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Electron-impact ionization of O%* ions for q=1-4
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Experimental measurements of the ionization cross section 0, @here q=1-4, performed with a
crossed-beam apparatus are presented and compared with theoretical calculations,. fher €perimentall
measurements are in very good agreement with configuration-average time-dependent close-coupling calcula-
tions. For the remaining oxygen ions, the experimental measurements are in good agreement with time-
independent distorted-wave calculations. As expected, the accuracy of the perturbative distorted-wave calcu-
lations improves with increasing ion charge.
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[. INTRODUCTION the only available experimental measurements. The nonper-
turbative calculations for ionization from the first excited
The electron-impact ionization of an arbitrary atom orstate of lithium are lower than the distorted-wave calcula-
atomic ion continues to challenge theoretical and experimertions by almost a factor of 2. However, similar calculations
tal workers. On the theoretical side, the basic direct ionizafor electron-impact ionization of Li [13] have shown good
tion process involves two electrons escaping in a long-rangagreement between the various nonperturbative and
Coulomb field, the three-body Coulomb problem. Thedistorted-wave calculations and the experimeRimatrix
ejected electron may originate in the outer shell of the atorand TDCC calculations on £f [14] have also found
(the most likely process from energy consideratjpms, if  distorted-wave calculations to be reasonably accurate, and in
the energy of the incoming electron is sufficient, may origi-good agreement with the experiment. For low-charged posi-
nate from an inner shell of the atom. Indirect ionization pro-tive atomic ions in the Li and Na isoelectronic sequences,
cesses, such as excitation-autoionization, may also becorm®nperturbative calculations have been found to be in good
important, especially for multiply charged positive ions with agreement with the distorted-wave calculations for ions with
small numbers of valence electrons outside closed subshella.charge of 3- or higher[15-24.
For open -shell systems, such as those studied in this pa- In comparison, there have been very few nonperturbative
per, direct ionization is expected to dominate, although conealculations of electron-impact ionization of opgsshell at-
tributions from indirect ionization may become more impor- oms or atomic ions. Time-dependent close-coupling calcula-
tant for higher members of the isonuclear sequence. tions have been made for the electron-impact ionization of
In recent years much progress has been made in applyirthe neutral carbon and neon atof@§]. The TDCC calcula-
nonperturbative theoretical techniques to electron-impactions were made using a configuration-average approxima-
ionization of light atoms. For the electron-impact ionizationtion and so did not include any explicit term-dependence in
of hydrogen, the converged close-couplifiy, the hyper- the coupling of the continuum electrons with the remaining
spherical close-couplinf?], the R matrix with pseudostates core electrons. A useful guide to the strength of term depen-
[3], the exterior-complex-scalirigt], and the time-dependent dent effects in electron ionization pfshell atoms is to ex-
close-coupling(TDCC) [5] methods are all in very good amine the largest departure from the configuration-average
agreement with experimental measuremdbs and up to  angular factor for the dipole exchange integral intf&term
15% lower than distorted-wave predictiofd. Calculations  of the 2p"kd configuration. The correlation of such angular
for the electron-impact ionization of neutral helium using thefactors with term dependence in ionization cross sections has
converged close-couplifd@], theR matrix with pseudostates been previouly shown for Ar and ClI in the work of Griffin,
[8], and the time-dependent close-couplii®j methods are Pindzola, Gorczyca, and Badngl6]. As an example of this
again all in very good agreement with experimental measureeffect consider the ionization of neutral carbon and neon.
ments[10] and about 10% lower than distorted-wave calcu-The largest departure factor for electron ionization of carbon
lations[9]. On the other hand, recent TDCC calculations onis 7z in the 2pkd'F term, while the largest departure factor
He" [11] have found good agreement with convergent closefor electron ionization of neon i& in the 2pkd'D term. For
coupling calculations, distorted-wave calculations, and exearbon ionization, very good agreement was found between
periment. Good agreement has been found betweerRthe the configuration-average TDCC calculatiofs] and the
matrix with pseudostates, the time-dependent close couplingxperimental measurement of Brook, Harrison, and Smith
and converged close coupling for the electron-impact ionizaet al. [27]. On the other hand, the configuration-average
tion of neutral lithium in its ground and first excited states TDCC calculation$25] for neon ionization were found to be
[12], although here the three theoretical calculations are sigabout 25% higher at the peak of the cross section than the
nificantly lower than both distorted-wave calculations andexperimental measurements of Krishnakamur and Srivastava
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[28]. Since the largest departure factor for electron ionization 32w, (Ed(k2/2)

of OF is 2 in the 2p?(°P)kd*P term, we expect to find o="a K > (2L+1)(2l+1)
reasonably good agreement between the TDCC calculations i 70 e lide s

and the experiment. X (2l+ )P o ki Ke Ke), (1)

Several experimental studies of the electron-impact ion-
ization of oxygen ions as well as some perturbative theoretwhere the linear momentek;(,k,k¢) and the angular mo-
ical calculations exist in the literature. Aitken and Harrisonmentum quantum numbers; (I.,l;) correspond to the in-
[29] measured the ionization cross section for énd G*,  coming, ejected, and outgoing electron, respectively. The to-
using crossed electron-ion beams. These were among thg energyE=ki2/2—I =k§/2+ kfz/z, wherel is the subshell

first experimental measurements for atmospheric ionsionization energy. The first-order scattering probability is
Muller et al. [30] also measured cross sections for thegiven by[40]

electron-impact ionization of ©for a few incident electron
energies, although their work was chiefly concerned with P e 1,k Ke ,Ke)
ionization of the noble gases. More recently, Yamatial.
_[31] use_d a_lcrt_)ssed—beam technique to measure the_ ele_ctron— 22 Al o [RM Kol o, Kl ¢,y kil )]
impact ionization of O up to 1 keV, their results being in N et
fairly good agreement with the semiempirical prediction of
the Lotz formula[32]. Donets and OvsyannikofB3] have +> BI)\-,,I VIR (il Kel o1yl kil )2
also made measurements of ionization cross sections for O N
through d™.

On the theoretical side, Ganas and Gré¢@4] used an > > CIMH RMKel o K¢l 1,0l kil
atomic independent-particle model to compute ionization X o et
cross sections and loss functions fof @rough d*. These ,
calculations were in fair agreement with the existing experi- XRM (kil 1 kel e, il Kil), 2
mental measurements at that time. Moof85] evaluated
no-exchange Coulomb-Born ionization cross sections for O
and G*. For " Stingl [36] used a modified Coulomb-

Born and Coulomb-Born exchange method to calculate th Th dial di g B ded | h
ionization cross section, while Pindzo&t al. [37] used a e radial distorted-waveBy,(r) needed to evaluate the

configuration-average distorted wave approach, which Wa§_Iater integrals are solutions to a radial Sclinger equation

then partitioned into term resolution. Jakubowica angd'ven by
Moores[38] calculated the ionization cross section df'Qn K2
Coulomb-Born and distorted wave approximations in their (h(r)— —) Pu(r)=0, (3)
study of lithiumlike and berylliumlike ions. Youngdi39] 2
used a distorted-wave Born approximation to calculate th
electron-impact ionization of ¥, in his study of ionization
cross sections of the berylliumlike isoelectronic sequence. 1d2 1(1+1)

In this paper we calculate the electron-impact ionization h(ry=—z ==+ >

: . B . ; 2dr 2r

cross sections for ©O ions, forq=1-4, using two different
formulations Qf the first-order perturbative distorted-wave,,47 is the atomic number. The direwt, potential is given
method. An important check on the accuracy of thesg,
distorted-wave calculations is made by performing a set of

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

%vhere

Z
— 7 Vo +Vx(r), (4

time-dependent close-coupling calculations fofr.OThese occ . le (r')
sets of calculations are compared to experimental measure- VDU)ZE w, My dr’, (5)
ments made using a crossed-beam apparatus. A good agree- u 0 maxr’,r)

ment is found between the theoretical calculations and the

experimental measurements for the ions studied here. In thghere P, | (r) are the configuration-average Hartree-Fock
following section we discuss the theoretical techniques usefdound radial orbital$41]. The exchang&/y potential is cal-

in these calculations. In Sec. Il we present the experimentatulated in a local density approximatiga2]. The incident
methods used in these measurements. In Sec. IV we presemnid scattered electron continuum orbitals are evaluated in a
the comparisons between theory and the experiment for thgN potential, while the ejected continuum orbital is calcu-

O ions and we conclude with a short summary. lated in aVN~! potential[39], whereN==3 ,w, is the total
number of target electrons. These calculations are listed as
Il. THEORY DWIS(N) (distorted wave, incident and scattered electrons

in VN potentia) in the following sections. The DWIS{)
method has proved especially accurate for high angular mo-

The configuration-average distorted-wave expression fomentum scattering. A second set of calculations was also
the direct ionization cross section of thel()"t subshell of made where the incident, scattered, and ejected electrons
any atom is given by40] were calculated in aVN™! potential [43], listed as

A. Time-independent distorted-wave method
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DWIS(N—1) in subsequent sections. This method is gener- 1. EXPERIMENTAL METHOD
ally more accurate for low angular momentum scattering.
The continuum normalization for all distorted waves is one
times a sine function.

The measurements were performed at the Giessen
electron-ion crossed-beam setup, which has been described
in detail earlief44,45. In order to produce oxygen ions we
fed carbon dioxide into the plasma of a 10-GHz electron
B. Time-dependent close-coupling theory cyclotron resonance ion sourp6]. With this method stable

ion currents of about 20 nA () up to about 200 nA (O)

gould be obtained at an acceleration voltage of 10 kV. For
O*" we used the isotop&O instead of*®0 because®0**

has the same mass to charge ratio'4®’ . After magnetic

Wy fEd(ké/Z) separation of the desired ion species and tight collimation to

= 2L+1 i i i .
o 4(2|t+1)ki2 o Kek; |i%lf LES ( ) a typical diameter of 2 mm, the ion beam was crossed per

The configuration-average time-dependent close-couplin
expression for the direct ionization of the(;)"t subshell of
any atom is given by5,14,25

pendicularly with an intense electron beam. We used a high
X(2S+1)P(l; ,la,15,L,S ki ke, ki), (6) current electron gun designed by Beclatral. [47] for all
cross section measurements in the electron energy range
from threshold up to 1 keV. This gun delivers a ribbon-
wherelL is the angular momentum quantum number obtaineghaped beam and an electron current of up to 450 mA at 1
by couplingl; andl; (or I, andl{) andSis the spin momen- keV. After the interaction the ionization products were sepa-
tum quantum number obtained by coupling two spielec-  rated magnetically from the incident ion beam and detected
trons. The scattering probability is obtained by projecting theby a single particle detector. The primary ion beam was col-
two-dimensional radial wave functioﬁ’,Ll“T’z(rl,rz,t) onto lected in a large Faraday cup. To obtain absolute cross sec-
appropriate products of bound and continuum radial orbital$ions the dynamic crossed-beam technique was employed
at a suitable time after the collision. [48] where the electron gun and thus the electron beam is
The radial wave function®5 (r,,r,,t) are solutions to moved mechanically up and down across the ion beam with
the time-dependent radial Sc':'léii)ger equation given by simultaneous registration of the ionization signal, the elec-
tron and the ion current. Measurement times for one data
point range from 50 s to about 2000 s. The total experimental
apll.? (r1,F2,0) uncertaintigs of the mea_sured cross sections are typically 8%
12 =T, (rl,rz)FﬁL‘T’ (r1,F2,) at the maximum, resulting from the quadrature sum of the
at 12 12 nonstatistical errors of about 7.8% and the statistical errors at
95% confidence level.

L LS
+2 U| | ‘|’|’(rlar2)P|'|/(r11r21t)y
|;,Lv|£ 12712 12

IV. RESULTS
()

A. Electron-impact ionization of O*

where the expressions for the quantiti€s, (r,,r,) and Distorted-wave calculations were carried out for the
Ut 12 electron-impact ionization of ©® over a wide range of inci-

i1, 111,(T1.72) can be found in Refl25]. The radial wave ot electron energies. Two different distorted-wave approxi-
function at a timet=T following the collision is obtained by mations were used, as described in Sec. Il. The two calcula-
propagating the time-dependent close-coupling equations adions DWIS(N) and DWIS(N—1) are presented in Fig. 1.
a two-dimensional finite lattice. The two-electron wave func-As a check on the accuracy of these calculations we have
tions fully describe the correlation between the ejected an@lso carried out a series of TDCC calculations for the
scattered electrons at all times following the collision. electron-impact ionization of © from the outer p sub-

The bound and continuum radial orbitals required to deshell, for a range of electron energies near the peak of the
scribe the initial state and the projection can be obtained bjonization cross section from 50 to 260 eV. As previously
diagonalization of the Hamiltonian(r) of Eq.(4) on a one- discussed, we employ the Fourier transform technique to ob-
dimensional finite lattice. The diredty and local exchange tain the cross section for many incident electron energies, for
Vy potentials are constructed as pseudopotentials in whichnly two time propagations of the two-electron radial wave
the inner nodes of the valence Hartree-Fock orbitals are refunction. In these calculations a lattice extending to 102.4
moved in a smooth manner. This prevents unphysical excitaa.u. was used, with a mesh spacing of 0.2 a.u. By adjusting
tion of filled subshells during time propagation of the close-the coefficient of the local exchange potentigl in the con-
coupled equationgl7]. The Fourier transform methdd4], struction of the pseudopotential the configuration-average
used to extract the ionization cross section for many incidenionization threshold for O is tuned to 33.19 eV, which
electron energies for only one time propagation of the Schroagrees with the configuration-average experimental value
dinger equation, is employed to obtain cross sections over [@9]. We note that, since we ionize out of tpesubshell of
wide range of energies around the peak of the ionizatioD*, three times as many angular momenta channels are
cross sections for O coupled, due to th&=1 nature of the target.
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FIG. 1. Electron-impact ionization cross sections for.0’he  ¢ross section, the calculations are still within the error bars of
solid line is the time-dependent close-coupling calculation. Thepe experiment. At the higher energies the agreement be-
long-dashed line is the DWISY) calculation and the dot-dashed 0en the experiment and all the sets of theoretical calcula-

line is the DWIS(_\I—l) calculatl_on._The current expenmgntal mea- e is very good. We have also compared our calculations
surements are given by the solid circles, and the experimental meg;,

surements of Yamadat al. [30] are given by the solid squares nd measurements o a previous set of experimental mea-
(1.0 Mb=1.0x 102 cn?). surements made by Yamasdaal. [31], also using a crossed-

beam technique. Their experimental measurements are lower
than both our measurements and our calculations around the
%eak of the cross section, although they do lie within the
error bars of our experimental measurements. Again at high
energy there is good agreement between all sets of measure-
ments.

The good agreement between the time-dependent close-

The configuration-average time-dependent calculation
were carried out for all angular momenta frdo=0 to L
=6, and, following our previous time-dependent calcula-
tions, our results were “topped-up” with distorted-wave cal-
culations for the angular momenta abdve 6. In these cal-
culations we used the DWISI) method for our “top-up”

cross section from thes2subshell was also evaluated, using : :
) ’ charge state, we only carry out distorted-wave calculations
only distorted-wave methods. These have been added to trfg g y y

cross sections presented in Fig. 1. For this case of e r the remaining oxygen ion ionization cross sections.
excitation-autoionization cross section was found to be very
small and so has not been included.

The DWISN) calculations are in good agreement with  In Fig. 2 we present electron-impact ionization cross sec-
the time-dependent calculations for the energy range considion results for @*. Again the experimental measurements
ered around the peak of the cross section. The DWIS( are given by the solid circles. The DWISJ calculations are
—1) calculations are consistently higher than the DVNB( given by the long-dashed line and the DWI\S{ 1) calcula-
and time-dependent calculations, although this difference ifions by the dot-dashed line. In these calculations the contri-
fairly small at the higher energies considered. The Coulombbution from the D and 2 direct ionization channels has
Born calculation of Mooref35] and the results of the atomic been included. There is also a small, but significant, contri-
independent-particle model of Ganas and Grggfj are in  bution from excitation-autoionization channels. All
surprisingly good agreement with the present TDCC calcuconfiguration-average excitation channels fros:-2l up to
lations. In Fig. 1 we have also compared these sets of calci2s— 8| were included, with the most significant contribu-
lations to the experimental measurements made using thens made by excitation froms2-4p and Z—4f configu-
crossed-beam apparatus at Giessen, Germany. We find thations.
the experimental measurements are in good agreement with It is clear from Fig. 2 that both sets of distorted-wave
the DWIS(N) and time-dependent calculations over the com-calculations are in excellent agreement with the experiment,
plete energy range considered, from near threshold to 400 efdlling within the error bars from threshold to beyond an
incident electron energy. Although the calculations areelectron energy of 500 eV. These results are higher than pre-
slightly higher than the measurements at the peak of thgious experimental measurements made by Atiken and Har-

B. Electron-impact ionization of O?*
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FIG. 3. Electron-impact ionization cross sections fof Ofrom FIG. 4. Electron-impact ionization cross sections férQfrom
the (@) the lowest 5°2s°2p configuration andb) the first excited  (a) the lowest ¥22s? configuration and(b) the first excited
1s°2s2p” configuration. The long-dashed lines are the DVWB(  1522s2p configuration. The long-dashed lines are the DVI(
calculations and the dot-dashed lines are the DWIS() calcula-  calculations and the dotted lines are the DWNS(1) calculations.
tions. The current experimental measurements are given by thehe current experimental measurements are given by the solid
solid circles (1.0 Mb=1.0x 10 *® cnv). circles, and the solid squares are the experimental measurements of
Falk et al.[45] (1.0 Mb=1.0x 10" 8 cn?).
rison [29]. The atomic independent-particle calculation of
Ganas and Gredi34] for ionization from the P shell lies at  the similarity in the height and shape of the distorted wave
slightly lower than the present results, but come into gooctross sections from the ground and first excited configuration
agreement at energies above the peak of the cross sectiafakes it difficult to determine whether there is significant
Similarly, the Coulomb-Born results of Moorg35] for ion-  metastable presence in the beam. The atomic independent-
ization from the 2 and 2o shells are lower than the present particle calculation of Ganas and Gre34] for ionization
results at the peak of the cross section but agree at highéfom the 2 subshell agrees well with the present results.
energies. The total of the term resolved distorted wave calculation of
Pindzola, Griffin, Badnell, and Summe[87] agrees well
C. Electron-impact ionization of O3* with the present configuration average results. The Coulomb-
We now turn to the electron-impact ionization of O Born calculation of Sting[36] agrees with the present results
0%*, which is boronlike, has the configuratiors2Rs22p. at the peak of the cross section and above, but is smaller at

However, metastable states within its first excited configuraloWer energies. . o
We note also that significant cross section is still mea-

tion 1s°2s2p* can exist, and so it is necessary to CaICUIatesured below the theoretical onset of ionization, even for ion
ionization cross sections from this configuration also. In: '

Figs. 3a) and 3b) we present ionization cross sections from Lﬁit'% T:tf:ﬁzr; g;? f;lgtigtigggf;gr:rgggﬂ' L-Jrrgtsiorr??\//et;g Oétée ;?] d
the lowest 522s?2p and first excited $22s2p? configura- 9 gec,

. . . . so some of the terms within this excited configuration will lie

tions, respectively. Again we show our experimental mea; . ib he ionizati

surements as well as two sEtOWIS(N) and DWISN below thls.average value, anq can contribute to the ionization
) . . cross section below the configuration-average threshold.

—1)] of distorted-wave calculations. For the lowest configu-

ration of 3", the two sets of distorted-wave calculations are b El _ ionization of O+

in good agreement with each other, with the DVWNIS{1) - Electron-impact fonization o

calculations slightly higher at the peak of the cross section, Finally we turn to 3*. Again, for this berylliumlike ion,

see Fig. &). As before, both sets of distorted-wave calcula-we must consider ionization from both the lowess{2s?)

tions include direct ionization from@and 2, as well as and first excited (§22s2p) configurations, since both are

excitation-autoionization channels. The DWINS{ 1) calcu-  likely to be present in the experimental beam. In Fig. 4 we
lations are within the error bars of the experiment with thepresent the current experimental measurements fof O
DWIS(N) calculations just outside. shown by the solid circles. For this ion there are other ex-

Figure 3b) shows the DWIS) and DWIS(N—1) cal- perimental measurements with which to compare; the solid
culation of the ionization cross sections from the first excitedsquares are measurements made by Eald. [50], using a
configuration of ", along with the experimental results. crossed-beam technique. We see that our experimental mea-
Again the two sets of distorted-wave calculations are in goodurements are in good agreement with the older measure-
agreement with each other. In this case, both sets of calculanents over all the energy range shown. However, we note
tions are well within the error bars of the experiment. Al- the presence of a “step” in our current experimental mea-
though we get better agreement with the experiment for theurements just above threshold, at around 100 eV incident
distorted-wave calculations from the excited configurationglectron energy. This is not the usual signature of a meta-
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stable component in the beam, since the cross section doase in good agreement with nonperturbative configuration-
not go to zero at any point. It may be that it is due to anaverage time-dependent close-coupling calculations. For
impurity in our ion source. O?* the experimental measurements are in very good agree-
Also in Fig. 4a) we present our two sets of theoretical ment with two sets of perturbative configuration-average
calculations made using the DWIS{ and DWISN—1)  distorted-wave calculations. ForP®, the experimental mea-
methods for the electron-impact ionization of Ofrom the ~ Surements are in good agreement with distorted-wave calcu-
1s?2s? configuration. Again, the calculations contain direct lations carried out from the lowest and first excited configu-
ionization from both an,d % as well as excitation- rations, though it is not possible to determine whether the
autoionization from 2. Since we 'now look at a larger range experiment contained a significant fraction of atoms in meta-
of energies (up to 1 keV we also include excitation- stable states. For‘D on the other hand, it is clear that the
autionizgtion frF:)m the 4 orbital, This gives rise to a small experimental crossed-beam contains some ions in metastable

. o . ; states within the first excited configurations. It is not possible
“step” in the ionization cross section above 500 eV in both g b

. . ) at this stage to determine the metastable fraction of the ex-
theoretical calculations. The experimental measurements a'i‘%rimental beam but it is encouraging that the measurements
show a slight increase around this energy. Although the th

. . . . 8ie between the two “extreme cases” of calculations where
oretical calculations are in good agreement with each otheg i jons are in the lowest and first excited configurations,
they are substantially below both sets of experimental MeZregpectively.

surements. This appears to be due to the substantial meta- £, 5+ the good agreement between the nonperturbative

stable component in the beam. In E|g{b)4we_ present our time-dependent close-coupling method and the perturbative

theoretical calculations for electron-impact ionization from jisiorted-wave calculations is encouraging. Since it is well
. 2 . . + . .

the excited $°2s2p configuration of @". Again the tWo | nown that distorted-wave techniques tend to be more accu-

theorefcica_l metho<_js are in good agreement w!th each othg,rate for more highly charged systefftie to the more domi-
and this time are in much better agreement with the experipant nature of the nuclear potential relative to the electron

mental measurements. At the peak of the cross section theo@()rrelatior) the distorted-wave calculations forr, O3*
is in fact higher than experiment. Since we do not know the, ,4 3+ should be fairly accurate. This is supported by the

fraction of the beam containing the excited configuration, ity,54 agreement with the current experimental measure-
is difficult to precisely compare theory and experiment. .o

2s2p 3P metastable presence in berylliumlike ions has his- However, from a theoretical perspective, much work re-

torically been a problem when investigating ionization CrosSyaing to accurately describe, in a nonperturbative manner,
sections, see Falkit al.[50]. However, it is encouraging that el,

; . ._electron-impact ionization from openpzshell systems. As
the expgrlmental measurements lie t_)etween .the theoretlc eviously discussed, term dependence in the coupling of the
calculat|olgs from thehground and e|x0||teq conflgurauor_]i. AF] ontinuum electrons with the remaining core electrons is not
one would expect, the present calculations agree With thg, .| qeqd in any configuration-average approximation made
previous distorted wave results of Young¢B89] and

. o in time-dependent close-coupling calculations. Although this
Jakgti0W|cz landf Moore$38(]j. The atomic mdegendent- is not expected to be a major source of error in the present
particle results of Ganas and Greld4] are in good agree- o4 futyre calculations ofneutra) p-shell systems, which

mgnt with the present calculations near thresholdz buIexhibita:significant degree of term dependence, will require
quickly become higher than the peak of the cross section. an explicit description of the coupling between the con-

Note that DWISN) and DWISN—1) calculations show i ,,ym and core electrons. Work on this complex problem is
closer agreement with increasing ion charge. This is to be, progress.

expected as the scattering potential becomes more hydro-
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