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Relativistic cross sections of the electron-impact ionization of heliumlike ions
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Single-differential and total cross sections of electron-impact ionization are calculated in a relativistic for-
mulation for ions in the helium isoelectronic sequence: He, IB3", C**, N®", N&*, Fe&*", and Ad®".
Transition amplitudes are evaluated in the two-potential distorted-wave approximation. Relativistic effects are
investigated by taking the nonrelativistic limit. Both the rearrange and capture amplitudes are found to be
important near the ionization threshold. Results are compared with other theoretical calculations and experi-
mental data. The systematics of ionization cross sections along the isoelectronic sequence is also studied.
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[. INTRODUCTION [18], and Shyn and Sharfd9]. Total cross sections for He
were measured by Smitf20], Schramet al. [21], Brook
Electron-impact ionization is the major mode of ioniza- et al. [22], Montagueet al. [23], and Shalet al. [24]. Total
tion processes in the fusion plasma, besides being of fund&ross sections for Li were measured by Lineberget al.
mental interest in atomic structure and collision mechanismg.25], Wareing and Doldef26], and Peart and Doldd27].
In particular, knowledge of ionization cross sections has apCrandallet al.[28] measured the total cross sections féFr C
plications in astrophysics, plasma physics, and radiatiomnd N°*.
physics. Earlier reviews of electron-impact ionization of at- A complete theoretical kinematic analysis of the electron-
oms were given by McCarthy and Weigdltl] and by Mark  impact ionization proced®9] and electron-atom scatterings
and Dunn[2], and a compilation of experimental and se-[30], in general, has been presented by Huang in the relativ-
lected theoretical data was given by Tawara and Kato istic formulation. We have computed transition amplitudes of
The ionization cross section for*C was obtained by the electron-impact ionization process in the two-potential
Beigman and Vainshteif4] in the Coulomb-Born approxi- distorted-wavg TPDW) approximation with exact exchange
mation. Total cross sections were calculated using the Boraffects. The applications of the TPDW to the electron-impact
approximation by Bell and Kingstof5] for He, and by and positron-impact ionizations of hydrogenlike and helium-
Economides and McDowe[l6] for He and Li*. The total like ions have been report¢81—36. In this paper we shall
cross section for Li was given by Moores and Nussbaumer present ionization cross sections for He," LiB**, C**,
[7] in the no-exchange Coulomb-Born approximation. Bur-N°", N&*, Fe€*", and Ad®" in the helium isoelectronic
gesset al. [8] had studied the electron-impact ionization of sequence, which have been given earlier only in a Ph.D.
highly charged ions in the exchange-classical-impactihesis[31]. Both the rearrange and capture amplitudes are
parameter method. Single-differential and total cross sectiorfound to be important compared to the direct amplitude at
of He were computed by Bransdenal.[9] in the distorted- low incident energies for light ions.
wave polarized-orbital method, which includes static ex- In Sec. Il, we shall review the general theory of electron-
change and polarization potential. Younggt0,11] per-  impact ionization and two-potential distorted-wave approxi-
formed the parametrized distorted-wave calculations for Hemation. We express transition amplitudes in terms of radial
Lit, B3, C**, N5+, N&*, and Fé&*" . More recent theo- integrals and outline the numerical method in Sec. Ill. In
retical cross sections for heliumlike ions were given by KimSec. IV, we compare our results with experiment and with
and Rudd[12] in a semiempirical model, which combines other theoretical results. The conclusion is made in Sec. V.
the binary-encounter theory with the dipole interaction of the
Bethe theory for fast incident electrons. Single-differential Il. THEORY
and total cross sections for He were calculated by Biswas
and Sinha[13] in the correlated three-body Coulomb con-
tinuum method, including the electron-exchange effect. Fon- In the electron-impact ionization processes, we denote the
teset al. [14] studied ¥ ionization cross sections for a vari- linear momentum and total energy of the incident electron by
ety of ions with one to four bound electrons and nucleark; andE;, respectively. Before the collision, the heliumlike
chargeZ in the range of 16&Z<92 within the relativistic ion is in its ground state. After the collision, one electron of
distorted-wave approximation including the generalizedthe ion is ejected, and the residual hydrogenic ion is left in its
Breit interaction. The total cross section for'Livas calcu- ground state. The two outgoing electrons are described by
lated by Pindzoleet al. [15] in the R-matrix method with  (k,Ep) and k<Es), where the primary electron is defined as

A. Kinematic analysis

pseudostates and time-dependent close coupling. the faster one with subscript and the secondary electron as
Measurements of single-differential cross sections for Hehe slower one with subscrist
were made by Grissorat al. [16], Opal et al. [17], Crooks By energy conservation, we have
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Ei+Ep,=Ep+Es, (1) Hi=(cay-p;+C?B1) +(Cay- P+ C?By) +(Cag: P+ C?B3)
whereE, is the energy of the electron originally bound in the _Z E+i 9
heliumlike ion. By scattering theory, we may express the ry g Iog ©)
triple-differential cross section 429]
d3o _ (277)4 kapksESEi |T -|2 (2) V= — E+ i_’_ i (10)
dEdQ,dQg cb k; fil N Tz T3

where T;; denotes symbolically the transition matrix ele- Hererq, r,, andr; refer to the spatial coordinates of the
ment. By integrating the triple-differential cross sectionsincident electron and two bound electrons before the colli-

over (), andQ)s, we obtain the following expression for the sion and those of the primary, secondary, and bounded elec-

single-differential cross section: trons, respectively, after the collision.
By considering antisymmetrization, the transition matrix
do 27 element will have exchange terms in addition to the usual

dEs K2(239+1) (3 direct term. In the prior form, it is given b§a7]

whereJj, is the total-angular-momentum quantum number of Thi=(W{7|Vi| @) —(PW{T|Vi|®)), 11)

the target ion, and
where®; is the eigenstate dfi;, andW! ") is the eigenstate

;:E d2. (4) of H with the incoming-wave boundary condition. Helre
a denotes the permutation of the coordinate of the primary

electron with those of the secondary and bound electrons.

Here the summation is over all possible channels symboli- |n the two-potential formulation, the interaction potential

cally denoted by the index=(«;,«;,ks,j,J), and the real may be split as

amplituded , is defined by the reduced matrix element of the

partial-wave amplitude in channel, i.e., Vi=U;+W,. (12)

d expis,)=ii"Up"dexdi(o, +o _ o .
o €XH(1 6,) i kp ks)] Because in the initial state the incident electron is screened

X(a [3,(ipiIH(I0i1) ), (5) by the bound electrons, we may well choose

whereH, denotes symbolically the appropriate interaction. Z
The total cross section can be calculated as Ui=- T +i(ry), (13
I(EﬁEb)/Zda ®
o= —dE;, 6 1 1
mc? dEs S Wi:_+__Vi(r1)y (14)
li2 Ti3

wherem is the rest energy of the electron, and ¢ is the

speed of light. wherew;(r,) is the average potential due to the bound elec-
trons in the heliumlike ion, i.e.,
B. Two-potential distorted-wave approximation

In our case, the total Hamiltoniad for electrons in the
composite system of projectile and target is assumed to be, in
atomic unitsm=e=7%=1,

1 1
Vi(rl):<¢)(r2ar3)r_]z+r_]3’(b(r21r3)>- (15

Here the ground-state wave functidn(r,,r3) for the heli-
— . 2 . 2 . 2 2,13
H=(Cay-pyC°B1) +(Cap-p2+C"B2) +(Cay- s +C°Bs) umlike ion is approximated by
Thn i e @ 1
P e e s (1213 = L P(T2) P (10) = Pu(ra) Py (1),
where ; and B; are Dirac matrices, and is the charge of
the nucleus. The speed of lightequals the inverse of the
fine-structure constant in atomic units.
The total Hamiltonian can be separated into two parts,

(16)

where®, and®,, denote the wave functions for the bound
electrons in the heliumlike ion, and the prime denotes a dif-
H=H+V;, (8) ference in the magnetic quantum number. The bound-
electron wave functions were calculated with the multicon-
whereH; is the unperturbed Hamiltonian aM is the inter-  figuration relativistic Dirac-Fock program by Desclai88].
action potential, and Therefore, the potentiak(r,) in Eq. (15) can be reduced to
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1 TABLE I. Distorting potentials and asymptotic charges for the
P Cbb(rg)>. (17) primary and secondary electrons in models TPDWO01, TPDW11,
13 and TPDWOO.

Vi(rl):2<q)b(r3)

We take the potentidl; in Eqg. (13) to be the distorting

. o . Distorting potential Asymptotic charges
potential for the incident electron such that the d|stortedM0del U gp U Zy P 7 g
wave functiony{™) with the outgoing-wave boundary condi- P ° P S
tion satisfies the equation TPDWO1 Z Z Z—2 Z-1

_r_+Vi(r1) - r_+Vf(r2)
1 2
TPDW11 z z z-1 z-1
(Ca’l'p1+czﬁl+Ui_Ei)Xi(+)(r1):0- (18 —r—+Vf(l’1) —r—+Vf(l’2)
1 2
After some algebra, the transition matrix eleméht) be- '"POW0  Z fury - Z, n(ry) 22 22
comes[31] . r,
Tfl:<’\P$7)|WI|llll(+)>_<P\I}$7)|Wl|(//l(+)>’ (19) (Ca2p2+C2ﬁ2+ US_ ES)Xgi)(rz):O (23)

where ") is the unsymmetrized wave function, given as L . . .
vi 4 9 We summarize in Table I, the distorting potentigls and

U, for the primary and secondary electrons, respectively, in
() = D (VP (T)Drr (1 s). 20 the three models used in the present calculation. In Table I,
i =X (1) Polra) Por(ra) 20 v; denotes the average potential arising from the bound elec-

_ o _ ~tron in the residual hydrogenic ion,
To find an approximation to the final-state wave function

w{) with the incoming-wave boundary condition, we
choose the distorted final-state wave function as

1
Vf(rk)=<q)0(r3) @‘q)o(ra)>- (24

(=)= (=) (=) . . .
Wi '=xp '(r)xs '(r2)Po(ra). (21 The transition matrix elemerii.9) can then be written as

Here ®, denotes the ground-state wave function for the
bound electron in the hydrogenic ion, and™ and x{~)
satisfy the following equations:

Tii=Dsi—Rsi+Cyi, (25

whereDy; , Ry, andCy; are called the direct, rearrange, and
capture terms, respectively, and the rearrange and capture

) ) terms are due to the exchange effects. These terms are given
(Cay-py+CB1tUp—Ep)x; *(r)=0, (22)  explicitly as follows.

(i) Direct term

1
Dﬂ=ﬁ<xé"<r1)x§"(r2>d>o<r3> SRR x§+><r1><1>b<r2>d>br(r3>>. (26)

(ii) Rearrange term

1
Rn=ﬁ<xg><rz>xé>(r1)<1>o<r3) PSRRI LEY x§*><rl>d>b(r2)<bb/(rg>>, (27)

(iii) Capture term

1 1 “
_+r—13—7/i(l’1) Xi (1) @p(ry)@pi(ra) ). 28)

cn=ﬁ<xg"(r3>x§‘)<rz>d>o(rl> .
12
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IIl. NUMERICAL METHOD

Using a graphical methol89], we can easily express the

transition amplitude as

R R
a= Mo/ f3/ (vi)g ff | raf (vi)r

1 1
o) ) — ey (29
12/ ¢ 13/ ¢
where
1 | J
1 2 s
<r—> =\2(= 1T fjjpisl| 1
12/ 4 20 =
2 2
ji Is jp Jp js J
x| 1 1)1x9 1
-0 _ - - i lS <W0b>
2 2 2
X (Wi sRy Wip)*eh, (30)
1 1
-0 =
L\ o i | 2 2
m d—( )7 e 1,1
2 2
ji 0 jp jp js J
x| 1 1| x{ 1 ,
- O _ - - Ji 0 <WSb>
2 2 2
X(WpoRoWp) €™, (31)
(vi)a= LI 1 p sl K Wop){ Wsp )(Wpivi), (32
1 | J
1 _ - 5 o Jp
<r—> == 2= jijpisl| 1
12/ | 1, 1t
2 2
ji Ip js jp js J
x| 1 1xy. 1 (Wop)
2 0 7z) (gl
X<Wb’pRlpWis>even1 (33
1 0 1 0
L el 2 2
o 2D 111, 1
f 0 -2/ \2 2
2 2
jp s
X ] 1 0 (Wpp ){ WhoRoWis) €™, (34
-
2
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(vi)=(— 1)j +ji+jp[j Hi pj sj}<W0b><pr’><WsiVi>v
(39

<—> =—=26,;6n 00, (= DI ij )il o}

EP)
1 ) ) 1
> N s Ji A >
X i)t X
Uplsih>| 4 1 1 1
-0 _Z -0 _Z
2 2 2 2
X(Wpp) (Wi sRy Wig) ", (36)

<—> = =288, 00, (= DT i pHiid ol Hiplsi}

13

1 N . N 1
> Jp Ji >

X 1 1 1 1 <st’>
-0 _Z -0 _Z
2 2 2 2

X{WppR\ Wig) €, (37)

(7i)e=V2(= 1) J I Wop)(Wep }(Woiwi).  (38)

Here besides8n-j symbols and obvious notatiorf29,31],
other notations are defined below,

[i1=v2j+1,

1 if [ji—jal<iz<li1tial

{j1j2j3}:[0

otherwise, (39)

&
Ry(ryira)= ey (40
<Wabv>: f:dl’Wab(l’)V(r), (412)
Wop(r)=Ga(r)Gy(r) + Fa(r)Fp(r), (42)

(WapRy\Weg) &= 71'(|a7\|b)77'(|c)\|d)j jo dridraWyp

X(r)R\(r,r2)Weqy(rs), (43

with the parity function

1, I,+A+lg=even

mlaM) [o, |+ +1=0dd.
In the electron-impact ionization of heliumlike ions, we have
specificallyjo=j,=3, lo=1,=0, andJ=j;.

Numerical calculations are carried out for the amplitudes
d, with different choices of distorting potentials for three
different models as shown in Table I. To identify relativistic
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25§ (E, = 506V) 3 (E=200¢V)
E: Th E
- TPI::VYOI B 3 sy 1 Theory : Experiment :
e iment: 3 £
°l§° 20 x‘penmen E qé — TPDWO1 % Grissom et al.
z kB TPDW11 x  GCrissomeral 3 ~ =
i F: I - Y \\ A TPDW11 4 Opaletal
Grissomefal.  .-..-.. Opal et al. E
Ef ; E aﬂ‘ ------- TPDWO00 ®  Crooks
= 15 Shyn and Sharp 3 <) ————— Bransdenetal. Pl =  Shynand Sharp -
_8 ______ E _8 e Bransden et al. P2 :
~ wEe_ T e L i il Biswas and Sinha
05 . 5 .
i ...............................E i '---..I ___________ _
0.0 [N IR 0.0 Ffreeiis, e AN e e el s o P
0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
u/(u-1)

FIG. 1. Reduced single-differential cross sectioﬁinswag) for FIG. 3. Reduced single-differential cross sectitﬁinswa%) for
He at the incident energlf;="50 eV. He at the incident energly; =200 eV. Here thé®1 curve of Brans-
denet al. is almost indiscernible from our TPDW11 curve except

effects, we calculate the nonrelativistic cross sections by letrear the threshold.
ting the speed of light go to infinity.
cross sections for He d&;=50 eV, 100 eV, and 200 eV,
IV. RESULTS AND DISCUSSION respectively, compared with the theoretical results of Brans-
) ] ] ) denet al. [9], and with the experimental data of Grissom
To compare single-differential and total cross sections og al.[16], Opalet al.[17], Crooks[18], and Shyn and Sharp

different ions, the threshold energy units,=(Ei—c®)/I,  [19] The TPDWO1 and TPDW11 curves agree reasonably
well with the experimental data. We find the TPDWO01 and

u,=(Ep,—c?/I, andug=(Es—c?)/l are employed, and re-
TPDW11 curves decrease slowly withy at low incident

duced cross sections are defined as
d E energies and decrease rapidly withand converge together
i ( ) i at high incident energies, but the TPDWOO curve has quite

dE.)

dE’ different characteristics. This is due to the fact that the sec-
ondary electron is not completely screened and affected by a
I long-range Coulomb potential in both the TPDWO01 and
TPDW11 models, while the secondary electron in the

2
o
e TPDWO0O0 model is completely screened. Furthermore, as can

wherel denotes the ionization potential of the particular ionbe seen from Figs. 2 and 3, the reduced single-differential
cross sections in the TPDWO01 and TPDW11 models de-

e

OR=

in consideration, antly.that of the helium atom.

We have calculated the single-differential cross sectiorfrease rapidly as the secondary-electron energies increase.
for He, the total cross sections for He,+LiBS+, C4+, N5+, As can be seen from F|g 3, the total cross section at hlgh
Na®*, F&*", and Ad®" in the helium isoelectronic se- incident energies comes mainly from the low secondary
guence. In Figs. 1-3, we show the reduced single-differentigflectron-energy region of the single-differential cross

section.

1.6 ey T e e T
\ 0.7
VE 2N He E
3 (E=1006V) 06 E He ~ _co-—u. ——TPDW01
\ .0 -~
124 Y : 3
_ N ‘.\' Theory Experiment : E
LETY AN — TPDWOL 4 Opdletal 05 /
~ N TPDW11 = Crooks /
= N e TPDW00 % !
=} 0.3+ . ——- Bransden et al. P1 E F 04—+ H
~= o E ]
_8 > e Bransden et al. P2 o o E !
= 0.6F Biswas and Sinha - ® g3-EF Do
N N g ‘,' o Theory : Experiment :
' S e 02-f ! . Bransdenetal PI ~ x  Smith
02 e e L i — -w-w Bransdenetal P2+  Schram er al.
CE T e Ty T e T ! - Kim and Rudd = Brooketal
......... | AT AT ST AT S I S ST A S ST A A ST S APE A A A AR AT SN A a1 OAI-E- ° Be]landKingston . Montagueetal.
0.0 ! ! ! ! E o Biswas and Sinha e Shahetal
0.0 0.1 02 03 0.4 0.5 0.0-b
u/(u-1) 0 1 2 3 4 5 6 7 & 9 10
u
. - . . g 1
FIG. 2. Reduced single-differential cross sectlaijn-ag) for
4. ioits 7 .
FIG. 4. Reduced total cross sectiqiiis 7ra3) for He

He at the incident energlg;=100 eV.
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0.6 p : 0.7
0s£ 06
05
044 ] =
¥ 1] Fod
03] - 3
; 03 _é Theory : Experiment : é
02 : E —TPDWO1  * Crandalleral E
------- 3 02¢ -----TPDWI11 E
S A Direct and Rearrange E E f e TPDW00 E
01 Direct, Rearrange and Capture 3 0.1-E : °  Younger 3
- 3 E .h 3
Y o e S
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
U.i u,
FIG. 5. Reduced total cross sectiofiis 7a3) for He in model FIG. 7. Reduced total cross sectidfirs 7a3) for B3*.
TPDWO1 withD term, DR term, and DRC term, respectively.
In Fig. 4, we present the reduced total cross section for He
and compare with the theoretical results of Bell and Kingston
[5], Bransderet al.[9], Kim and Rudd 12], and Biswas and 08
Sinha[13] and with the experimental data of Smifg0],
Schramet al. [21], Brook et al. [22], Montagueet al. [23], e
and Shatet al. [24]. The TPDWO1 curve is in good agree- ¢ E

ment with experiment, while the TPDW11 and TPDWOO

curves give reasonable results at high incident energies. W“g” 05F

show exchange effects in the TPDWO01 model for He in Fig. ~
5. We note that the exchange, including rearrange and cap°
ture, terms in the transition amplitudes play an important
role, reducing the no-exchange values by 10-30%. In the
low-incident-energy region, the capture amplitude is particu-
larly important. In the high-incident-energy region, the rear-
range amplitudes are appreciable and the capture amplitude
may be neglected.

In Fig. 6, we display the reduced total cross section for
Li™ compared with the theoretical calculations of Econo-
mides and McDowell[6], Moores and Nussbaumé],
Younger[10], and Pindzoleet al. [15] and with the experi-
mental data of Linebergegt al. [25], Wareing and Dolder
[26], and Peart and Dold¢R7]. The TPDWO01 and TPDW11
curves give better results than the TPDWOO curve at high

0.7-p :
0.6
05 :
S04 ]
I E E
© E i E
03¢ {4 ——TPDWOL Experiment : 3
:’ F I, TPDW11 = Lineberger et al. E
02 E [T E— TPDWO00 & Wareing and Dolder 3
; i p Pindzola ef al. ®  Peart and Dolder
E ¥ x  Economides and McDowell
il 3 3 +  Moores and Nussbaumer E
E } °  Younger

0.0 puuuy I’ nnnnnnnnn jrustenn : nnnnnnnnn : nnnnnnnnn : nnnnnnnnn : nnnnnnnnn : nnnnnnnnn : nnnnnnnnn : |||||||| o

0 1 2 3 4 5 6 7 8 9 10

u.

FIG. 6. Reduced total cross sectiaiits 7a3) for Li*.
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0 2 3 4 5 6 7 8 9 10
u

FIG. 8. Reduced total cross sectidiirs ra3) for C**.

03-F Theory : Experiment ¢ E
——TPDW01 e Crandall et al.

2  F  meea TPDW11 E
------- TPDWO00

0.1 °  Younger E

s e T S e A

0 1 2 3 4 5 6 7 8 9 10
u.

FIG. 9. Reduced total cross sectiqiiis 7ra3) for N°*.
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0.8 —prererees prevererer yrrereerer Trrrreere Trrerren Trrerrer rrrererre prevererer yrrrreerer TrrrerTr

07-E TPDWOI

0.6 1
—~
~§° 0.5
~ 0.4 €
©
0.3
0.2 1

0.1

0.0

FIG. 13. Reduced total cross sectiofina 7a3) in model
TPDWO1 for He,Li",B3",C*" N°" N&®*,F& Ag*".

incident energies. At low incident energies, the primary and
secondary electrons have small available kinetic energies and
should be strongly screened by each other, so that the
TPDWOO curve gives slightly better results.

In Fig. 7, we show the reduced total cross section fof B
and compare with that of YounggtO] and with the experi-
mental data by Cranda#t al. [28]. Like the Li* case, the
TPDWOO curve is in better agreement with experiment at
low u;, and the TPDWO01 and TPDW11 curves give better
results at highy; . In Fig. 8, we show the reduced total cross
section for G* in comparison with theoretical calculations
of Burgesset al. [8] and Beigman and Vainshteir]| and
with the experimental data by Crandell al. [28]. We dis-
play the reduced total cross sections for'Nand N&™ in
Figs. 9 and 10, respectively, and compare them with the non-
relativistic calculations of Youngdid 0] and with the experi-
mental data of Crandaét al.[28]. As shown in Fig. 10, the
nonrelativistic TPDWO1 values are slightly lower than the
relativistic TPDWO1 values at high incident energies for
Na’* . In Fig. 11, we present the reduced total cross section
for Fe*" and compare with the corrected results of Younger
[11] as explained by Fontest al. [40] and with the interpo-

0.8 —prrerrrem rrrererre yrrvrrerer prrvererer TrrrreeTe Trrerren rrrererre prevererer yrrvererer yrrveree

0.7-£ TPDWOI (nonrelativistic)

9+

B3+, C4+,Ns+,Na 3

24+, 45+

Fe'",Ag

FIG. 14. Nonrelativistic reduced total cross sectiinsra2) in
model TPDWO1 for He,LT,B3",C*" ,N°* ,Na&® ", Fe?*" Ag*™®T.
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60 p c AN MAS A S .
E  TPDWO1 B” TPDWO1 L §
50% 3
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B 3
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= £ 3
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0 =225
E u=L5 oy =125 = 1125 3
0 7
0 ||||||||| Lo o o s 22 : ||||||||| i ||||||||
03 04 05
14Z-1)

FIG. 15. Reduced total cross sections multipliedy(in 7ag) FIG. 17. Isoelectronic plot of reduced total cross sections mul-
in model TPDWOL for He,LT,B*",C*",N°", Na ¥, F&#**, Ag™*". tiplied by u; (in wag) in ILr)nodel TPDWO1. HereZ denotes the
nuclear charge. Each curve corresponds to an incident enefgy
lated results of Fontest al. by their fitting formula[14]. The  threshold energy units
difference between our results and that of Foreeal. indi-
cates the importance of the Breit interaction effects. Themodel. Here again, we find that the deviation of the He and
TPDWO1 and TPDW11 curves are hardly discernible fromLi™ curves from the universal trend is due to correlation
each other at highy;. The reduced total cross section of effects, and the obvious deviation of the'B&and Ag"*°
Ag*®" are shown in Fig. 12, with the fitting-formula results curves is due to the relativistic effects. In Fig. 16, we show
of Fonteset al.[14], and there is not much difference among the corresponding results in the nonrelativistic limit, all
our three models. From Figs. 11 and 12, we note that theurves converge to a universal curve and to become almost a
relativistic and Breit-interaction effects are evident for highly straight line except near the threshold.
charged ions. So far we only consider the reduced total cross sections
To examine the systematics of electron-impact ionizatiorplotted against the incident energies. To study the systematic
along the helium isoelectronic sequence, we plot thébehavior of the helium isoelectronic sequence at fixed inci-
TPDWO1 curves for all ions in Fig. 13. Here all curves seemdent energies, we present the scaled cross sedatjonsver-
to follow a universal trend, rising sharply near the thresholdsus the inverse of effective ion charges<1) in Fig. 17 for
and decreasing gradually at high incident energies. The dehe TPDWO01 model. In this way, we can easily interpolate or
parture of the He and ['i curves is due to correlation effects, extrapolate data of new ions from existing curves. We find
while the departure of the B& and Ad®" curves is due to that these curves rise sharply for highly charged ions at high
relativistic effects in ions of high nuclear charge. In Fig. 14,incident energies because of the relativistic effects. However,
we present the nonrelativistic TPDWOL1 curves, the universaihe Breit-interaction effects, which are not accounted for in
trend is more apparent. The reduced total cross sections muhe present approach, may significantly increase the ioniza-
tiplied by u? are presented in Fig. 15 for the TPDWO1 tion cross sections for highions as demonstrated by Fontes

_ 6 T e R ARRREEE
0K AR DA M M V%
3 3 Ag“;?eu. Na™ N ¢ B L
TPDWOI (nonrelativistic) 5 TPDWOI (nonrelativistic) 3
30 3
[ u=10.0 - E
—~ [ e =~ 4+ i u=380 3
E - e
u=60 u=50
2P . SR e -]
o 204 )
i = rd
u=35
....... 2 .
10 - u =225
1+ =15 =125 = E
L u u=1125
/
b 1
0+ [ e e [ErrE——— B | —— s
0 1 2 3 4 5 6 7 8 9 10 0.0 0.1 02 0.3 0.4 0.5
u, 1/(Z-1)

FIG. 16. Nonrelativistic reduced total cross sections multiplied FIG. 18. Isoelectronic plot of nonrelativistic reduced total cross
by u? (in 7a3) in model TPDWO1 for He,Li,B3",C*",N°",  sections multiplied by; (in 7a3) in model TPDWO1. Each curve
Na®*, F&4t AghT. corresponds to an incident energy(in threshold energy units
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et al.[14]. The nonrelativistic scaled cross sectiansg are  correlation effects are important for low&rdions and the
plotted in Fig. 18, in which each nonrelativistic curve at relativistic effects are prominent for high&rions. Our re-

fixed u; appears as a horizontal line. sults along the helium isoelectronic sequence follow a sys-
tematic trend and agree well with available theoretical and
V. CONCLUSION experimental results. Cross sections for other ions of interest

o ) ) ) along the helium isoelectronic sequence may be interpolated
ization cross sections for heliumlike ions is performed. Weshqyld also consider the Breit-interaction effects, which have

c_ompute the transitio_n a_mplitL_Jdes in the two-potentialyeen shown by Fontest al.[14] to be important for higtz
distorted-wave approximation with exact exchange effectsang/or high impact energies.

The exchange, including rearrange and capture, amplitudes
are found to be important. Three different sets of asymptotic

charges in three models, TPDWO01, TPDW11, and TPDWOO,

are used for the distorting potentials to study the mutual

screening of the primary and secondary electrons. The rela- This work was supported in part by the National Science
tivistic effects are studied by comparison with ionization Council of the Republic of China under Grant No. NSC89-
cross sections in the nonrelativistic limit. We conclude that2112-M001-065.
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