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Electron-impact ionization of multiply charged manganese ions
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Distorted-wave calculations are carried out for the electron-impact ionization of atomic ions in the Mn
isonuclear sequence. Detailed level to level calculations are performed for the dominant excitation-
autoionization contributions. The validity of the configuration-average approach is studied and used to calcu-
late direct ionization and higher excitation-autoionization, when the level to level approach proves compu-
tationally too demanding. A combination of the two methods is used to analyze the recent crossed-beams
experimental measurements of Mn Mn®*, Mn’*, and M#" by Rejoub and Phane(iPhys. Rev. A61,
032706(2000]. The comparison between theory and experiment indicates that a large fraction of the initial
population of each measured ion is in metastable states of excited configurations.
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I. INTRODUCTION Il. THEORY

The electron-impact ionization of an atomic ion is gener-

A detailed understanding of electron collision dynamlcsaIIy dominated by two processes; direct ionization:

involving multiply charged atomic ions remains a key factor

in modeling the behavior of many astrophysical and labora- e+ AT e L ATDF Lo (1)

tory plasmas[1,2]. An experimental and theoretical chal-

lenge is the determination of accurate electron-impact singland excitation-autoionization:

ionization cross sections for the transition metal ions. Exten- C o aar Gk 4o 1 AL 4 e

sive work has been done for atomic ions in the Fe and Ni e +AT (AT ) +e e +A +e”, (2

isonuclear sequences, as summarizefi3id]. A recent ex- . . . ) R

perimental effort has revisited the low-charged ions in the TiwhereA.|s an arbitrary ion with C.hafgq gnd_the_ signifies

and Fe isonuclear sequendés6], with a few of the ions an autoionizing state. The total ionization is given by

measured at very high energy resolution. Quite recently, ab- _
; TS . ; o fl=o f)to f), 3

solute single ionization cross sections for several Mn ions Hg=h=00(g=h+rea(g—1) ®

have been measured using a new dynamic crossed-beaigpere oy, (g— f) is the direct ionization cross section and
apparatud7], prompting the theoretical investigations re- ;_,(g—f) is the excitation-autoionization cross section

ported below. from an initial levelg to a final levelf. The excitation-

The theoretical challenge in the determination of accuratgojonization cross section through innershell excitation to
electron ionization cross sections for transition metal ions iy jntermediate autoionizing levels given by

multifold. Direct ionization from the outer subshells results

in the emission of two electrons in the long-range Coulomb

field of the residual ion, the quantum three-body problem. Tea(@—1)=2 oe(g—])Ba(j—T), (4)
Recent nonperturbative close-coupling studies along the Na '

isoelectronic sequencg8] have shown that first-order \yhere . (g—j) is the excitation cross section from lexgl
distorted-wave theory should yield accurate direct ionization, level j and B,(j—f) is the multiple branching ratio for
a

cross sections for multiply charged ioiiarget charge of = g toionization from levej to levelf, defined as
3+ or greate). Indirect ionization from excitation of inner
subshells followed by autoionization should again be accu-

rately treated by first-order distorted-wave theory for multi- Aa(j—F)+ 2 A(j—D)By(i—F)

ply charged ions. Complications arise in both direct and in- B.(j—f)= : . (5)
direct ionization from the sheer number of ground and S A=K+ S A=)

excited levels found in the open shell transition metal ions. ralis T

Thus, it is important to be able to apply level averaging

methods, where possible, to obtain accurate total ionizatioklere, A,(j —K) is the autoionizing rate from levglto level

cross sections. kandA,(j—1i) is the radiative rate from levglto any lower
The rest of this paper is organized as follows. In Sec. Il,energy leveli. This includes further autoionization from

we give a brief review of the distorted-wave theory appliedleveli to level f allowing all possible secondary autoioniza-

to electron-impact ionization, and in Sec. lll we presenttion in the level to level calculations.

electron-impact ionization cross sections for Mrthrough We neglect the resonant excitation followed by sequential

Mn8" calculated using level to level and configuration- double autoionization procegsommonly known as REDA

average distorted-wave methods. We conclude with a briefo date there have been no REDA calculations for ions as

summary in Sec. IV. complex as low-charged members of the transition metals.
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Theoretical and experimental wof8—12] on Na-like Fe has 20 . . .
shown that the REDA contribution is no more than 25% of
the average total ionization cross section and is confined to :
small energy range below the excitation-autoionization 16 |
thresholds.

Level to level excitation-autoionization calculations are
carried out using the relativistic distorted-wave method £ 12 |
found in the HULLAC package[13]. In the level to level
distorted-wave method, the atomic structure is calculated us
ing the fully relativistic multiconfigurationaRELAC code
[14], based on the parametric potential moddd]. The cen-
tral potential is introduced as an analytic function of screen-
ing parameters that are determined by minimizing the first- 4|
order relativistic energy of a set of configurations. The
excitation cross sections are then calculated in the distorted
wave approximation. This package uses the factorization- . . L s !

=]
T

Cross Section

interpolation method16], which significantly improves the 0 100 200 300 400 300 600
efficiency of the radial integral calculations. Using this ap- Electron Energy (eV)
proach, we can solve Ed@4) including many thousands of

: ) FIG. 1. Electron-impact excitation cross section from the ground

levels in our excitation model. ~_ configuration of MA" to the 3%3p®°3dnl(n=4,5,6) and
The configuration-average distorted-wave approximationss3pé3dnl(n=3,4,5) excited configurations. The solid line is a

[17] is used to calculate all of the direct ionization and somega|culation using the relativistic level to level distorted-wave pro-

of the excitation-autoionization processes described in thigram for excitation from the £3p°3d 2D, level. This is almost
paper. The threshold energies and the bound radial orbitalgentical to the excitation from the s33p°3d 2D, level (not
for the Mn configurations are calculated using the relativiSshown. The dashed line is using the configuration-average
tically corrected Hartree-Fock atomic structure code ofdistorted-wave method.
Cowan [18,19, where we include the mass-velocity and
Darwin terms in the radial Schdinger equation. The con-  pg configuration-average method calculates the cross
tinuum radial orbitals are calculated as distorted-wave solugection from all levels of the initial configuration to all levels
tions of the relativistic radial Schdinger equation USINg of each final configuration. In some cases this can cause
configuration-average Hartree and semiclassical exchanggsricyities. The final excited configuration can have levels
potgntl_als[zo]. The fw_st-prder scatteryng amplitude for either spanning the ionization threshold, so when calculating
the ionization or excitation process is then averaged over ally vitation-autoionization cross sections one must be careful
states of an initial configuration and summed over all stateg, jnclude only the excitation to levels that, energetically,
of a final configuration. The excitation amplitude is evalu-\yij contribute to excitation-autoionization. For this reason
ated using |nC|dent_and scattered electrons calculated/th a we have used, in subsequent calculations, the relativistic
potential, whereN is the number of target electrons. The jeye| 10 level distorted-wave program to calculate the
ionization amplitude is also evaluated using incident andyycitation-autoionization for levels near the ionization
scattered elgctrons calculated inVA potenn_al while the  hreshold. For highen levels the configuration-average ap-
bound and ejected electrons are calculated ¥i'a" poten-  roach is appropriate, since the levels are all well above the
tial [21,22. ionization threshold and so will all contribute to excitation-
autoionization. Also, the detailed relativistic distorted-wave
. RESULTS method proves computationally too demanding for these
many high-lying levels.

Calculations from excited configurations can also cause
problems. In some cases all of the levels in an excited con-
figuration may not be populated, as they can quickly radiate

Total excitation cross sections from the ground configu-down to the ground configuration; that is, not all of the levels
ration of MrP* (3s?3p®3d) to the F23p°3dnl(n=4,5,6) within an excited configuration are metastable. Since the
and 33p®3dni(n=3,4,5) excited configurations are pre- configuration-average approach averages over all initial lev-
sented in Fig. 1. The solid line is the cross section calculatedls, this may lead to inaccuracies. A level to level distorted-
using the level to level relativistic distorted-wave code forwave calculation is therefore more appropriate in situations
excitation from the 323p®3d2D,, level to all levels of the  where some of the excited levels are not fully populated. The
excited configurations. We note that excitation from therelativistic level to level distorted-wave calculations include
3s23p®3d?Dg, level is almost identical to excitation from the branching ratio between autoionization and radiative de-
the ?D5,. The dashed line is the total configuration-averagecay in the excitation-autoionization calculations, also includ-
cross section for the transitions above. The very good agreéag the secondary autoionization processes discussed in the
ment between these curves is a good check on thprevious section. For high levels, the relative contribution
configuration-average approach. to the total ionization cross section is small so we can make

A. Comparison of detailed level to level and configuration-
average distorted-wave calculations for M*
innershell excitation
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FIG. 2. Energy-level diagram for ionization of ih. The direct Electron Energy (¢V)
ionization and some excitation-autoionization routes from the _ ) o
ground and excited configurations are indicated. FIG. 3. Electron-impact total cross section for the ionization

of Mn®" from the (a) ground (3?3p%3d) and (b) excited

. . . . . (35?3p%4s) configurations. The experimental points are from
a further approximation by assuming that the branching rat ejoub and Phanedf7]. The dashed line is the direct ionization

for;uesef excnatlpr:js. I.S close to ?nﬁ' fi . contribution and the solid line is the total cross section. The total
Ereiore, a judicious use o the con Iguratlon'ayeragefonization from the ground configuration includes excitation-
approach, coupled with the level to level relativistic , tsionization from 823p%3d-3s23p°3dnl(n=4,5,6) and
distorted-wave method when appropriate, enables accuratg?3ns3qg.3s3p®3dnl(n=4,5) calculated using the relativistic
calculations of electron-impact ionization cross sections foleve| to level distorted-wave programs, averaged over the

the multiply charged Mn ions. This methodology has beenmetastable levels. From the first excited configuration, the total

used for the remaining calculations presented in this paperionization includes excitation-autoionization from
3s?3pf4s-3s?3p°4snl(n=4,5,6) and 323p®4s-3s3p®4snli(n
B. lonization of Mn&* =4,5) using the same method. Additional excitation-autoionization

of the 3p-nl(n=7,8,9) and 3-nl(n=6,7,8) calculated using the
configuration-average distorted-wave approach is also included for
both configurations.

An energy-level diagram showing the direct ionization
and some excitation-autoionization pathwayk 48') for the
ionization of Mrf* (which is K-like) is shown in Fig. 2.
Only some of the many excitation pathways are shown foshells, from the ground and excited configurations respec-
clarity. We see that, from the ground configuration, only ex-tively, is included in a configuration-average calculation. The
citation from the $-4f and -4l configurations leads to direct ionization cross section shown here is in good agree-
autoionization, whereas from the excited configuration allment with a semiempirical calculation based on the Lotz
excitations shown lead to autoionization. We expect then thaormula for estimating cross sectiofig3] (not reproduced
the ionization rate from the excited configuration will be here for clarity. From the ground configuration, excitation-
greater than that from the ground configuration simply due tautoionization from 323p®3d-3s?3p°3dnl(n=4,5,6) and
the greater number of pathways for excitation-autoionization3s?3p®3d-3s3p®3dnl(n=4,5) is calculated using the level

We use a combination of level to level and configuration-to level relativistic distorted-wave programs described previ-
average distorted-wave approximations to calculate the ioneusly, and from the first excited configuration, excitation-
ization of Mrf*, which is compared to experimelit] in Fig.  autoionization from 323p®4s-3s23p°4sni(n=4,5,6) and
3. Figure 3a) shows the total ionization cross section of 3s?3p®4s-3s3p®4snl(n=4,5) is calculated by the same
Mn®* from the ground configuration €83p®3d), which has  method. Excitation-autoionization due fin=0 transitions
an average ionization energy of 119 eV, and Figp) 3hows  (i.e., to the 3 shell) is not energetically possible. Additional
the total ionization cross section from the first excited con-excitation-autoionization of the Bnl(n=7,8,9) and
figuration (323p®4s), which has an average ionization en- 3s-nl(n=6,7,8) is calculated using the configuration-
ergy of 79 eV. In these and in subsequent figures, the dashed/erage distorted-wave method.
line shows the contribution of direct ionization to the total  For the ground configuration of MA there are two lev-
cross section, which is given by the solid line. In order toels, 323p®3d?D/, 3, and for the first excited configuration
present only one curve, the total cross section contains thiaere is only one level, 3p®4s?S,,,. The ¥?3p®4s%S,,,
combination of the metastable-average level to level calculais the one and only metastable level and so we expect the
tion with the configuration-average calculation for the higherconfiguration-average approach to work well for ¥n
n configurations, where the metastable-average contributiosince we will not encounter any problems associated with
is given by the average of only those levels within an con-many levels in an excited configuration. The detailed level to
figuration that are metastable. For R direct ionization level relativistic distorted-wave excitation-autoionization
from the 3, 3p, and 3 subshells and ¢, 3p, and 3 sub-  calculations for the innershell transitions defined above in-
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FIG. 4. Electron-impact total cross section for the ionization of
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tion from the 3 and 3 subshells is included in the
configuration-average calculation for the ground configura-
tion, and from the 8, 3p, and 3 subshells in the calcula-
tion for the excited configuration.

As expected, the direct ionization dominates the ioniza-
tion from the ground configuration, which has only one level
3p® 1Sy, since the closed-shell nature limits the contribution
of excitation-autoionization. The direct ionization is in good
agreement with a semiempirical Lotz calculation. The small
excitation-autoionization contributions to the cross section
from the 323p®8-3s3p®5l transition (calculated using the
level to level relativistic distorted-wave codand from the
3s?3p58-3s3p°nl(n=6,7,8) transitiongcalculated using the
configuration-average distorted-wave approagiie the to-
tal ionization cross section. There is no contribution from
excitation of the P subshell. Again, the &5 excitation-
autoionization is calculated using the level to level distorted-
wave code since not all of the levels associated with the 5

Mn’* from the ground (823p®) and first excited (823p53d) con-  configuration lead to autoionization.

figurations. Theg lines ;re tfle) same as in the érevirz)us )figure. The ,The first excited C(_)nf'gurat'on. S§3p53d) of Mn"" con-
total ionization from the ground configuratiota) includes t@ins 12 levels, of which three, with=1, are not metastable,
excitation-autoionization from $3p®-3s3p®5l calculated using Since the only radiatively allowed transition is frajw1 to

the relativistic level to level distorted-wave programs averaged oved = 0. EXcitation-autoionization is calculated using the de-
the metastable levels ands®Bp®-3s3p°nl(n=6,7,8) calculated tailed level to level distorted-wave method involving the in-
using the configuration-average distorted-wave programs. In th@ershell transitions &3p°3d-3s?3p*3dnl(n=4,5) in
first excited configuratiolb) excitation-autoionization of the@nl which we include in our model all possible radiative transi-
(n=4,5), calculated using the level to level distorted-wave pro-tions that involve 1998 levels in total. The@34d and Jp-4f
grams, and B-nl(n=6,7,8,9) and 8-nl(n=4-9) calculated us- excitations are selective processes dominated by only a few
ing the configuration-average programs, are all included in the totafransitions and so it is important to identify the position of
cross section. each final level relative to the ionization limit.

. - . : . Among the excited configuration levels, th@®3d P,
clude all possible radiative transitions and multistep autoion; : e .
. ) . level has a substantially larger total excitation cross section
izations that involve 1990 levels. For highlevels, we have . o
. . o 0 . than the other excited levels and also an ionization threshold
assumed that the branching ratio for autoionization is still . g
T , . that is 20 eV below that of the other levels. This is a com-
close to one. This will not be strictly true for highlevels, -
. A o . mon feature of'P; levels arising from opep andd shells,
but since the excitation-autoionization cross section from

. . ) _ . as in this configuration. This level, which is not metastable,
these levels is relatively small in any case, this is unlikely to.

. g ; is inevitably included in the configuration-average distorted-
introduce a large error into our calculation.

The total cross section calculated from the ground state o ave calculgno_n and the Iar_g(around .25%) d|ffe_rence n

6t o e . the total excitation cross section could introduce inaccuracies
Mn®™ is significantly lower than the experimental measure-
ments[7], and although at higher energies the cross sectio
from the excited configuration falls within the experimental
error bars, it fails to reproduce the peak at around 230 eV. |
should also be noted that a calculation has been pen‘ormf:\%lo
where all excitation-autoionization is calculated using the s
configuration-average method only, and it is found that this
yields a similar result to Fig. 3. 3

in our final results. However, the statistical weight of
this level ¢P,) is relatively low and it is found that the
gifference between the metastable-averaged and
nfiguration-averaged excitation cross section, for the
23p°3d-3s?3p*3dnl(n=4,5) transition is only 6%.
The 3°3p°3d-3s?3p*3dnl(n=6,7,8,9) and
s23p°®3d-3s3p°®3dnl(n=4,5,6,7,8,9) excitation-
autoionization cross sections are calculated using the
configuration-average distorted-wave method. The higher
excitations are all well above the ionization threshold so that
We use a combination of level to level and configuration-the difference in the threshold energies from tt®g and the
average distorted-wave approximations to calculate the iorrest of the levels in the excited configuration becomes rela-
ization of Mn'* and compare to experimefif] in Fig. 4.  tively smaller. The total excitation-autoionization contribu-
Figure 4a) shows the ionization cross section from thetion from the first excited configuration is much larger, as
ground configuration (§3p®) that has an average ioniza- would be expected from the much lower ionization thresh-
tion threshold of 195 eV, and Fig(H) shows the ionization old, since more autoionizing channels are now open.
cross section from the excited configuratiors{3p®3d) that The total ionization from the ground configuration is
has an average ionization threshold of 145 eV.’Miis a  much smaller than the experimental results. The total ioniza-
member of the Ar-like isoelectronic sequence and so thdion from the excited configuration is larger than the experi-
ground configuration has a closed outer shell. Direct ionizamental points at low energy, although there is good agree-

C. lonization of Mn’*
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'

3s?3p>-3s3p°nl(n=6,7,8,9) is calculated using the

configuration-average distorted-wave method since these
112 2% ¢ s levels are all well above the ionization threshold. There is no
contribution to excitation-autoionization from excitation of
the 3p subshell. As expected, the direct ionization again
dominates the cross section and as previously the total ion-
ization cross section is much lower than the experimental
results[7].

The first excited configuration €83p*3d) of Mn®* con-
tains 28 levels, of which only ThavingJ=7/2 or 9/2) are
metastable. Excitation-autoionization is calculated using the
detailed level to level distorted-wave method involving the
innershell 323p*3d-3s?3p33dnl(n=4,5) transitions in
which all possible radiative transitions are included. This

. ' ' very large calculatiofwhich for the ground and excited con-

0 400 600 800 1000 . . . . .

Flectron Energy (€V) figurations involves 2842 levelss necessary to obtain the
correct cross section for these transitions as only some of the

FIG. 5. Electron-impact total cross section for the ionization oflevels of the excited configuration are metastable. We com-
Mn®* from the ground (323p°) and first excited (8°3p*3d) con-  pared the metastable-averaged excitation cross section to
figurations. The lines are the same as in the previous figure. Ththe  configuration-averaged cross section for the
total ionization from the ground configuratiofa) includes 3s?3p*3d-3s23p33dnl(n=4,5) transition and found a dif-
excitation-autoionization from $¥3p°>-3s3p°5! calculated using  ference of 15%. The €3p*3d-3s23p33dnl(n=6,7,8,9)
the relativistic level to level distorted-wave programs averaged ovegnq 3523p43d—383p43dnl(n=4,5,6,7,8,9) excitation-
the metastable levels, and8p°-3s3p°nl (n=6,7,8,9) using the 5 ;isionization cross sections are calculated from the

;:rzr:]?giﬁ(rea;il:)sr;-::(/;rtae(gjecgrl]sﬁtorted_—wave a.ppr.oa‘_:h' In the '_On'z"’]}t'o'&onfiguration—average distorted-wave method. Although we
_ guratiob) excitation-autoionization of ;4 expect some difference in the configuration-average
the 3p-nl(n=4,5), calculated using the level to level distorted- results for these higher transitions compared to a full level
wave programs, and@nl(n=6,7,8,9) and 8-nl(n=4-9) cal- . ;
culated using the configuration-average programs, are all include‘i-nc.J level calculano_n, _the abs_oluj[e ‘?”"r will be mu_ch less
in the total cross section, as previously. 2|nrlgﬁerthese excitation-autoionization cross sections are
ment at higher energies. The large discrepancy between the It is clear in M?* that the experimental resulfg] con-
experimental results and the ionization from the ground contain a large proportion of ions in the metastable levels due to
figuration seems to indicate that the excited component ithe significant ionization contribution below the ground-state
present in the ion beam in this experiment. Unfortunatelythreshold. A combination of the theoretical results in Figs.
there are not enough experimental points at low energy t&(a) and §b) must be considered in any comparison with the
determine if ionization below the ground-state threshold isexperimental measurements. A determination of the fraction
observed; that is, an ionization contribution in the energyof ions in the excited configuration present in the experiment

(a)

)
‘
.

Cross Section (Mb)
— 1]

(=
T

'S

)

w
T
|

Cross Section (Mb)
— )

(=1

range just above the excited-configuration threshold. will enable a better understanding of these results.
D. lonization of Mn 8+ E. lonization of Mn5*
Calculations of the total ionization cross section of¥in To complete the comparison with recent experimental re-

are presented in Figs.(& and 3b), from the ground sults[7], the total ionization cross sections for Rinioniza-
(3s23p®) and excited (823p*3d) configurations, respec- tion, from the ground (8°3p®3d?) and first excited
tively, and again compared to experimental resulisMn®* (3s23p®3d4s) configurations are presented in Figéa)éand
is Cl-like, with a ground-state average ionization threshold of6(b), respectively. MA* is Ca-like, with an average ioniza-
223 eV. The average ionization threshold of the excited contion potential from the ground configuration of 94 eV and of
figuration is 172 eV. Direct ionization from thep3and 3 64 eV from the excited configuration. These calculations
shells(and from the 8 shell for the excited configuratipn were carried out using only the configuration-average
are calculated using the configuration-average distorteddistorted-wave method, as relativistic level to level distorted-
wave method. Again the direct ionization calculations agreavave calculations for these levels prove computationally
well with a semiempirical calculation based on the Lotz for-very demanding due to the large number of levels present in
mula. the configurations. However, in light of our previous results
The ground configuration of M has only two levels, (discussed aboyewe expect that these calculations are rea-
3p® 2Py, 3, 0f which the Py, is slightly lower. Excitation- — sonably close to full level to level calculations.
autoionization of 323p°-3s3p°5l is calculated using the ~ The direct ionization (dashed ling includes
level to level relativistic distorted-wave code since not all ofionization from the 8, 3p, and 3 shells (from
the levels associated with thes®p°5| configuration are the ground configuration and 4s, 3d, 3p, and 3
above the ionization threshold. Excitation-autoionization ofshells (from the excited configuration All excitation-
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ground configuration as in the previous ions studied,; it is
u L @ - again postulated that the experimental resliffscontain a
combination of ionization from both the ground configura-
tion and metastable levels in the excited configuration.

Cross Section (Mb)

IV. SUMMARY

In this paper, we have investigated the electron-impact
ionization of Mf'* (q=5-8) in comparison with a recent
crossed-beams experiméi. We have calculated the direct
ionization using a configuration-average method and demon-
strated the validity of this approach for excitation cross sec-
tions by comparisons with those obtained from large detailed
calculations using an accurate level to level relativistic
‘ distorted-wave approadi3]. We find that a combination of

0 200 400 600 800 1000 these two methods is best suited, when possible, to calculat-
Electron Energy (eV) ing the total cross section for electron-impact ionization.
The agreement between our theoretical results from the

FIG. 6. Electron-impact total cross section for the ground configuration and experiment is generally poor, indi-
ionization of MrP* from the (a) ground (323p®3d?%) and cating a substantial population in metastable states of the
(b) first excited (3?3p°3d4s) configurations. The excited configuration. However, the failure of theory to, in
lines are the same as in the previous figure. Excitationmost cases, reproduce the shape of the experimental plots
autoionization from 8°3p°3d*-3s°3p°3d°nl(n=4-8) and gives cause for concern. In our calculations we have not
3s°3p°®3d*-3s3p°3d°nl (n=4-7), calculated solely using included the possibility of ionization from thie shell (i.e.,
f[he configuration-a\_/erage distorted-wave method, is includeqgnization of 2 electrony, because of the large probability
in the cross-section calculation from the ground con-for qouple jonization at these higher energies. This may con-
figuration. "From the excited configuration, all -excitation- yip, e to the slow falloff of some of the experimental curves,
autoionization from 873p°3d4s-3s°3p>3dasnl(n=4-8) and 1,4 45 this is only energetically allowed at high energies, it
in?igu?:t‘ilsf:\?gr:g?z; ltf)rr‘t;(;l-;v;\)/e cilculla?tfcl)ﬁded i the il not explain the disagreements near the peak of the ion-

' ization. It is hoped that further experiments, where the ions
are all in well-known atomic configurations, can shed some
light on these discrepancies.

24 +

Cross Section (Mb)

autoionization from 823p®3d2-3s?3p°3d?nl(n=4-8)
and ¥?3p®3d?-3s3p®3d?nl(n=4-7) is included in the
calculation from the ground configuration, and excitation-
autoionization from 323p®3d4s-3s?3p°3d4snl(n=4-8) This work was supported in part by the U.S. Department
and 323p°®3d4s-3s3p®3d4snl(n=4-7) is included in the of Energy. Computational work was carried out at the Na-
calculation from the excited configuration. The cross sectiortional Energy Research Supercomputer Center at Lawrence
from the excited configuration is larger than that from theBerkeley National Laboratory.
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