dot-dashed lines &enatrix with pseudo-

exploring any differences between these, an accurate datgeres calculations, the solid squares are CCC calculations from
base of ionization cross sections and rates may be COM34] and the experimental measurements are from FReJ.

structed. (1.0 Mb=1.0x 10" cn?).

The cross sections presented in Fig. 1 are generally con- )
verted into ionization rate coefficients when used in awith pseudostates methods has already been made by Pin-

collisional-radiative modeling calculation. This involves in- dzolaet al. [11]. However, in the interests of fompleteness,
tegrating the cross section with a Maxwellian temperaturéVe confirm and extend these calculations for' BAlso, we
distribution. The collisional ionization equilibrium region, S€€ rends in our work on this ion that are similar to our
which is the region where ionization and recombination ard’’€Vious calculations on the ground and first excited states of
approximately equal, is typically around an order of magni- ithium [13]. . . . .

tude below the ionization threshold of the ground configura- Our TDCC calculations were made again using a uniform

tion. Hence the low-energy region of the cross section is vermeSh of Ar :0:2 with 512 mesh points. The l_=ou_r|er_-
important in modeling any plasma. This is especially true in ransform technique was also employed to extract ionization

isiondir0ss sections over a wide range of incident-electron ener-
gies. The pseudopotential employed to construct ther2

ionization equilibrium[33]. lonization can occur below the Y=°- o . .
pital, in a manner similar to the previous set of calculations,

ionization threshold of the ground state due to the width o .
g was tuned to the experimental value of 18.21 [82] for

the electron Maxwellian distribution. In Fig. 2, we present "> ™ o e .
g P ionization from B€ (2s). The ionization threshold for ion-

the ratio of the rate coefficient calculated using the =" &
DWIS(N) cross sections to the rate coefficient calculatedZation from the » state of Bé was tuned to be 14.25 eV,

using the TDCC cross sections for ionization out of ths 2 also in good agreement with experiment.
ground state. The ratio of over 10 below about 0.8 eV high- For t_he new RMPS calculations fo_r this ion, three spec-
lights the large differences at low temperatures betweeﬁroscopm.orbltals and 57 p_se_udo-orbltals upnte 14. were
cross sections calculated using the two methods. These dire@c!uded in the target description. A total of 42 basis orbitals
ionization rate coefficients, which, together with excitationWe'® used to represent thél 1)-electron continuum for
and recombination rate coefficients and collisional data fronfach value of the angular momentum and the size of the
excited levels, go into the collisional radiative model andR-matrix box was 42.0 a.u. In this ion, we carried out several
emphasize the need for nonperturbative calculations for nel®MPS calculations in which we varied the Laguerre pseu-
tral atoms. doorbitals in order to study the sensitivity of the resulting
ionization cross section to the energies of the pseudo-states.
We found variations in the cross sections of the order of 5%
between these calculations. For the RMPS results presented
In Fig. 3, we present electron-impact ionization cross sechere, the pseudostates were adjusted until they were spaced
tions for lithiumlike Be™ from (a) the ground $?2s and(b)  equally about the ionization limit, since this tends to reduce
the first excited $°2p states. We note that a study of the amount of bound character included in the positive-
electron-impact ionization of Befrom the ground state us- energy pseudostates. However, this sensitivity study is useful
ing both the time-dependent close-coupling dranatrix  in providing some estimate of the uncertainty in the RMPS

B. Electron-impact ionization of Be*(1s?2s) and (1s°2p)
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ionization cross section arising from the choice of the pseu- ' '
dostate basis.

In Fig. 3(a@), we present the new TDCC calculations for
ionization from the 2s ground state for incident-electron en--
ergies from 30 to 150 eV. The TDCC calculations are in good
agreement with the RMPS calculations performed from g
threshold to 79 eV, with the largest discrepancy at 40 eVS
where the TDCC results are about 4% below those from theg 1.10 1 ]
RMPS calculation. We confirm that the present TDCC resultsg
are also in excellent agreement with the TDCC results preg
sented in Ref[11], although the current calculations have %
been made with larger box sizes and increased angular mcg
menta in the close-coupling expansions. This also holds trué®
for the agreement between the present and earlier RMP¢
results, although the current RMPS calculation was carried 100 . .
out with a larger pseudostate basis. We further note from this 0.1 L0 100 100.0
figure that our calculations are also in good agreement with TEn
earlier CCC calculationg34]. FIG. 4. Ratio of the direct ionization rate coefficients calculated

DWIS(N) and DWISN—1) calculations are also pre- using the DWISWN) method to the rate coefficients calculated using
sented, and found to be higher than the nonperturbative cajhe TDCC method for ground state Bgs). The ratio is plotted as
culations near the peak of the cross section, although there ésfunction of the electron temperature in eV.
good agreement between the perturbative and nonperturba-
tive calculations at the highest energ_ies considered. For the Electron-impact ionization of Be*(1s?) and (1s2s)
case of B&(2s), there are also experimental measurements ) ] o
available, the only measurements for any of the Be species !N Fig. 5, we present electron-impact ionization cross sec-
considered in this study. The measurements of Falk anfons from heliumlike B&" from (a) the ground 3> and(b)
Dunn[6] are shown as black circles in Fig(a these mea- the first excited 3;2_3 configuration. Agam we show results
surements are up to 30% higher than all the theoretical caffom two sets of distorted-wave calculations, and nonpertur-
culations over the entire energy range considered. As dideative TDCC and RMPS calculauon;. For this twice-ionized
cussed in Ref.[11], the excellent agreement between System, the distorted-wave calculations can be expected _to
different close-coupling calculations is a good evidence fo?eécome more accurate as the nuclear term of the potential
the need of the experimental measurements fof Be be begins to dominate the electronic term. For this case, the
reexamined. TDCC calculations were still made with 512 mesh points,

In Fig. 3(b), we present electron-impact ionization cross
sections for Bé from its first excited statesf2p. Again we ;
present TDCC calculations over a wide range of impact en-5 | | @ Be"as)
ergies, from 20 to 140 eV, and the RMPS results over a more2
restricted range from threshold to 75 eV. The same mesh Wa»g 10k
used in this TDCC calculation as in the calculation from the
2s ground state, although again for this case, three times a§ 05 -
many angular-momenta channels are coupled due td;the :
=1 nature of the target. The TDCC calculations are in ex- 00 -~ m o o~ 500
cellent agreement with RMPS calculations at 20 eV, but are 15 . , .
slightly below the RMPS result&@bout 9% at the peak in
the TDCC cross section. Both are lower than both sets of
distorted-wave calculations, DWIN} and DWISN—1),
around the peak of the cross section, although there is goo
agreement at the highest energies considered. We note th
the magnitude of the ionization cross section froni §&p)
is around twice as large as that from the grounsl) (&ate, as , ,
noted previously for neutral lithiurfil3]. 0 100 200 300 400

In Fig. 4, we also present the ratio of the rate coefficient Electron Energy (V)
calculated using fitted DWIS() cross sections to the rate g 5, Electron-impact ionization cross sections fo? Bérom
coefficient calculated using fitted TDCC cross sections, folg) the ground %2 configuration andb) the first excited $2s con-
ionization out of the 8 ground state of Be. The ratio iS  figuration. The solid lines are the time-dependent close-coupling
smaller than that obtained for neutral Bég. 2), but is still  calculations. The long-dashed lin@sith crossesare the DWISK)
significantly higher than 1.0 in the low-temperature region.calculations and the dotted lindwith square}s are the DWISN
This again reflects the large differences at low temperatures 1) calculations. The dot-dashed lines are the RMPS calculations
between cross sections calculated using the two methods. (1.0 Mb=1.0x 10" 8 cn¥).

cients

115 J

coeffi

1.05 J

(b) Be™"(1s2s)

10 -

—
% —x DWIS(N)
&—a DWIS(N-1)
—— TDCC
—-— RMPS’s

Cross Section (Mb)

032712-6



ELECTRON-IMPACT IONIZATION OF ALL . .. PHYSICAL REVIEW A 68, 032712 (2003

although now with a uniform mesh spacing afr=0.1, N
which was necessary to obtain accurate orbital energies. Thiz 3 [ @Be'ls)
reflects the fact that the twoslelectrons are tightly bound to
the Z=4 nucleus in this case, necessitating a smaller mesk:
spacing in this region. Theslhydrogenic orbital of B&"
was first calculated and then a complete set of radial orbitalss
for heliumlike B&" was obtained by diagonalization of the
single-particle Hamiltonian given by E(). A parameter in 0 200 A0 B00: 800, 1000 1200 1400
the exchange potential was adjusted to ensure that the single 8 ' ' '

particle energies are in good agreement with experimenta
measurements. For the ground state of Bethe ionization
threshold was 153.85 eV, in good agreement with the experi-
mental measurement. For theZs first excited configura-
tion, the ionization threshold was 34.03 eV, again in fair

ection (Mb
S o
w =

1

0ss S
(=1
)
T

(=}

Cross Section (Mb)
~
T

‘ . - ! 2t / =—x DWIS(N) 8
agreement with the configuration-average experimental =—= DWIS(N-1)
value. In the RMPS calculations, 60 spectroscopic and . s e KM
pseudo-orbitals were included in the target description, re-  ° 100 200 300 400

sulting in 119 terms; in addition, 52 basis orbitals were used Blectron Enerey (V)

to represent theN + 1)-electron continuum for each value of  FIG. 6. Electron-impact ionization cross sections fof Bé&rom
the angular momentum, and the size of Bimatrix box was  (a) the ground % configuration andb) the first excited 8 configu-
27.4 a.u. ration. The long-dashed lindwith crossesare the DWISWN) cal-

In Fig. 5(@), we show the ionization cross section from the culations and the dotted lindwith squaresare the DWISN—1)
ground state. It is evident that the TDCC and RMPS calcu<alculations. The dot-dashed lines are the RMPS calculations
lations are in excellent agreement over all energies consid-1.0 Mb=1.0x10" ¢ cn¥).
ered. Also, the distorted-wave results are in fairly good
agreement with the results from the nonperturbative calculaof the incident and scattered electrons makes a smaller dif-
tions, especially for the DWI) calculation. As expected, ference to the ionization cross section in this case. Again, for
the distorted-wave calculations are becoming more accurat@is case, there are no experimental measurements with
as the charge state increases. which to compare. We note that the magnitude of the cross

For ionization from the §2s excited configuration shown Sections in this case are appreciably smaller than in the pre-
in Fig. 5(b), the configuration-average TDCC and RMPS cal-Vious ion stages, simply demonstrating the strength by which
culations from the metastabRS state are again in excellent the electron is bound to the nucleus.
agreement over the range of all energies considered. In this
case, the DWISY) calculations are higher by around 20% in IV. SUMMARY
the region of the peak of the cross section, although again at

higher energies they are in very good agreement with botta1 Inrtrt\ils Fap?ar, IWt(ie Ea\?erptrheseTte?r anCi%mpr(t%file:i?Vg zet fOf
nonperturbative calculations. eoretical calculations for the electron-impact lonization o

beryllium and its ions, from both the ground and first excited
configuration of all systems. For neutral Be, the time-
dependent close-coupling arl@matrix with pseudostates
Finally, in Fig. 6 we present ionization of hydrogenlike calculations were compared with previous convergent close-
Be**, again from(a) the ground (%) and (b) the first ex-  coupling calculations. For Be the TDCC and RMPS were
cited (2s) states. In this case, we show an RMPS calculatiorcompared with an older set of experimental measurements.
and the two sets of distorted-wave calculations. In the RMP$or B€" the TDCC and RMPS calculations were in excel-
calculation, 60 spectroscopic and pseudo-orbitals were inlent agreement. For B&, only RMPS calculations were pre-
cluded, 48 basis orbitals were used to represent theented, and for all cases these nonperturbative calculations
(N+1)-electron continuum for each value of the angularwere compared with two sets of distorted-wave calculations.
momentum, and the size of tHematrix box was 20.2 a.u. These ionization data have now been inserted into the atomic
We did not calculate cross sections using the TDCC methodata and analysis structut@DAS) databas¢35] and will be
in this case, as it can be expected that fairly accurate crossade available to other atomic databases as required.
sections can be produced using the distorted-wave methods Although this work represents a significant step forward
for this three-times-ionized species where the nuclear potenn the ionization data for Be and its ions, more work still
tial term will completely dominate the electron interaction remains to calculate accurate electron-ion scattering data for
term. This is supported by the fact that both sets of distortedthese systems. Nonperturbative calculations are necessary for
wave cross sections are in good agreement with the RMP®nization from more highly excited states, especially in neu-
cross section, although the differences are somewhat largénal Be and in Bé. Also, RMPS calculations of electron-
for ionization from the 2s excited state. Furthermore, thempact excitation cross sections for Band B&", as well
similarity between the DWIS{) and DWISN—1) results as neutral Be, are now well underway. The calculations for
demonstrates that the choice of potentials for the evaluatiothe ions of beryllium are being done separately from these

D. Electron-impact ionization of Be**(1s) and (2s)
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ionization calculations, since a larger number of spectroions (which may act as impurities within the plasmare
scopic orbitals have to be included in the target descriptionneeded, although some recent progress has recently ben
These results will be reported later and will be compared tanade for ionization calculations of oxygen iof&7]. Also,
TDCC results for excitation above the resonance regiongollisional data are necessary for the noble gases, especially
which are produced automatically in the TDCC calculationsneon and argon, which have been used as disruption mitiga-
presented here. The collisional radiative model also requiretors in some fusion plasma devices.
accurate recombination data. Calculations of dielectronic re- lonization and excitation calculations for these more com-
combination of Bé, B€", and BE" have already been plex systems require not only larger nonperturbative calcula-
made[36] as part of a larger project to calculate dielectronictions but some theoretical development. For example, devel-
recombination for many isoelectronic sequences of astroepments in the TDCC method are required in order to
physical and fusion interest. This work is nearing completionaccurately describe electron-impact ionizati@nd excita-
of a series of calculations on dielectronic recombination oftion) from open shell systems containing several terms in the
elements in the first row of the periodic table and furtherconfiguration. Although the current configuration-average
calculations are planned. approach can be modified by multiplication of an appropriate
Once all the electron-ion scattering calculations are combranching ratio to obtain the ionization from a particular
pleted, the full impact of these sets of nonperturbative resultgerm, the accurate description of a continuum electron with
on the collision-radiative model for beryllium can be as-the remaining core electrons in an open shell remains an
sessed. These new data, which should represent a significamitstanding problem. Work on this is in progress.
improvement on the existing databagehich was largely
derived from semiempirical fis represent a step fqrward in ACKNOWLEDGMENTS
efforts to accurately model fusion plasma devices. Still,
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