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Cross sections for the removal of two electrons from rare-gas ions by single collisions with in-
cident electrons have been both measured using crossed beams of ions and electrons, and calculated
using Hartree-Fock distorted-wave theory. For initial ions Ar +, Kr +, and Xe + the measured
peak cross sections are 1.4)&10 ', 6.5)&10 ", and 9.0)&10 "cm, respectively. These measure-
ments confirm and extend the measurements of Muller and Frodl and of Achenbach et al. Calcula-
tions were performed for the charge-state-4+ ions and for Xe+, Xe +, and Xe +. Comparison of
experiment and theory indicates that the double ionization of rare-gas ions is dominated by the in-
direct mechanism of inner-shell single ionization followed by autoionization. The distorted-wave
calculations for the 4d ionization cross section of Xe~+ (q =1 to 4) ions are strongly influenced by
term dependence in the ejected-electron continuum, and by ground-state correlations.

I. INTRODUCTION

Multiple ionization of atomic ions via single collisions
with electrons has not been widely studied. Direct multi-
ple ionization is anticipated to have a relatively small am-
plitude since a correlated multiple electron interaction is
required. However, a single-ionization event ejecting an
inner-shell electron can leave the product ion in an excited
state which may subsequently cascade through several au-
toionizing levels resulting in relatively large net multiple
ionization from a single collision.

The work of Muller and Frodl' clearly demonstrated
the inner-shell ionization-autoionization mechanism for
Ar ions. In addition their measurements suggested that
the indirect mechanism of ionization-autoionization be-
comes progressively more dominant over direct multiple
ionization for the more highly charged initial ions. The
present experimental results extend measurements on dou-
ble ionization to the next more highly charged ion, Ar +.
The increasing dominance of ionization of a 2p electron
followed by autoionization in the total double-ionization
cross section, which was observed by Muller and Frodl for
Ar+, Ar +, and Ar + initial ions, is found in the present
Ar + results.

Double ionization of Kr + and Xe + are also found to
be consistent with ionization-autoionization as the pri-
mary production mechanism. However, the increasing
complexity of the atomic structure of these ions results in
significant contributions to double ionization from more
than one inner-shell ionization. As a further complication
in Xe +, the energy levels associated with the dominant
4d inner-shell ionization straddle the threshold for double
ionization. The lower levels of the 4d vacancy configura-
tion are true bound states and thus will contribute only to
the single ionization of Xe. + Even though experiment
and theory differ by up to a factor of 2 in Xe"+, the

overall agreement found in the rare-gas ions encourages
the ionization-autoionization interpretation.

Hartree-Fock distorted-wave calculations were made for
various inner-shell ionization cross sections in Ar +,
Kr +, and Xe~+ (q = 1 to 4). The distorted-wave formal-
ism * for electron-impact ionization is based on the Born
approximation and involves both a triple partial-wave ex-
pansion of the incident, ejected, and scattered electron
wave functions, and an average over the quantum num-
bers of the target configuration. As found in previous

rk on Xe+, the 'P term of the 4d kf ejected-electron
continuum in the Xe ions is quite different from the other
LS multiplets in the configuration. Thus for members of
the Xe isonuclear sequence, we modified our
configuration-average ionization code to take into account
term dependence in the ejected-electron continuum. We
also included ground-state correlations for the Xe ions.
We compare our calculations with the present measure-
rnents and the recent experimental results of Achenbach
et al. '

II. EXPERIMENTAL APPROACH

I"he electron-ion crossed-beams technique has been
described several times. The present arrangement corre-
sponds to a recent description with only a minor change
in the analyzer.

The ions are extracted from the ORNL-PIG source
(Oak Ridge National Laboratory Penning ion gauge con-
figuration) and selected according to mass-to-charge ratio
in crossed electric and magnetic fields. After transport of
the beam to the collision chamber an electrostatic
parallel-plate analyzer is used to remove ions whose
charges have changed in the transport flight path. The
electron and ion beams are crossed at 90' and a second
parallel-plate analyzer separates the product (ionized) ions
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from the incident ions. The only difference from the re-
cent description of the apparatus is that, for the present
case, the ratio of charges of incident to product ions is —,

and the spacing of analyzer exit holes is adjusted corre-
spondingly. The flight path from the beams crossing
point to the analyzer is just over 5 cm, so that, for typical
ion velocities of 5 X 10 cm/sec, the time between collision
and analysis is more than 0.1 psec. This time is relatively
long compared to both typical autoionization times and
radiative lifetimes for ions which are at least a few-times
charged.

Uncertainties in the measured cross sections are the
same as found in previous work, except for counting
statistics which apply to each individual measurement.

Total absolute uncertainties in the present data are es-
timated to be +8% near the peak of the measured cross
sections. This total uncertainty is the quadrature sum of
counting statistics on the signal at 95% confidence level
and systematic uncertainties in each of the measured pa-
rameters estimated at a comparable level of confidence.

III. THEORETICAL APPROACH

In order to interpret the double-ionization measure-
ments on the rare-gas ions, we made Hartree-Pock
distorted-wave calculations for the inner-shell ionization
cross sections. Our general expression for the average ion-
ization cross section (in atomic units) is given by

&/2 32'~
o = J 3 g (2li+ 1)(2I,+ 1)(21f+ 1)

ki kekf lpl&plf

&( QA(l;, I„lf,A)[R (k, l„kflf ', n, l„k;1;)] + QB(l;,l„lf,A, ')[R (kflf, k, l, ;n, l„k;1;)]
A,

'

—g g C(l;,l„lf,A, , A, ')R (k, l„kflf, n, l„k;l; )R (kflf, k, l, ; n, l„k;1;) d( ,'k, ), —
A, jlL,

'

where the wave numbers k;, k„and kf and the angular
momentum quantum numbers I;, l„and If correspond to
the incident, ejected and scattered electron, respectively.
The continuum normalization is chosen as one times a
sine function. The energy E = ,

'
k; I, I be—ing t—he ioniza-

tion potential and q, is the occupation number for the n, l,
inner subshell. In Eq. (1) R (ij;rt) is the usual Slater ra-
dial integral for the Coulomb interaction between elec-
trons, and the angular coefficients A, B, and C may be ex-
pressed in terms of standard 3-j and 6-j symbols, as found
in previous work. The maximum interference approxi-
mation of Peterkop requires that the angular coefficient
C must be chosen to be positive and real.

Several Hartree-Pock relativistic atomic-structure cal-
culations were made in order to determine excitation en-
ergies and ionization potentials for the various rare-gas
ions. As shown in Table I and Fig. 1, the main
ionization-autoionization contribution to the double ioni-
zation of Ar + is expected to be the creation of a 2p va-
cancy configuration of Ar +. Similar 2p vacancy configu-
rations will also contribute to the double ionization of
Ar + and Ar + (Ref. 1). The largest ionization-
autoionization contributions to the double ionization of
Kr + are predicted to come from 3d and 3p vacancy con-
figurations, as shown in Table I and Fig. 2. For vacancy
configurations near the ionization potential of the next
higher stage of ionization, we determine not only a
configuration-average energy, but the spread in energy as-
sociated with the different I.SJ levels of the configuration.
The levels of the 3d vacancy configuration of Kr + all lie
above the Kr + ionization potential, and thus all may au-
toionize. As seen in Fig. 3, the 4d vacancy configuration
of Xe + straddles the Xe + ionization potential. On the
basis of our atomic-structure calculations, we estimate
that 50 of the 150 I.SJM states present in the 4d 5p con-
figuration are able to autoionize and thus contribute to the

I

double ionization of Xe +. For Xe+, Xe +, and Xe +,
however, all the levels of the 4d vacancy configuration can
autoionize. One should also note that deeper inner-shell
vacancy configurations may have branching decay routes
to several different ionization stages. However, their con-
tribution to double ionization is small when compared to

Atomic ion

Ar'+
Ar'+
Ar'+
Ar+
Ar +
Ar'+

Configuration

Zp 3$ 3p
2p 3$ 3p
p'3s'

2p 3s 3p
2p 3$

2p 3s 3p

Energy
(eV)

0.0
73.7

164.8
179.8
288.0
322.8

Kr4+
Kr'+
Kr +
Kr'+
Kr +
Kr'+
Kr'+

p 3d' 4s 4p
3p 3d' 4s 4p
3p 3d 4$

3p 3d 4s 4p
3p 3d 4$ 4p
3p 3d' 4s
3p '3d '04s 24p 2

0.0
63.4

141.2
153.5
234.7
249.1

280.5

Xe4+
Xe'+
Xe'+
Xe+
Xe+
Xe +
Xe'+

4p 4d' Ss 5p
4p 4d' Ss Sp
4p 4d Ss Sp
4p'4d "Ss'
4p 4d 5s Sp
4p'4d "Ss
4p 4d'05$ Sp

0.0
53.6

117.1
118.9
184.9
209.5
210.9

TABLE I. Excitation energies relative to the ground level of
the 4+ ion for various rare-gas ions in the configuration-
average Hartree-Fock relativistic approximation.



ELECTRON-IMPACT DOUBLE IONIZATION OF RARE-GAS IQNS

400 250

2p Gs 5p
2 2 4p 4d 5s 5p

$0 2 2

. e t50—

100—

for double ionization of ArFIG. 1. Energy-level diagram for d
k d I is an inner-shell ionization pat .The arrowed line mar~e is a

' - '
n at .

Thc arro%'cd lines mar cd 1 rkcd A Rrc Rutolon1zat1on pRt s.

Fl s. I—3. Further,confi ulatio11s sllowi1 111 g .

t o stages with

'
all ossible or some o inne-

wn in Figs. 1—3 to decay to ioniza ion
a net of three electrons remove . ow

n sta es are not accessed by sequen ia w-
h h

'
ffect on the branch-electron lnteractio, h

'
ecns and thus t eir e ec

ing ratio for double ionization is presume o e
-state orbita s o c

ve otentials for the hundreds o con-struct distorted-wave po en
ns needed to evaluate q.E . (1) for thetinuum wave function

rlous Inner-shell lonlzatlon CI oss sections. cvarious
m orbltals, I kh r, lsSchrodinger ch d equation for continuum, I'

glvcn by

z k

4 6 4dt05
0

Xe4+ Xe Xe 7+

for double ionization of XeFIG. 3. Energy-level diagram for
k d I are inner-shell ionization pat s.The arromed lines mar e

Thc arl owed 11ncs IIlRI ck d A are autoionization paths.

is the atomic number and VHF
'
is the Hartx'ee-

the configuration-average Hartree- oc
Inatcd by 8 oca 8y 1 1 H rtree plus semiclassica -exc

ial " is adequate for substitution mto Eq. ( ).(SCE) potential, is a equa e

the
' 4d9k 'I' ejected-electron

inner-shell ionization o t e e
ions, however, the

'
pthe ixn ortant

continuum is complete yetel Inlsre resente y e
ial. This is caused by the large positive ip

exchange integral in the I' term- epe
operator, given by the expx'ession

137 I 2 g3 s g$——'J ——'J + '"
E4d —,, E4d —„E~HF — HF 3S 4d 2& 4d 7O

&p5 5d 4s 4p 2

200—
K
LLI

td

100—

Sp~ Sd'04
0

Kr4+

fo1 double lonlzat1on of KrFIG. 2. Energy-level diagram for d
k d I are inner-shell ionization pat s.The arrowed lines mar e

aths.The arrowed mes mard 1' rked A are autoionization pat s.

l {l+1)
V,rr(r) =

V is the configuration-average po erator, and J'
axe e

'
e inte rais.K ax'e the usual direct and exchang

'
g

As a guide in studying term- epen
ful to introduce e eth effective local potential V,rf r, w ic
for the Hartree-Fock equations is given by

Z 1 1 X{kl;r)
( )——+—F(kl;r)+-

r r ' r krr
r's' F(kl;r)/rre we use a notation sixnilar to Fisc er s;

d X(kl )/r is the exchange funcls thc direct potential an;r
tlon. A simple hnear rpr inte olation may e use

V (r) do not appear in grap icasingularities ln V,~~ r o
se V (r) as a descrip-%C mus empst em hasize that we only use df r

t tinuum orbitals used ln
0

rm-de en ent continuum
this paper are solutions q.to E. (2 wi
Hartree-Fock operator.

lot configuration-average,„;......„... :";„..f.,dependent effective potentia s an c

ffective otential has a small nega-configuration-average e ective po en i



M. S. PINDZOI. A et aL

1.0

0.5

I I I I jjj I I I j~/ I

Xc+

j f(c~]

I I I jjjj I I I

Xe+

0

-0,5
5
cj

-3,0

I-
o.

0.5I-
Lal

ld

I I IJ Y/ I

XCZ+ (tl j /~

CA]

/
/ o

I-

/

I I jjjj I

tive barricI', while the I' term-dependent potentiaI has a
Iafgc posltlvc balricf caused ln paft by thc contribution
from the positive dipole-exchange integral. The difference
in the two potentials has a dramatic effect on the shape of
low-energy continuum orbitals. In Fig. 4(a) the first an-
tinode of the kf orbital at an energy of 1 eV is located in
'tllc lnlml'-well 1'cgioll of 'tllc collflglllRtloll-Rvci'Rgc potcn-
tlal Rnd ovcI'Iaps stlongly with thc 4d bouIld orbital. In
Fig. 4(b) the first antinode of the kf orbital at the same
energy of 1 eV is located in the outer-well region of the 'I'
term-dependent potcntiaI Rnd Gvcflaps GQIy wcakIy with
thc 4d bolllld 01'bit Rl.

The photoionization cross section is a direct measure of
the ejected-electron continuum. The 4d photoionization
cross section is directly proportional to the radial dipole
integral (kf j

r
j
4d ), which measures the 4d overlap with

the kf orbital. In Fig. 5 we plot the 4d cross section for
neutral Xe and the Xe'1+ iona (q =1—4). At 1 eV above
the threshold for photoionization of Xe+, the
configuration-average cross section is approximately
38 g 10 ' cm, while the 'I' term-dependent cross section
is much lower at 14&10 ' cm. The same dramatic
change ln thc predicted ncutI'Rl Xc closs scctloQ caused by
lncludlng tern dcpcQdcncc ln thc contlQUUID has bccn
pointed out by Starace. '

For Xe + the barrier has disappeared altogether in the
configuration-average effective potential, while the 'P
term-dependent potclltial still 11Rs R slnall posl'tive barrier.
In Fig. 4(c) the first antinode of the kf orbital has moved
deeper into the inner-well region of the configuration-
average potential and its overlap with the 4d has begun to
wash out due to wave cancellation. In Fig. 4(d) the first
antinode of the kf orbital has also moved further toward
the nucleus in relation to Fig. 4(b), but this has caused its
overlap with the 4d orbital to incI'ease. At 1 cV above the
threshold for photoionization of Xe +, the predicted
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FIG. 5. 4d inner-shell photoionization cross sections for Xe
and Xc lons (g = 1—4). Chalncd curves arc configuration"
average results. SoHd curves are 'I' term-dependent results in-
cluding ground-state correlations. Ionization thresholds are (a)
Xe at 70 eV, (b) Xe+ at 81 eV, (c) Xe2+ at 93 CV, (d) Xe + at 105
CV, and. (e) Xe~+ at 119 CV. 0, experimental measurements for
neutIal Xc (Rcf. 12).

configuration-average cross section is approximately
10X10 ' cm, while the 'P terID-dependent cross section
is now higher at 26&10 ' cm . The wave m.cchanical
mechanism that causes term-dependent effects to lower
the near-threshold photoionization cross section for neu-
ti'Rl Xc Rnd Xc, while raising tllc closs scctloll fol hlgllcl'
stages of ionization, will similarly influence the electron-
impact ionization cross section.

Whenever term-dependent effects were suspected to be
important ln cIcctI'on-1IDpac't lonlzatlon» separate cjcctcd"
cIcctI'Gn paftlaI closs scctlons wcI'c calcuIRtcd Using tcrm-
dependent and configuration-average potentials and then
added and subtracted from the total cross section ob-
tained using Eq. (1) and SCE continuum orbitals. As
pointed out by Younger, ground-state pair correlations
will also be important in ejected-electron continua exhibit-
ing strong term dependence. For the Xcs+ iona (q =1—4)
as outlined in previous work, the important 4d +4f-
ground-state pair correlations were included through the
use of multiconfiguration Hartree-Fock wave functions. '

%hen needed, the relatively smRII contributions to the to-
tRI cfoss scctlon IDade by direct doubIc lonlzatlon wcI'c es-
timated using the binary-encounter approxlIDatlon. '5

3.0 0.$

RAOlUS (a 1L)

FIG. 4. Configuration-average and term-dependent effective
potentials and continuum orbitals for (a) or (b), Xe+, and (c) or
(d), Xe +. Hatched solid curves, effective potentials; solid
curves labeled kf, continuum orbitals at 1.0 cV; dashed curves
labeled 4d, 4d bound orbitals.

The colliplete data for electron-impact double ioniza-
tion of Ar + are listed in Table II and plotted in Fig. 6.
EneIgy-level calculations, summarized in Table I and Fig.
1, predict the double-ionization threshold for Ar + at
164.8 cV Rnd thc 2p lonlzatlon-RUtolonlzatlon threshold Rt
322.8 cV. TIM soIid curve in Flg. 6 ls 8 distorted-wave
calculation for the 2p inner-shell ionization obtained using
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TABLE II. Measured cross sections for double ionization of
Ar + by electrons. Uncertainties shown are 1-standard-
deviation (1 s.d.) reproducibility. Absolute uncertainty is about
+8% at the peak of the cross section.

TABLE III. Measured cross sections for double ionization of
Kr + by electron impact. Uncertainties shown are 1 s.d. repro-
ducibility only. Total absolute uncertainty is about +8/o at the
peak of the cross section.

Energy
{eV)

Cross section
{10-"cm')

Energy
(eV)

Cross section
(10 ' cm)

154
190
241
290
340
364
390
438
489
537
588
690
785
886
982

1181
1787

0.026+0.030
0.090+0.041
0.039+0.024
0.091+0.034
0.298 +0.042
0.546+0.042
0.705+0.056
0.876+0.039
0.923+0.043
1.173+0.033
1.223 +0.049
1.387+0.057
1.427+0.031
1.387+0.030
1.336+0.040
1.280+0.038
1.188+0.037
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Eq. (I) and Hartree-Fock configuration-average continu-
um orbitals. Term-dependent effects in the ejected-
electron continuum of Ar + should be small. The peak in
the present experimental cross section at 1 4&(10 ' cm
is about 33%%uo above theory. Also plotted in Fig. 6 are the
experimental measurements on Ar + and Ar + by Muller
and Frodl. ' Comparison of the results for the Ar ions
demonstrates increasing dominance of the 2p ionization-
autoionization mechanism in the double-ionization cross
section relative to direct double ionization as one goes to
higher initial stages of ionization. It is not clear that the
double ionization of Ar + should have a higher peak value
than for Ar + and Ar +. In fact it would be anticipated

124.0
137.4
142.6
145.0
147.4
149.4
150.8
152.3
153.4
155.4
158.4
162.5
167.0
173.2
183.2
192.9
202.7
213.0
217.2
221.5
232.0
242.3
250.8
262.3
271
291
312
342
391
440
490
538
588
606
638
687
736
785
835
884
983
1181
1478

—0.023+0.066
—0.011+0.034
—0.024+0.030
+ 0.020+0.038
+ 0.080+0.045

0.090+0.049
0.222+0.038
0.265 +0.056
0.279+0.035
0.392+0.050
0.447+0.049
0.642+0.038
0.738+0.046
1.167+0.070
1.490+0.070
1.824+0.056
2.100+0.067
2.453+0.063
2.547+0.072
2.880+0.048
3.105+0.049
3.535+0.050
3.563+0.066
4.010+0.075
4.215+0.064
4.615+0.053
4.948+0.070
5.208+0.078
5.557+0.073
5.706+0.067
5.838+0.048
5.871+0.077
5.929+0.073
6.112+0.064
6.310+0.072
6.470+0.045
6.334+0.071
6.383+0.060
6.313+0.067
6.236+0.065
6.115+0.044
6.147+0.050
5.834+0.043

o
0

&

l

)00 200
DOUBLE IONIZ.

THRESHOLDS

45k
I I I I I I I

500 )000
2p THRESHOLDS

ENERGY (eV)

2000

FIG. 6. Comparison of electron-impact double-ionization
cross sections for the Ar isonuclear sequence. 0, experimental
measurements for Ar + (Ref. 1). 6, experimental measure-

ments for Ar + {Ref. 1). 0, present measurements for Ar + with
absolute uncertainty shown only on the point near 1200 eV.
Solid curve is a distorted-wave calculation for the 2p ionization
of Ar +. Arrows designate double-ionization threshold and 2p
inner-shell ionization thresholds.

that Ar + should have the smallest cross section due to
decreasing direct ionization. It is possible that the ap-
parent departure from expected ordering of the measured
cross sections is due to real differences in the absolute
calibration of the experiments.

In Table III and Fig. 7 complete data for double ioniza-
tion of Kr + are presented. Energy-level calculations,
summarized in Table I and Fig. 2, predict the double-
ionization threshold for Kr + at 141.2 eV, the 3d ioniza-
tion threshold at 153.5 eV, and the 3p ionization threshold
at 280.5 eV. The solid curve in Fig. 7 is a distorted-wave
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I
I

e +Kr ~Kr +5e4+ 6+
I I I I TABLE IV. Measured cross sections for double ionization of

Xe + by electron impact. Uncertainties are (1 s.d.) reproducibili-
ty only. Total absolute uncertainty is about +8/o at the peak of
cross section.

Energy
(eV)

Cross section
(10—18 cm2)

N

o 5E
CO

I0
CO

b
I
I
I
I
I

I
~ j

I I
I—

I0 I—

120 ~~ 200

I

140 150 (60

I

)000
f

500

ENERGY (eV)

FIG. 7. Electron-impact double-ionization cross section for
Kr +. , present measurements. Solid curve is a distorted-wave
calculation for the 3d and 3p ionization. Dashed curve is the
Lotz formula prediction for the 3d and 3p ionization. Arrows
designate double-and triple-ionization thresholds and inner-shell
ionization thresholds.

calculation for the 3d and 3p inner-shell ionizations ob-
tained using Hartree-Fock configuration-average continu-
um orbitals. Term-dependent effects in the ejected-
electron continuum of Kr + should be small. The dashed
curve is the prediction of the Lotz semiempirical formu-
la' for the ionization of the 3d and 3p inner shells. The
distorted-wave calculations are seen to be in better agree-
ment with the experimental data in the 175—400-eV range
than the Lotz predictions. The experimental peak at
6.5)(10 ' cm, however, is about 20% below theory.
From the measurements in the region between the
double-ionization threshold at 141.2 eV and the lowest 3d
threshold near 150 eV, the relative importance of direct
double ionization is seen to be small.

The small feature in the measured cross section near
600 eV remains a mystery. We cannot identify any transi-
tion of an inner-shell electron which could be followed by
a relaxing transition giving rise to this feature. We are re-
luctant to invoke any truly multiple interaction of elec-
trons during a single collision because we anticipate that
they should be negligible and because a quantitative repre-
sentation of such a collective process is not available.

In Table IV and Fig. 8 complete data for double ioniza-
tion of Xe + are presented. The 4d ionization energies
straddle the double-ionization threshold for Xe + at 118.9
eV, as shown in Table I and Fig. 3, while the 4p ionization
threshold is at 210.9 eV. Shown for comparison in Fig. 8
are the recent experimental measurements on Xe + by
Achenbach et aI. The two sets of experimental results
agree within the stated uncertainties. The solid curves
which bracket experimental data in Fig. 8 are distorted-
wave calculations for the 4d and. 4p inner-shell ionization
cross sections. The 4d cross section is obtained using

110
119
123
129
134
136.5
139
141
144.5
149.5
153.5
159
163.5
169
174
179
183
193
203
213
223
233
242
252
272
292
311
331
351
371
391
440
489
588
687
816
984
1180
1478

—0.04+0.30
—0.07+0.06

0.10+0.09
0.78+0.08
1.53+0.11
1.72+0.10
2.33+0.11
2.53+0.10
3.09+0.07
5.79+0.06
4.96+0.11
5.79+0.06
6.66+0.11
7.37+0.11
7.85+0.11
8.40+0.12
8.72+0.07
9.15+0.11
9.14+0.10
9.07+0.08
9.23+0.11
9.20+0.07
9.18+0.10
8.88+0.16
8.60+0.16
8.49+0.09
8.40+0.10
8.12+0.10
7.88+0.09
7.85+0.09
7.70+0.06
7.25 +0.08
7.16+0.06
6.69+0.05
6.07+0.08
5.19+0.06
4.49+0.07
3.77+0.11
3.40+0.06

Hartree-Fock term-dependent continuum orbitals, while
the 4p cross section calculation uses only configuration-
average orbitals. The upper solid curve contains contribu-
tions from all 4d levels, while the lower solid curve is
found by multiplying the 4d contribution in the upper
curve by the fraction of 4d states which autoionize (1/3).
The collision strengths from the 4d levels, however, are
not necessarily distributed statistically. A more accurate,
but more complicated distorted-wave calculation for Xe +
would sum level-by-level contributions, instead of averag-
ing over the configuration as done in Eq. (1). Further re-
finernents in theory beyond a level-to-level ionization cal-
culation might include examination of contributions from
the excitation of autoionizing states below the 4p thresh-
old. Such states may contribute to the double-ionization
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FIG. 8. Electron-impact double-ionization cross section for
Xe +. O, experimental measurements (Ref. S). , present rnea-
surements. Upper solid curve, labeled D%, is a distorted-wave
calculation for the 4d and 4p ionization. Lower solid curve, la-
beled D%/3, is a statistically scaled distorted-wave calculation
for the 4d and 4p ionization. Arrows designate double- and
triple-ionization thresholds, and inner-shell ionization thresh-
olds.

0 A/3
&BE~ L

80 108 136 164 192 220 100 150 160 190 220 250
ELECTR0N ENERGY (eV)

FIG. 9. Electron-impact double-ionization cross sections for
(a) Xe+, (b) Xe +, (c) Xe +, and (d) Xe +. 0 and k, , experimen-
tal measurements (Ref. S); 6, present measurements; short-
dashed curves labeled SEA, direct ionization using binary-
encounter approximation; long-dashed curves labeled CA, 4d
ionization using configuration-average wave functions plus
direct ionization; solid curves labeled TDC, 4d ionization using
term-dependent wave functions with ground-state correlations
plus direct ionization.

cross section via excitation double autoionizatio.
In Fig. 9, the experiment and theory are compared for

double ionization of atomic ions along the Xe isonuclear
sequence in order to emphasize the importance of term
dependence in the ejected-electron continuum. The exper-
imental data of Achenbach et al. are plotted for all the
Xe&+ ions (q =I—4), and the present measurements on
Xe + are also included. The dotted curves labeled SEA
are obtained by calculating the direct "double knockout"
process in the binary-encounter approximation. ' Al-
though the binary-encounter approximation results are of
dubious reliability, a full quantal calculation for the direct
process would be difficult. As found in the Ar isonuclear
sequence, the direct double-ionization process becomes
completely negligible for ionization stages q =4 and
higher. The dashed curves labeled CA are found by add-

ing a 4d ionization calculation using configuration-
average scattering orbitals to the direct results. The solid
curves labeled TDC include additional term-dependent
and ground-state correlational effects as outlined in Sec.
III. In Fig. 9(a), the term-dependent-correlated results for
Xe+ are lower than the configuration-average results and
arc lil bcttcl aglcciilc11t witll thc cxpcriiiicllt. Iil Figs. 9(b)
for Xe + and 9(c) for Xe +, on the other hand, the term-
dependent-correlated results are higher than the
configuration-average results but again are in better agree-
ment with the experiment. The experimental verification
that term-dependent effects lower the predicted cross sec-
tion for Xe+ but raise the cross section for all higher
members of the isonuclear sequence is strong evidence for
the wave mechanical mechanism proposed in Sec. III. In
the Xe + case, as noted earlier, the scaling of the term-

dependent calculation by I/3 is based on the assumption
that the collision strength is distributed statistically
among the various 4d vacancy states, which may not be
justified.

V. CONCLUSIONS

Our experimental and theoretical study of the rare-gas
ions reveals that the double-ionization cross sections are
reasonably well accounted for by the indirect process of
inner-shell ionization followed by autoionization. Furth-
ermore, the ionization-autoionization contributions from
the 4d subshell of Xe ions are highly term dependent and
proper radial continuum wave functions must be em-
ployed to obtain reliable results.

In recent years electron-ion scattering research has
served to expand on the understanding gained from photo-
absorption studies of term-dependent effects in heavy
atomic systems. Electron-impact single-ionization studies
have probed term dependence in autoionizing levels, '

while the present double-ionization studies probe term
dependence in the continuum.
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