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Electron-impact ionization of Be-like ions
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Electron-impact ionization cross sections of Be-like ions are studied in the two-potential distorted-wave
approximation. The relativistic and nonrelativistic total cross sections for incident energies from 1 to 10 units
of ionization energy are calculated for' BC?*, N3*, O**, F°*, N&b*, AI®, Arl#* Fe&?*, Ag*®* and Hg®".
Systematic behaviors along the Be isoelectronic sequence are demonstrated.
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I. INTRODUCTION energyE;, and the two emerging electrons are described by

Electron-impact ionization processes of atoms and ionéKp: Ep) @nd(ks,E9), where the primaryor the fastey elec-
are fundamental to almost all types of gas discharges. Spéon is specified by subscrigt, and the secondargor the
cifically, accurate ionization cross sections of highly chargedslowen electron by subscrips. By energy conservation, we
ions are required for diagnostics and impurity radiation studhave
ies of fusion reactor processes. However, the difficulties in-
herent in measuring ionization cross sections of highly E+E=Ep+E (1)
charged ions prohibit experimgntalists_from qbta_ining eXtenWhereEb is the energy of the bound electron.
sive data. A study of systematic behaviors of ionization cross |t hoth the incident electron and the target ion are unpo-

sections along isoelectronic sequences provides a solution [9i,e 4 the triple-differential cross section in a relativistic

this problem. o . . formulation have been given by Huaft7] in atomic units
Electron-impact ionization cross sections of Be-like ions,

specifically, B, C>*, N®*, and &*, have been measured by
Falket al.[1], C** by Woodruffet al.[2], O** by Lochet al. Bo 2m*[ k EkEE,
[3], and N&* by Duponchelleet al. [4] with the crossed- =73 [ PP—==S ']
beam technique, and?C by Hamdanet al. [5] with the dEdQ,dQs ¢ ki

trapped-ion-beam technique. Theoretical cross sections of : . r . .
N2, 0%, and P* have been reported by Younggs] with Wherec is the speed of lightTy; is the appropriate transition

parametrized distorted waves2'CN*, O, Neéb*, and F&2* amplitude, and the summation ovéi) denotes symbolically

by Jakubowicz and Moore&] and G* by Loch et al. [3] averaging over the initial polarizations and summing over
using close-coupling wave functions, and®Néy Laghdas the final polarizations. The single-differential cross section is

2 |Tfi|21 (2)
(i)

et al.[8] in the distorted-wave Born approximation. obtained by integrating ovefd, and () as

In this work, ionization cross sections of"BC*, N3*, 4
o*, PP, Néb*, A%, Art*, Fe&2*, Ag*®*, and HJ®* are cal- do _ (2? {kapksEsE‘} f dQ, J dQ> [Tal?
culated in the two-potential distorted-wa@PDW) ap- d&s ¢ ki (fi)
proach with exact exchange effects. The TPDW has been 2.3
applied to impact ionization of hydrogen-, helium-, lithium-, == di, €)]
and beryllium-like iong9-15, for which universal curves of ki(23o+ 1),

the scaled cross sections have been studied. Threshold be;

haviors have also been investigated for the electron-im a(\ﬁ/here\]o s the total angular momentum of the target, and the
Lo 9 . Pa&ummation is over all possible channels denoted by the index
ionization of H by Changet al. [13] and for the positron-

mpact fonzation of He by Kua al. [16). Here. we shall - L1 fat B L T 8 B8 B L, e e i
formally report the TPDW results for Be-like ions. P P

Areview of the general theory is given in Sec. Il. Numeri- channela,
cal results and discussions are provided in Secs. Il and IV. d.expis,) =i le*dexdi(s, +8,.)]
a o7 Kp KS
Il THEORY X (@ [3ajpl I NIHIGi) D, (@)

A. Cross sections of electron-impact ionization where §, and 8, denote the Coulomb phase shifts of the

In electron-impact ionization processes, the target ion iswo outgoing electrons], andJ the total angular momentum
ionized by an incident electron of linear momenttnand  of the residual ion and of the entire collision complex, &hd
the appropriate interaction Hamiltonian.
The total cross section is obtained by integrating dugr
*Electronic address: jcchang@nhctc.edu.tw as
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(E+Ep/2 (o D. Antisymmetrization of the transition amplitude
0'=f —dE,, (5) , )
2 dE A general procedure of treating exchange effects in scat-
5 tering processes is followed to antisymmetrize the transition
wherec* represents the rest energy of the electron. amplitude, instead of the wave functions only. For a Be-like
target in its ground state with configurati¢ts®2s?), we start
B. Transition amplitude from the semisymmetrized wave functio§” and 4" for

For electron-impact ionization of Be-like ions, the total (€ initial and final states, respectively,
Hamiltonian of the collision system is assumed to be
Y ) = X0 el derTars), (13

5 5 5
Z 1
H=2 Capedp) -2 + 2 O 67 =1 X erlreirare), (14

) . .
whereq, and 3, are Dirac matrices. Before the collision, the WHere @15 @25 and ¢;5 are the antisymmetrized suba)shell
total HamiltonianH can be decomposed into the unperturbed/ave functions solved from relativistic equations, afd,

HamiltonianH; and the interaction potentia/ as X, » and Xé_) are the relativistic distorted waves to be given
in Sec. Il E. The matrix element; in Eq. (12) after anti-
H, = (cay - p1+¢?By) + Ho, (7 symmetrization are then expressed explicitly as
5 Tsi =Dy + I + Cy, (15)
Z 1
M=ot ® .
Loz Dsi = V2((1 - 2Qz4~ 2Qgs+ Q24Qa9) b1 Wi ),
where the subscript “1” is the index for the incident electron, (16)

H, denotes the total Hamiltonian of the target ion with four
bound electrons, an¥l; represents the interaction potential L= — 1- e O ™)
between the incident electron and the target ion. The transi- " (Quall = 2Q24= 2Qa5+ QiQag) 1 Wil 417,

tion amplitude may be written in the prior form as (17)

= ()
To= (P, © = (Quilt - 200~ 2Qs5+ QuQa W4
where®d; denotes an eigenfunction bf, and\Ifi_) an eigen- - 2(Q14(1 = Qp3— Qus— Qas— Qa5+ QpQ39) B4

function of H with the incoming-wave boundary condition. *)
X |Wi "), (18

C. Two-potential distorted-wave formulation whereQ;; denotes the permutation of particle indideand].

In the two-potential distorted-wave formulatigh3], the Here we classify contributions in the antisymmetrized tran-

potential V; is split into the distorting potential; and re-  Sition amplitude in Eq(15) into three types: the direct, in-
sidual potential, as terchange, and capture terms. The direct tByin Eq. (16)

corresponds to the processes in which the incident electron is

Z scattered and carries more energy than the ejected electron.

Ui=- r +ui(ry), (10 The interchange terry; in Eq. (17) corresponds to the direct
! term with the indices of the two emerging electrons inter-

changed, in which the scattered electron carries less kinetic
energy than the ejected electron. The capture ©fnm Eq.
(18) indicates the possible processes in which the incident
electron is captured into thes®r 1s bound orbitals with two
where the effective potentiali(r;) may be arbitrary. After of the initially bounded electrons ejected. We note that ex-
some algebra, the transition amplitude in E8). can be re- change effects due to antisymmetrization are not dealt ex-
duced exactly to the form actly in previous work$6,7].

° 1
W =2 = —ui(ry), (11)
i=2 T'1j

Thi= <\I’§_)|Wi| i(+)>’ 12 E. Distorted waves

where the wave functiop” is an eigenfunction of;+U; The initial-state wave functions* is approximated by
with the outgoing-wave boundary condition. The transition 4 i Eq. (13), where the distorted wavg'”(r,) is solved
amplitude is independent of the choice of the distorting Po+rom the equation with distorting potentialli,

tential U; if the eigenfunctionslfg_) and wf” were obtained

exactly. Because of the intrinsic difficulties in calculating [cay -py+ 2B +U; - Elx\™(ry = 0. (19)
exact eigenfunctions for many-particle systems, a reasonable

distorting potentialJ; should be chosen to make the pertur- Here the effective potentiali(r;) in U; is taken to be the
bative effects oW, as small as possible. average potential due to the initially bound electrons,
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TABLE I. Distorting potentials and asymptotic charges for the primary and secondary electrons in the
models used in the calculation, whewgs and v,5 denote the average screening due to the ground-state
electrons of Be-like ions in thesland Z orbitals, respectively.

Distorting potential Asymptotic charges
Model Up Us Z, Zg
TPDWO01 -2/ rq +vi(ry) =Z/r5+v¢(rp) (Zz-4) (z-3)
TPDW11 Z/r1+ve(ry) =Z/r5+v¢(rp) (z-3) (z-3)
TPDWO0O Z/r1+vi(ry) =Z/r,+vi(r) (z-4) (z-4)

1 Ill. RESULTS AND DISCUSSION
vi(ry) = X @ae(r 2,7 )| —|@2s(r 2,1 3)) .
(P A. Total cross sections
1 For comparative studies of ionization cross sections of
+ 2<9"15(r4*r5)|r_l4|‘Pls(r4'r5)>' (20 jons in an isoelectronic sequence, the threshold energy unit
u=(E;-c?/l is employed, wheré denotes the ionization
The final-state wave functio|” is approximated by the potential of the particular ion in consideration. Relativistic
distorted waveqbﬁ") in Eq. (14), where the wave functions and nonrelativistic ionization potentials of selected Be-like
XE)_)(H) and X(S")(rz) for the outgoing electrons are solved ions are listed in Table II. We shall also use the reduced cross
from the equations with distorting potentidlg, andU, re-  sections defined as

spectively, | \2
OR= (I_) o, (25
[car-py+ B+ Up—Elxy'r) =0, (2D Be
wherelg, denotes the ionization potential of the neutral Be
3 atom.
[Caz-po+ By + Us— ExS(rz) = 0. (22 The total cross sections for electron-impact ionization of

Be-like ions in models TPDWO00O, TPDWO01, and TPDW11

in this work are summarized in Table I. In one extreme called?'® calculated for incident energies from 1 to 10 threshold-
model TPDWOO, outgoing electrons completely screen eacRNErdy units. Results for the neutral Be atom, which differ
other such that they experience approximately the same digu@litatively from those of Be-like ions have been analyzed
torting potential as the incoming electron. In the other exPréviously by Changt al. [18] Results for target ions B

treme called model TPDW11, the mutual screening effect&” » N5 O, Ne>", and Fé*" are plotted in Fig. 1 along
by outgoing electrons are completely ignored such that botiVith available experimental and theoretical data for compari-

the primary and secondary electrons are affected only by the"- Cross sections in model TPDWOO are always smaller
nucleus and the bound electrons in the residual ion, than those in models TPDWO01 and TPDW11 near the thresh-

old and larger for high incident energies. For smgllboth
continuum electrons share a small amount of kinetic energy

Various models of the distorting potentidlg andU, used

Z
Up=US=——+vf(r), (23
r TABLE Il. lonization energiegin atomic unit$ of Be-like ions
calculated in the Dirac-Fock method.

where
lon lonization Energya.u)
1 Relativistic Nonrelativistic
vi(ry) = {@a(r 2,7 3)| | @os(r 2,7 3))

M2 B* 0.861835 0.861593

, 1, cz 1.68319 1.68243

* 2<‘Pls(r4'r5)|E|‘Pls(r4'r5)>' 24 e 275723 2.75547

- . o+ 4.08320 4.07966

In the more realistic model TPDWO1, the faster primary s, 5.66091 5.65456

electron is completely screened by the slower seconda%

electron in the asymptotic region such that the primary elec* & 7.49049 7.47990
tron is affected by an asymptotic charge 4 and the Al°" 14.4935 14.4575
secondary electron by an asymptotic charg&ef. In the ~ Ar*** 31.2437 31.0890
Be case, the primary and secondary electrons experience tFe*?* 71.4641 70.7015
screened potentials with asymptotic charge®) in model  pg#3+ 192.752 185.717
TPDWOO, (1,1) in model TPDW11, and0,1) in model Hg6* 853.334 756.565

TPDWOL1.

052713-3



CHANG et al. PHYSICAL REVIEW A 69, 052713(2004)

3.0 r--.gtr+r 1 1 ¢t 1 11 ¢t~ 1 1 ¢ 1 "¢ 1 *v 1t * 1 0.12
[ B* Experiment o* R Experiment
25 S U Falk et al. T ° : R U  Falketal - 010
S 20 Joos «
= r k=t
3 15F 4006 g
% : Theory . 2
S 1ol ®  Younger = oos O
= T A jJakubowicz and Moores ' s
e t+ { —mOWHL {4 Loch &
05 —TPDW01 4002
t ¥ -———Dpwoo 1 I - TPDW11
[ ] : TPDWO00
0.0 bttt —+——+——+ 000
3 Experiment o Experiment ]
6L C* [ Ne P 130
06 O Falkeral F & Duponchelle e al.
E T . O  Woodruffetal [ T ~
—_ F S Tl [ B A VU h =
5 05 fomgee o e 2 Hamdanetal - & : N T2 o
o E Fa Bl e - <
< ; : S
S 0af froe o Ua T TR T 5
3 S A N TR e 2
177 E g9 5 A NSl T A A S
2 03+ X e 2
o E ST § »
S E N ®  Younger - ] g
g o2 A Jakubowicz and Moores - ¥ Laghdaseral T10 O
g ; _TPDWOI ------ IPDWO] g
o1t 4 TPDW11 s TPDWI1 }s &
T — .TPDWOO ------------ TPDWOO
0.0 E D T S T T . +—t—t 0
020 N Experiment - Fe™* _:-0'35
“T o e O Falketal ] ] .
- - to30 3
= ] o
ot 1 -
- -0.25 |
z 0151 ] %
3 1oz §
3 0. .§
2 0104 n2
é : Theory :-0.15 §
= ®  Younger 1 A Jakubowicz and Moores ] 5
3 A Jakubowicz and Moores T ——TPDWO1 Joto o
= 005 ——TPDWOI T | - TPDWI11 ] 2
------ TPDWI11 T ~==TPDW00 T0%
[ e TPDWO00 :: ]
0.00 PR TR N N NPUN PO TR NP NP I (U S T N T N N S NN E—— YY)

0 1 2 3 4 5 [ 7 8 9 0 1 2 3 4 5 6 7 8 9 10

Energy of the incident electron (u) Energy of the incident electron (u)

FIG. 1. Comparison of electron-impact ionization cross sections*ofCB*, N3*, 0**, Nef*, and Fé2*.

and move apart slowly. They spent much time near the In Fig. 1(a), we present the total cross sections dfdahd
nucleus and screen each other from the residual ion in eompare with the experimental data of Falkal. [1]. Our
scenario which can be better described by model TPDWOGCcalculations are in fair agreement with experiment at low
For largeu;, at least one of the continuum electrons carriesincident energies. At higher energies, the uncertainty of ex-
large kinetic energy so that it flies away from the residual ionperiment is greater due to the assumption of constant back-
fast and produces little screening effects. Thus, eitheground. In Fig. 1b), our total cross sections of?Care com-
TPDWO1 or TPDW11 will be more realistic. The differences pared with the experimental data by Fa#t al. [1], by
between three models decrease as the atomic nukloér Woodruff et al. [2], and by Hamdaret al. [5], and the theo-
the target ion increases because the nuclear potential donrietical data by Youngef6] and by Jakubowicz and Moores
nates the cross section for highly charged ions such that thg]. It can be seen that our TPDWOL1 results in general agree
mutual screening effects between continuum electrons in thguite well with others in all energy range. The experimental
final state do not affect the total cross section significantly. data by Hamdaset al. inhabit an uncertainty larger than 20%
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FIG. 2. Exchange effects on the ionization cross sections*of BTPDWOO, TPDWO1, and TPDW11.

and Fé2* in model TPDWOL.

and appear to be smaller than all other data. In Fig), e change terms, and Wlth_ direct plus interchange and capture
. N : . terms are compared. It is found that exchange effects on the
present the total cross sections of'Nlong with the experi- X X ;
. total cross section are relatively more complicated for ow-
mental data by Fallet al. [1] and the theoretical data by . . on
. ions. We present results of'Band F&2* in model TPDWO01
Younger [6] and by Jakubowicz and Mooref7]. Our . o -
. .__as representatives of low- and highens in Fig. 2. We note
TPDWO01 and TPDW11 results agree well with Jakubowicz . ; " .
, : , that the effects of interchange terms in the transition ampli-
and Moores’ calculation. Falk's measurements are larger th : . )
. . : ude raise the cross section near threshold and lower it as the
all theoretical calculations at lower energies and approac . . .
) . excess energy increases. At low energies, the interchange
our TPDWOO results at higher energies. X . .
. , terms increase the total cross section as much as three times
In Fig. 1(d), we present the total cross sections df @nd N i .
. . for B* and increase by about 20% for%& whereas, at high
compare with the experimental data by Fatlal. [1] and the . :
. . energies, the interchange terms decrease the total cross sec-
theoretical data by Youngg6], by Jakubowicz and Moores tion by about 10% for all ions
[7]1 and by Lochet al. [3]. All theoretical data are in fair y : . ,
: ) The effects of capture terms are important for I@avens,
agreement among themselves while Falk’s measurements ap- . )
specially near threshold, and negligible for higlens as

ear to be higher in all energy ranges. The ratio of metastabl . ; :
gtates is notgestimated in thgeymeagsurements by étadik for Shown in Fig. 2. This can be expla!ned because the bpund
electrons spread out more for lavions so that there is

N®*and 0, which makes the results less reliable. In Fig'more chance for the incident electron to overlap and ex-
1(e), the total cross sections of Rfeare compared with the X P
experimental data by Duponcheke al. [4] and the theoret- change roles with the bound electrons. For h;’gmns, on

: the other hand, the bound electrons are more tightly bound so

ical dat_a by Laghdagt aI_. [8] Both the gxpenmental apd that there is less chance to exchange energy with the incident
theoretical data are in fair agreement with our calculations,

In Fig. 1(f), our total cross sections of ¥¢ are compared electron.
with the theoretical data by Jakubowicz and Moof&s

With the increase of the nuclear charge, the electron-electron
correlations become relatively insignificant, and all calcula- Nonrelativistic reduced cross sections fof, BZ?*, N3*,

C. Relativistic effects and scaling law

tions more or less agree with each other. O*, P°*, Néb*, AI%*, Arl3* Fe&?*, Ag**, and HJ®* in mod-
els TPDWO0O, TPDWO01, and TPDW11 are presented in Fig.
B. Exchange effects 3. It can be seen that cross-section curves approach a univer-

To analyze exchange effects in electron-impact ionizationsal curve with increasing. The universal curve suffices to
total cross sections with direct terms, with direct plus inter-describe the nonrelativistic reduced cross sections in the
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FIG. 4. Relativistic and nonrelativistic reduced cross sections foiNe®*, F&2*, and Hg®* are plotted in the solid lines and dotted lines,
respectively.

high-Z limit. This asymptotic behavior of ionization cross the three solid lines represent the relativistic reduced cross
sections provides an excellent tool to estimate cross sectiorsections in models TPDWO00, TPDWO01, and TPDW11. The
for highly charged ions. reduced cross sections in their nonrelativistic limits are very
Nonrelativistic and relativistic reduced cross sections forclose to and indistinguishable from the corresponding rela-
B*, Né?*, F&?*, and Hd** are plotted in dotted and solid tivistic results in each model. In the upper right panel for
lines, respectively, in Fig. 4. In the upper left panel fot, B Ne®*, the reduced cross sections from the three potential

TABLE Ill. Fitting parameters for electron impact ionization of Be-like ions under model TPDWO01,
where og=1/u;(1-1/u)(ag—ay/uj+ay/ u?).

lon Nonrelativistic Relativistic
Ch) a a Ch a &

B* 97.14 163.77 151.78 97.16 164.04 152.14
cz 105.00 179.02 154.48 105.15 180.17 155.95
N3+ 108.97 186.60 160.80 109.09 187.14 161.18
o** 111.12 189.39 162.84 111.39 190.67 163.98
F5* 112.39 189.99 162.63 112.73 191.42 163.80
NeS* 113.25 190.47 162.97 114.17 193.51 165.51
Al9* 114.27 187.83 159.24 115.87 196.33 168.79
Arls+ 114.92 185.13 155.58 118.06 200.60 172.49
Fe?2t 115.54 184.22 154.84 122.70 219.47 192.98
Ag** 115.60 183.57 153.98 142.69 309.18 290.62
Hg’®* 115.67 180.73 151.28 201.79 595.90 602.63
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. TABLE IV. The Z dependence of fitting parameteag a;, and
600 = a, approximated by a second-degree polynomialZzef e.g., &
Relativistic =po+p1(Za) +po(Za)?, wherea is the fine-structure constant.
5004  -----: Non-relativistic B
n Po P1 P2
Pt
2 400 5
% ag 115.11 -15.25 276.26
£ 300 - B ay 199.25 -172.94 1440.29
oQS a 172.66 -199.96 1582.55
£ 200 L
= To study theZ dependence of the relativistic cross section,
100 — - we plot the fitting parameters as functionszaf in Fig. 5 for
ions withZ>10, wherea is the fine-structure constant. It is
0 T T T T T found that these parameters can be described quite well by

0.0 0.1 0.2 03 0.4 05 0.6 second-degree polynomials &«. The expansion coeffi-
cients are listed in Table IV. The confidence of the fitting is
Zo as good as 99.8%. With these expansion coefficients, we can
predict the relativistic cross sections for any ion in the same
isoelectronic sequence.
To further demonstrate relativistic effects for highly
_ ) i charged ions along the Be isoelectronic sequence, we scaled
models get closer since the increasing of the nuclear chargge reduced cross sectionsu@r. TheZ dependence of the
makes the electron-electron correlations relatively unimporscaled cross sectionsor, is presented in Fig. 6. We see that
tant, and the relativistic effects can barely be seen in thgor a specific incident energy; the nonrelativistic scaled
figure. In the lower left panel for P&, the solid lines get cross sections remain almost constanZascreases beyond
even closer to each other while the differences between rela-0. For ions withZ lower than 10, where electron-electron
tivistic and nonrelativistic results become noticeable at higtcorrelations are relatively more important, this simple trend
incident energies. In the lower right panel for ¥ in  of cross sections becomes invalid. With relativistic effects
which the nuclear charge is substantially high, the differ-included, the scaled cross section remains unchanged at the
ences between various potential models become negligibljpw-z end but grows up rapidly ag increases at high inci-
small, while relativistic effects are significant at all incident dent energies. For example, relativistic effects on the ioniza-
energies. tion cross section of a target ion with< 10 is negligible for
A scaling law has been given in the Bethe-Born theory asill incident energies. For targets witv 20, the relativistic
o=(1/u)(AIn u+B) whereA andB are constants. Moores effects will enhance the cross sections by about 2% for an
and Nussbaumg9] have attempted to include the relativ- incident electron withy;=5 and 2.5% fou;=10. For medium

FIG. 5. TheZ dependence of fitting parameteag a;, anda,,
where« is the fine-structure constant.

istic effects by using the Mott-Massey formula, targets withZ=40, the relativistic effects will increase the
cross sections by about 8% far=5 and 12% fow;=10. For
A 02\ v? Z~60, the cross sections increase by about 16%ufei5
o=— Iny+B-Inl1- 2)" e[ (26) and 28% for;=10; forZ=80, by 29% fory;=5 and 50% for
' u;=10.
wherev is the velocity of the incident electron. In this for- T T T T T T T T T T T T T T T
mula, a relativistic form of the energies of incident electron L
is adopted. The parameté& may be determined from the 120 b i
photoionization cross section, and by fitting to the L
Coulomb-Born results. Supposedly, b&tandB depend on 100 .
the nuclear chargg; however, theZ dependence along iso- 3
electronic sequences has not been discussed. ~ 80 - .

In this work, we propose to fit the reduced cross section =t

og by a relatively simple formula in powers of @,/as 60 - 7
40 | -
1 1 a, az)
or=—|1-"la-—+|. 27 i

) Ui< Ui><a0 Ui ui2 @7 20 | .
Fitting parameters for selected ions are listed in Table Il 00 ! %
The confidence of the fitting is better than 99.9%. It can be z
seen that the fitting parameteag,a;, anda, vary slowly
with the nuclear charg&Z in the nonrelativistic limit, FIG. 6. TheZ dependence af,o in model TPDWO1. The solid
while they have a strong dependence with relativistic and dashed lines are for relativistic and nonrelativistic cross sec-
effects included. tions, respectively.

052713-7



CHANG et al. PHYSICAL REVIEW A 69, 052713(2004)

IV. CONCLUSION standing of the electron-impact ionization processes. Ex-

A fully relativistic calculation of the electron-impact ion- Change effects are separated into interchange and capture
ization for Be-like ions is performed. Exchange effects argl€'Ms: The interchange terms modify the total cross section
included by antisymmetrizing the transition amplitudes in the2t all incident energies for alf. The capture terms play an
two-potential distorted-wave approximation. Three differentimportant role only near threshold. Relativistic effects are
sets of asymptotic charges are used for the distorting poterftudied by comparison with the ionization cross section in
tial to study the mutual screening of the primary and secondthe nonrelativistic limit, where the nonrelativistic ionization
ary electrons. For small, the cross section is dominated by Cross section can be described by a scaling law. The reduced
electron-electron correlations between the two final concross section can be described very well by a polynomial
tinuum electrons while relativistic effects are negligible. In function of 1/u;, the inverse of incident energy. The expan-
this case, the capture processes are also important. We na@n coefficients are almost constant for nonrelativistic cross
here that the capture terms correspond to the exchange prsections. Relativistic effects are significant for highens
cess of the direct ionization. It is nothing to do with two-stepwhich give rise to &« dependence for the expansion coef-
processes, such as ionization-autoionization, which may b#cients. Cross sections for any ions of interest along the Be
also important in some cases. The cross sections arising froisoelectronic sequence can be easily derived by interpolating
indirect processes should be investigated for further undeffrom the provided data.
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