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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. Ionization cross sections are
presented from the ground and first excited states of Be, Be1, Be21, and Be31. For all cases, two perturbative
distorted-wave methods are used to calculate the ionization cross section. For Be, Be1, and Be21, the non-
perturbative time-dependent close-coupling and theR matrix with pseudostates methods are used to calculate
the ionization cross sections.R matrix with pseudostates calculations are also presented for Be31. In general,
the two nonperturbative methods are in good agreement with each other for electron-impact ionization of Be,
Be1, and Be21. Furthermore, for ionization from the ground and the first excited states of Be and the first
excited state of Be1, 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 The atomic level resolved rate coefficients generated in this work have been archived and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.

DOI: 10.1103/PhysRevA.68.032712 PACS number~s!: 34.80.Kw
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I. INTRODUCTION

The increasing use of light elements, such as heliu
lithium, and beryllium as constituents of plasma facing co
ponents and as diagnostic tools in fusion plasma dev
challenges plasma modelers to provide accurate simulat
of the complex physical processes inherent in fusion p
mas. Lithium has been used extensively as a plasma diag
tic @1# and helium is used both for heating and diagnostics
several fusion plasma devices. Recent theoretical studie
the electron-impact excitation and ionization of lithium a
its ions@2# highlighted the need for a comprehensive revi
of the lithium database, and this has now been completed@3#.

Recently, beryllium has been proposed as a first wall co
ponent for the plasma-facing material in the planned IT
experiment@4#, due to its lowZ and strong radiation proper
ties at the low electron temperatures present in the dive
These applications have focused interest on the atomic
used to model the interactions with fusion plasmas. Ho
ever, there exists little experimental or theoretical data
the electron-impact excitation or ionization of beryllium a
its ions. There have been few experimental efforts to ob
cross sections for excitation or ionization of beryllium or
ions, due to its toxic nature. Only one set of experimen
measurements for the electron-impact ionization of Be1 @6#
seems to exist in the literature.

On the theoretical side, studies of the elastic electr
beryllium scattering cross sections have been made by F
and Bray@7,8# using the convergent close-coupling~CCC!
method. They also provided electron-impact ionization cr
sections from the ground state. These followed earlier ca
lations using theR matrix with pseudostates~RMPS! method
by Bartschatet al. @9,10# of inelastic excitations into the low
lying states of neutral beryllium. Overall, these two metho
were found to be in good agreement and the effect of c
pling to the target continuum was found to be importa
1050-2947/2003/68~3!/032712~9!/$20.00 68 0327
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especially for optically forbidden transitions.
A previous set of calculations for the electron-impact io

ization of the ground state of Be1 has also been made b
Pindzola et al. @11#. Here, time-dependent close-couplin
~TDCC! calculations were compared to time-independenR
matrix with pseudostates calculations; very good agreem
was found between the two sets of nonperturbative calc
tions, which were both lower than the only existing expe
mental measurements of Falk and Dunn@6# by more than
30%. A study of comparisons between RMPS and CCC c
culations by Bartschat and Bray@12# came to similar conclu-
sions: the nonperturbative theories, while in very good agr
ment with each other, were consistently lower than the o
available experimental measurements.

In this paper, we present ionization cross sections fr
the ground and first excited configurations of neutral B
Be1, Be21, and Be31. Ionization cross sections from ex
cited configurations calculated by nonperturbative meth
have been shown to differ greatly from perturbative calcu
tions @13,14# for neutral species. Also, the large cross se
tions for ionization from excited configurations can signi
cantly affect ionization rate coefficients and populati
models.

Perturbative distorted-wave calculations are presented
all systems and the nonperturbative TDCC method is use
calculate the ionization cross sections for all ions exc
Be31, where for this three times ionized system, perturbat
calculations are expected to be fairly accurate. RMPS ca
lations are made for all ions. The distorted-wave calculatio
were made using a configuration-average set of progr
@15# which have been used in calculations of ionization cro
sections for many atomic systems.

The TDCC theory was first introduced for electron sc
tering in the calculation of the electron-impact ionization
hydrogen@16,17#. It has since been applied to a wide varie
of electron-impact excitation and ionization calculations~see
©2003 The American Physical Society12-1
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Ref. @18# for a recent review!. The R-matrix programs used
to perform the RMPS calculations are modified versions
the RMATRXI @19# codes. They have been implemented
distributed-memory parallel computers, and include the
thogonalization procedure between pseudostate and
tinuum orbitals as developed by Gorczyca and Badnell@20#.
These codes have already been used extensively in studi
electron-impact ionization@13,21# and excitation@22,23# of
other atomic ions.

In the following section, we give a short overview of th
distorted-wave, TDCC, and RMPS theories as applied to
electron-impact ionization of Be and its ions. We th
present cross sections for electron-impact ionization of all
ions and compare our nonperturbative results with distor
wave calculations, as well as other calculations, where av
able. In Sec. IV, we discuss efforts that will be required
address the atomic data needs of fusion plasma modele

II. THEORETICAL METHODS

A. The time-independent distorted-wave method

The configuration-average distorted-wave expression
the direct ionization cross section of the (ntl t)

wt subshell of
any atom is given@15# by

s5
32wt

ki
3 E

0

E/2
dS ke

2

2 D
kekf

(
l i ,l e ,l f

~2l i11!~2l e11!

3~2l f11!P~ l i ,l e ,l f ,ki ,ke ,kf !, ~1!

where the linear momenta (ki ,ke ,kf) and the angular mo
mentum quantum numbers (l i ,l e ,l f) correspond to the in-
coming, ejected, and outgoing electron, respectively. The
tal energy E5(ki

2/2)2I 5(ke
2/2)1(kf

2/2), where I is the
subshell ionization energy. The first-order scattering pr
ability is given @15# by

P~ l i ,l e ,l f ,ki ,ke ,kf !

5(
l

Al i ,l e ,l f

l @Rl~kel e ,kf l f ,ntl t ,ki l i !#
2

1(
l8

Bl i ,l e ,l f

l8 @Rl8~kf l f ,kel e ,ntl t ,ki l i !#
2

1(
l

(
l8

Cl i ,l e ,l f

l,l8 Rl~kel e ,kf l f ,ntl t ,ki l i !R
l8

3~kf l f ,kel e ,ntl t ,ki l i !, ~2!

where the angular coefficientsA,B,C may be expressed in
terms of standard 32 j and 62 j symbols, andRl are stan-
dard radial Slater integrals.

The radial distorted wavesPkl(r ) needed to evaluate th
Slater integrals are solutions to a radial Schro¨dinger equation
given by
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2 D Pkl~r !50, ~3!

where

h~r !52
1

2

d2

dr2 1
l ~ l 11!

2r 2 2
Z

r
1VD~r !1VX~r !, ~4!

andZ is the atomic number. The directVD potential is given
by

VD~r !5(
u

occ

wuE
0

` Pnul u
2 ~r 8!

max~r 8,r !
dr8, ~5!

where thePnul u
(r ) are configuration-average Hartree-Fo

bound radial orbitals@24#. The exchangeVX potential is cal-
culated in a local-density approximation@25#. The incident-
and scattered-electron continuum orbitals are evaluated
VN potential, while the ejected continuum orbital is calc
lated in aVN21 potential @5#, whereN5(uwu is the total
number of target electrons. These calculations are listed
DWIS(N) ~distorted-wave with incident and scattered ele
trons calculated inVN potentials! in the following sections.
The DWIS(N) method has proved especially accurate
high angular momentum scattering. A second set of calc
tions was also made where the incident, scattered,
ejected electrons were calculated in aVN21 potential @26#,
listed as DWIS(N21) in subsequent sections. This meth
is generally more accurate for low-angular-momentum sc
tering. The continuum normalization for all distorted wav
is one times a sine function.

B. The time-dependent close-coupling method

The configuration-average time-dependent close-coup
expression for the direct ionization of the (ntl t)

wt subshell of
any atom is given@17,27# by

s5
wtp

4~2l t11!ki
2E

0

E
dS ke

2

2 D
kekf

(
l i ,l e ,l f

(
L,S

~2L11!~2S11!

3P~ l i ,l e ,l f ,L,S,ki ,ke ,kf !, ~6!

whereL is the angular-momentum quantum number obtain
by couplingl t and l i ~or l e and l f) andS is the spin momen-
tum quantum number obtained by coupling two spin-1

2 elec-
trons. The scattering probability is obtained by projecting
two-dimensional radial wave functionPl 1l 2

LS (r 1 ,r 2 ,t) onto

appropriate products of bound and continuum radial orbi
at a suitable time after the collision.

The radial wave functionsPl 1l 2
LS (r 1 ,r 2 ,t) are solutions to

the time-dependent radial Schro¨dinger equation given by
2-2
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i
]Pl 1l 2

LS ~r 1 ,r 2 ,t !

]t
5Tl 1l 2

~r 1 ,r 2!Pl 1l 2
LS ~r 1 ,r 2 ,t !

1 (
l 18 ,l 28

Ul 1l 2 ,l
18 l

28
L

~r 1 ,r 2!Pl
18 l

28
LS

~r 1 ,r 2 ,t !,

~7!

where expressions for the quantitiesTl 1l 2
(r 1 ,r 2) and

Ul 1l 2 ,l
18 l

28
L

(r 1 ,r 2) can be found in Ref.@27#. The radial wave

function at a timet5T following the collision is obtained by
propagating the time-dependent close-coupling equation
a two-dimensional finite lattice. The two-electron wave fun
tions fully describe the correlation between the ejected
scattered electrons at all times following the collision.

The bound and continuum radial orbitals required to
scribe the initial state and for projection can be obtained
diagonalization of the Hamiltonianh(r ) of Eq. ~4! on a one-
dimensional finite lattice. The direct (VD) and local ex-
change (VX) potentials are constructed as pseudopotent
in which the inner nodes of the valence Hartree-Fock orbi
are removed in a smooth manner. This prevents unphys
excitation of filled subshells during time propagation of t
close-coupled equations@28#. The Fourier-transform metho
@29#, used to extract the ionization cross section for ma
incident electron energies for only one time propagation
the Schro¨dinger equation, is employed to obtain cross s
tions over a wide range of energies around the peak of
ionization cross sections.

C. The R-matrix with pseudostates method

The RMPS method excels in providing many ener
points from the ionization threshold onward and in giving t
ionization cross sections from the ground and metasta
terms in a single calculation; it has been described in de
elsewhere~e.g., Refs.@21,30#!. In our implementation of this
method, the target continuum is represented by a set of n
orthogonal Laguerre pseudo-orbitals that are generated u
the programAUTOSTRUCTURE @31#. These orbitals are the
orthogonalized with respect to the spectroscopic orbitals
with each other. With the exception of neutral beryllium
spectroscopic orbitals were employed only for those sta
from which we determined ionization cross sections. Ho
ever, the RMPS calculation for the neutral atom is very la
and we plan to use the same calculation to study elect
impact excitation of beryllium. For this reason, spectrosco
orbitals were employed throughn54.

Extensive pseudostate bases were used in an effort to
verge the ionization cross sections from the ionizat
threshold to at least four times this energy for the neutral
singly ionized species, and twice this energy for the dou
and triply ionized species. In the case of the ions, a variet
calculations involving different expansions of spectrosco
and pseudostate terms were performed and compared i
der to ensure consistency between different models. The
ization cross sections were determined from the sum of
cross sections to those pseudostates above the ioniz
threshold.
03271
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The final models used for all RMPS calculations of t
ions of beryllium employed pseudo-orbitals ranging in pr
cipal quantum number up to 14 and orbital angular mom
tum from 0 to 4. Including more pseudo-orbitals, rather th
their spectroscopic equivalent, proved beneficial in t
ways: First, the ionization cross sections had less ‘‘ripple
from pseudoresonances due to more complete pseudo
bases. Second, the size of theR-matrix box for ions is largely
determined by the radial extent of the spectroscopic orbit
thus by using pseudo-orbitals for all principal quantum nu
bers aboven52, the (N11)-electron continuum basis coul
be kept relatively small, allowing us to calculate cross s
tions to higher energies. Because of the size of the RM
calculation for neutral beryllium, a more limited represen
tion of the target continuum was necessary. Pseudost
were used fromn55 to n511 for the 2snl configurations
and fromn55 to n510 for the 2pnl configurations, again
with l ranging froml 50 to l 54.

III. RESULTS

A. Electron-impact ionization of Be„1s22s2
… and „1s22s2p…

In Fig. 1, we show the electron-impact ionization cro
sections for neutral beryllium, from~a! the ground 1s22s2

configuration and~b! the first excited 1s22s2p configura-
tion. Our TDCC calculations were made using a unifo
mesh with mesh spacing ofDr 50.2 with 512 mesh points
Partial-wave ionization cross sections were calculated
L50 –6 and then ‘‘topped up’’ with distorted-wave@DWIS
(N)] calculations for higherL up to L550. The DWIS(N)

FIG. 1. Electron-impact ionization cross sections for neutral B
from ~a! the ground 1s22s2 configuration and~b! the first excited
1s22s2p configuration. The solid lines are the time-depende
close-coupling calculations. The dot-dashed lines are the RMPS
culations and the short-dashed~with crosses! and dotted lines~with
squares! are the DWIS(N) and DWIS(N21) calculations, respec
tively. The solid line with squares are CCC calculations from R
@7#. In ~b! all calculations include ionization from both the 2s and
2p subshells. Also, the RMPS calculations are for ionization fro
the 1s22s2p 3P term only (1.0 Mb51.0310218 cm2).
2-3
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method was used for the top-up as it is known to be m
accurate for higher-angular-momentum states. We also
ried out further TDCC calculations up toL510 for selected
electron energies as a check on the accuracy of our top
these extended calculations differed by at most 5% at
highest electron energies shown in Fig. 1. The Four
transform method@29# was employed to extract ionizatio
cross sections at a wide range of energies around the pe
the cross section, from incident electron energies of 15
100 eV. A pseudopotential was employed to construct thes
orbital for scattering from the ground state of beryllium
avoid unphysical filling of the 1s orbital. By a suitable ad-
justment of the coefficient of the local exchange poten
VX , the ionization threshold from the ground state of ber
lium is tuned to the experimental value of 9.32 eV@32#. For
electron scattering from the first excited configuration of b
ryllium (1s22s2p), the 2p orbital was calculated in a
Hartree-Slater potential constructed using the 2s pseudo-
orbital. This gave a configuration-average ionization thre
old of 5.95 eV, again in good agreement with the experim
tal value@32#. We comment that, for ionization from the 2p
subshell of the excited 2s2p configuration, three times a
many angular-momenta channels are required due to thl t
51 nature of the target. We also performed TDCC calcu
tions for ionization from the 2s subshell of the 2s2p con-
figuration, leaving the ion in the 1s22p configuration. In this
case, the configuration-average ionization threshold
found to be 9.92 eV, in good agreement with t
configuration-average experimental value.

As mentioned in the preceding section, the RMPS cal
lation was performed using spectroscopic orbitals for
2snl and 2pnl configurations up ton54 and pseudo-
orbitals for all 2snl configurations fromn55 to n511 and
all 2pnl configurations fromn55 to n510, for a total of
280 terms. We employed 45 basis orbitals to represent
(N11)-electron continuum, and the size of theR-matrix box
was 71.7 a.u.

In Fig. 1~a!, our nonperturbative calculations a
compared with two sets of distorted-wave calculatio
DWIS(N) and DWIS(N21), as previously discussed. Th
TDCC calculations and the distorted-wave calculations h
peaks at different electron energies, and the TDCC calc
tions are considerably lower in magnitude in this regio
However, by 80 eV and above~over five times the ionization
threshold!, both sets of distorted-wave calculations are
good agreement with the TDCC calculations, since for
higher energies considered, the cross section will be do
nated by contributions from the higher partial waves.

In Fig. 1 we also show RMPS calculations for ionizatio
from ~a! the ground state and~b! in the metastable 2s2p 3P
term of beryllium. For ionization from the ground state, t
TDCC and RMPS calculations are in fairly good agreeme
with the RMPS results about 9% below those from t
TDCC calculation near the peak in the ionization cross s
tion. In Fig. 1~a! we also compare with CCC calculation
from Ref. @7#. These, while showing good agreement in t
low-energy region~around 20 eV! with the TDCC and
RMPS calculations, are lower than the TDCC calculations
about 20% at higher energies. It also appears that the C
03271
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and RMPS calculations peak at a slightly lower energy th
the TDCC calculation. Interestingly, the RMPS calculatio
seem to bisect the difference between the TDCC and C
calculations at the higher energies.

At least part of the difference between the TDCC and
other two close-coupling calculations may be caused b
lack of correlation in the description of the target in the tim
dependent calculations. The need for a 2s pseudo-orbital to
avoid unphysical filling of the 1s orbital does not allow us to
include any two-electron correlations (2s212p21•••) in
our target description. On the other hand, the CCC a
RMPS calculations both include ground-state correlatio
However, this does not explain the smaller difference
tween the RMPS and CCC calculations.

In Fig. 1~b!, we present ionization cross sections for ele
tron scattering from the first excited 1s22s2p configuration
of beryllium. Again we present TDCC calculations as d
scribed and both sets of distorted-wave calculations as
fore. We also present RMPS calculations for ionization fro
the 2s2p 3P metastable term. All calculations include ion
ization contributions from both the 2s and 2p subshells. For
this configuration, the TDCC and RMPS calculations are
quite good agreement in the threshold region. The two set
calculations may start to differ at higher energies. Unfor
nately, we cannot test this since the RMPS calculations c
not be extended to the higher energies considered here d
computational restrictions on the number of pseudostates
can be included as well as limits on the size of the basis
used to represent the (N11)-electron continuum.

It is interesting that the configuration-average TDCC c
culations are in such good agreement with the RMPS ca
lations made from the3P term of the 2s2p configuration.
This indicates that the 2s and 2p orbitals used in the TDCC
calculations are very similar to the 2s and 2p orbitals which
make up the3P metastable term. However, it should be me
tioned that the time-dependent calculations presented
for neutral Be should be considered as a first step towar
complete description of ionization using the TDCC metho
A much more extensive three-electron calculation would
necessary to provide a full treatment of ground-state corr
tion and term dependence in the 2s2p excited states.

The nonperturbative calculations shown in Fig. 1~b! are
almost a factor of 2 lower than the distorted-wave calcu
tions in the region of the peak of the cross section. The sh
rise in the DWIS(N) cross section at around 10 eV is due
the very sharp onset of ionization from the 2s subshell,
which has a much more gradual onset when calculated by
other methods. Again, at the highest energies conside
~over 15 times the ionization threshold!, the distorted-wave
calculations are in good agreement with the TDCC calcu
tions, due to the increasing contribution from the higher p
tial waves at these energies.

Unfortunately, there are no experimental measureme
with which to compare for ionization from any configuratio
of neutral beryllium. A series of experimental measureme
although difficult for this toxic element, would prove ver
beneficial. However, by comparing perturbative calculatio
2-4
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with more sophisticated nonperturbative calculations, and
exploring any differences between these, an accurate d
base of ionization cross sections and rates may be
structed.

The cross sections presented in Fig. 1 are generally c
verted into ionization rate coefficients when used in
collisional-radiative modeling calculation. This involves i
tegrating the cross section with a Maxwellian temperat
distribution. The collisional ionization equilibrium region
which is the region where ionization and recombination
approximately equal, is typically around an order of mag
tude below the ionization threshold of the ground configu
tion. Hence the low-energy region of the cross section is v
important in modeling any plasma. This is especially true
astrophysics, where many cosmic plasmas are in collisio
ionization equilibrium@33#. Ionization can occur below the
ionization threshold of the ground state due to the width
the electron Maxwellian distribution. In Fig. 2, we prese
the ratio of the rate coefficient calculated using t
DWIS(N) cross sections to the rate coefficient calcula
using the TDCC cross sections for ionization out of the 2s2

ground state. The ratio of over 10 below about 0.8 eV hi
lights the large differences at low temperatures betw
cross sections calculated using the two methods. These d
ionization rate coefficients, which, together with excitati
and recombination rate coefficients and collisional data fr
excited levels, go into the collisional radiative model a
emphasize the need for nonperturbative calculations for n
tral atoms.

B. Electron-impact ionization of Be¿„1s22s… and „1s22p…

In Fig. 3, we present electron-impact ionization cross s
tions for lithiumlike Be1 from ~a! the ground 1s22s and~b!
the first excited 1s22p states. We note that a study o
electron-impact ionization of Be1 from the ground state us
ing both the time-dependent close-coupling andR-matrix

FIG. 2. Ratio of the direct ionization rate coefficients calcula
using the DWIS(N) method to the rate coefficients calculated usi
the TDCC method for neutral Be(2s2). The ratio is plotted as a
function of the electron temperature in eV.
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with pseudostates methods has already been made by
dzolaet al. @11#. However, in the interests of completenes
we confirm and extend these calculations for Be1. Also, we
see trends in our work on this ion that are similar to o
previous calculations on the ground and first excited state
lithium @13#.

Our TDCC calculations were made again using a unifo
mesh of Dr 50.2 with 512 mesh points. The Fourie
transform technique was also employed to extract ioniza
cross sections over a wide range of incident-electron e
gies. The pseudopotential employed to construct the 2s or-
bital, in a manner similar to the previous set of calculatio
was tuned to the experimental value of 18.21 eV@32# for
ionization from Be1(2s). The ionization threshold for ion-
ization from the 2p state of Be1 was tuned to be 14.25 eV
also in good agreement with experiment.

For the new RMPS calculations for this ion, three spe
troscopic orbitals and 57 pseudo-orbitals up ton514 were
included in the target description. A total of 42 basis orbit
were used to represent the (N11)-electron continuum for
each value of the angular momentum and the size of
R-matrix box was 42.0 a.u. In this ion, we carried out seve
RMPS calculations in which we varied the Laguerre ps
doorbitals in order to study the sensitivity of the resulti
ionization cross section to the energies of the pseudo-sta
We found variations in the cross sections of the order of
between these calculations. For the RMPS results prese
here, the pseudostates were adjusted until they were sp
equally about the ionization limit, since this tends to redu
the amount of bound character included in the positi
energy pseudostates. However, this sensitivity study is us
in providing some estimate of the uncertainty in the RM

FIG. 3. Electron-impact ionization cross sections for Be1 from
~a! the ground 1s22s configuration and~b! the first excited 1s22p
configuration. The solid lines are the time-dependent close-coup
calculations. The long-dashed lines~with crosses! are the DWIS(N)
calculations and the dotted lines~with squares! are the DWIS(N
21) calculations. The dot-dashed lines areR-matrix with pseudo-
states calculations, the solid squares are CCC calculations
@34#, and the experimental measurements are from Ref.@6#
(1.0 Mb51.0310218 cm2).
2-5
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ionization cross section arising from the choice of the ps
dostate basis.

In Fig. 3~a!, we present the new TDCC calculations f
ionization from the 2s ground state for incident-electron
ergies from 30 to 150 eV. The TDCC calculations are in go
agreement with the RMPS calculations performed fr
threshold to 79 eV, with the largest discrepancy at 40
where the TDCC results are about 4% below those from
RMPS calculation. We confirm that the present TDCC res
are also in excellent agreement with the TDCC results p
sented in Ref.@11#, although the current calculations hav
been made with larger box sizes and increased angular
menta in the close-coupling expansions. This also holds
for the agreement between the present and earlier RM
results, although the current RMPS calculation was car
out with a larger pseudostate basis. We further note from
figure that our calculations are also in good agreement w
earlier CCC calculations@34#.

DWIS(N) and DWIS(N21) calculations are also pre
sented, and found to be higher than the nonperturbative
culations near the peak of the cross section, although the
good agreement between the perturbative and nonpertu
tive calculations at the highest energies considered. For
case of Be1(2s), there are also experimental measureme
available, the only measurements for any of the Be spe
considered in this study. The measurements of Falk
Dunn @6# are shown as black circles in Fig. 3~a!; these mea-
surements are up to 30% higher than all the theoretical
culations over the entire energy range considered. As
cussed in Ref. @11#, the excellent agreement betwee
different close-coupling calculations is a good evidence
the need of the experimental measurements for Be1 to be
reexamined.

In Fig. 3~b!, we present electron-impact ionization cro
sections for Be1 from its first excited state 1s22p. Again we
present TDCC calculations over a wide range of impact
ergies, from 20 to 140 eV, and the RMPS results over a m
restricted range from threshold to 75 eV. The same mesh
used in this TDCC calculation as in the calculation from t
2s ground state, although again for this case, three time
many angular-momenta channels are coupled due to thl t
51 nature of the target. The TDCC calculations are in
cellent agreement with RMPS calculations at 20 eV, but
slightly below the RMPS results~about 9%! at the peak in
the TDCC cross section. Both are lower than both sets
distorted-wave calculations, DWIS(N) and DWIS(N21),
around the peak of the cross section, although there is g
agreement at the highest energies considered. We note
the magnitude of the ionization cross section from Be1 (2p)
is around twice as large as that from the ground (2s) state, as
noted previously for neutral lithium@13#.

In Fig. 4, we also present the ratio of the rate coeffici
calculated using fitted DWIS(N) cross sections to the rat
coefficient calculated using fitted TDCC cross sections,
ionization out of the 2s ground state of Be1. The ratio is
smaller than that obtained for neutral Be~Fig. 2!, but is still
significantly higher than 1.0 in the low-temperature regio
This again reflects the large differences at low temperatu
between cross sections calculated using the two method
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C. Electron-impact ionization of Be2¿
„1s2

… and „1s2s…

In Fig. 5, we present electron-impact ionization cross s
tions from heliumlike Be21 from ~a! the ground 1s2 and~b!
the first excited 1s2s configuration. Again we show result
from two sets of distorted-wave calculations, and nonper
bative TDCC and RMPS calculations. For this twice-ioniz
system, the distorted-wave calculations can be expecte
become more accurate as the nuclear term of the pote
begins to dominate the electronic term. For this case,
TDCC calculations were still made with 512 mesh poin

FIG. 4. Ratio of the direct ionization rate coefficients calculat
using the DWIS(N) method to the rate coefficients calculated usi
the TDCC method for ground state Be1(2s). The ratio is plotted as
a function of the electron temperature in eV.

FIG. 5. Electron-impact ionization cross sections for Be21 from
~a! the ground 1s2 configuration and~b! the first excited 1s2s con-
figuration. The solid lines are the time-dependent close-coup
calculations. The long-dashed lines~with crosses! are the DWIS(N)
calculations and the dotted lines~with squares! are the DWIS(N
21) calculations. The dot-dashed lines are the RMPS calculat
(1.0 Mb51.0310218 cm2).
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although now with a uniform mesh spacing ofDr 50.1,
which was necessary to obtain accurate orbital energies.
reflects the fact that the two 1s electrons are tightly bound to
the Z54 nucleus in this case, necessitating a smaller m
spacing in this region. The 1s hydrogenic orbital of Be31

was first calculated and then a complete set of radial orb
for heliumlike Be21 was obtained by diagonalization of th
single-particle Hamiltonian given by Eq.~4!. A parameter in
the exchange potential was adjusted to ensure that the si
particle energies are in good agreement with experime
measurements. For the ground state of Be21, the ionization
threshold was 153.85 eV, in good agreement with the exp
mental measurement. For the 1s2s first excited configura-
tion, the ionization threshold was 34.03 eV, again in f
agreement with the configuration-average experime
value. In the RMPS calculations, 60 spectroscopic a
pseudo-orbitals were included in the target description,
sulting in 119 terms; in addition, 52 basis orbitals were us
to represent the (N11)-electron continuum for each value o
the angular momentum, and the size of theR matrix box was
27.4 a.u.

In Fig. 5~a!, we show the ionization cross section from t
ground state. It is evident that the TDCC and RMPS cal
lations are in excellent agreement over all energies con
ered. Also, the distorted-wave results are in fairly go
agreement with the results from the nonperturbative calc
tions, especially for the DWIS(N) calculation. As expected
the distorted-wave calculations are becoming more accu
as the charge state increases.

For ionization from the 1s2s excited configuration shown
in Fig. 5~b!, the configuration-average TDCC and RMPS c
culations from the metastable3S state are again in excellen
agreement over the range of all energies considered. In
case, the DWIS(N) calculations are higher by around 20%
the region of the peak of the cross section, although aga
higher energies they are in very good agreement with b
nonperturbative calculations.

D. Electron-impact ionization of Be3¿
„1s… and „2s…

Finally, in Fig. 6 we present ionization of hydrogenlik
Be31, again from~a! the ground (1s) and ~b! the first ex-
cited (2s) states. In this case, we show an RMPS calculat
and the two sets of distorted-wave calculations. In the RM
calculation, 60 spectroscopic and pseudo-orbitals were
cluded, 48 basis orbitals were used to represent
(N11)-electron continuum for each value of the angu
momentum, and the size of theR-matrix box was 20.2 a.u
We did not calculate cross sections using the TDCC met
in this case, as it can be expected that fairly accurate c
sections can be produced using the distorted-wave met
for this three-times-ionized species where the nuclear po
tial term will completely dominate the electron interactio
term. This is supported by the fact that both sets of distort
wave cross sections are in good agreement with the RM
cross section, although the differences are somewhat la
for ionization from the 2s excited state. Furthermore,
similarity between the DWIS(N) and DWIS(N21) results
demonstrates that the choice of potentials for the evalua
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of the incident and scattered electrons makes a smaller
ference to the ionization cross section in this case. Again,
this case, there are no experimental measurements
which to compare. We note that the magnitude of the cr
sections in this case are appreciably smaller than in the
vious ion stages, simply demonstrating the strength by wh
the electron is bound to the nucleus.

IV. SUMMARY

In this paper, we have presented a comprehensive se
theoretical calculations for the electron-impact ionization
beryllium and its ions, from both the ground and first excit
configuration of all systems. For neutral Be, the tim
dependent close-coupling andR-matrix with pseudostates
calculations were compared with previous convergent clo
coupling calculations. For Be1, the TDCC and RMPS were
compared with an older set of experimental measureme
For Be21 the TDCC and RMPS calculations were in exce
lent agreement. For Be31, only RMPS calculations were pre
sented, and for all cases these nonperturbative calculat
were compared with two sets of distorted-wave calculatio
These ionization data have now been inserted into the ato
data and analysis structure~ADAS! database@35# and will be
made available to other atomic databases as required.

Although this work represents a significant step forwa
in the ionization data for Be and its ions, more work st
remains to calculate accurate electron-ion scattering data
these systems. Nonperturbative calculations are necessa
ionization from more highly excited states, especially in ne
tral Be and in Be1. Also, RMPS calculations of electron
impact excitation cross sections for Be1 and Be21, as well
as neutral Be, are now well underway. The calculations
the ions of beryllium are being done separately from th

FIG. 6. Electron-impact ionization cross sections for Be31 from
~a! the ground 1s configuration and~b! the first excited 2s configu-
ration. The long-dashed lines~with crosses! are the DWIS(N) cal-
culations and the dotted lines~with squares! are the DWIS(N21)
calculations. The dot-dashed lines are the RMPS calculat
(1.0 Mb51.0310218 cm2).
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ionization calculations, since a larger number of spec
scopic orbitals have to be included in the target descript
These results will be reported later and will be compared
TDCC results for excitation above the resonance reg
which are produced automatically in the TDCC calculatio
presented here. The collisional radiative model also requ
accurate recombination data. Calculations of dielectronic
combination of Be1, Be21, and Be31 have already been
made@36# as part of a larger project to calculate dielectron
recombination for many isoelectronic sequences of as
physical and fusion interest. This work is nearing complet
of a series of calculations on dielectronic recombination
elements in the first row of the periodic table and furth
calculations are planned.

Once all the electron-ion scattering calculations are co
pleted, the full impact of these sets of nonperturbative res
on the collision-radiative model for beryllium can be a
sessed. These new data, which should represent a signifi
improvement on the existing database~which was largely
derived from semiempirical fits!, represent a step forward i
efforts to accurately model fusion plasma devices. S
much work remains to be done on other light elements
fusion interest. Boron and carbon have been used as pla
facing materials for the reactors walls; however, our kno
edge of ionization and excitation rate coefficients for the
systems and their ions is far from complete. More extens
nonperturbative calculations of ionization and excitation
light elements such as oxygen and nitrogen, as well as t
s,

.C
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rif
.
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ions ~which may act as impurities within the plasma! are
needed, although some recent progress has recently
made for ionization calculations of oxygen ions@37#. Also,
collisional data are necessary for the noble gases, espec
neon and argon, which have been used as disruption mit
tors in some fusion plasma devices.

Ionization and excitation calculations for these more co
plex systems require not only larger nonperturbative calcu
tions but some theoretical development. For example, de
opments in the TDCC method are required in order
accurately describe electron-impact ionization~and excita-
tion! from open shell systems containing several terms in
configuration. Although the current configuration-avera
approach can be modified by multiplication of an appropri
branching ratio to obtain the ionization from a particul
term, the accurate description of a continuum electron w
the remaining core electrons in an open shell remains
outstanding problem. Work on this is in progress.
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