INSTITUTE OF PHYSICS PUBLISHING PHYSICA SCRIPTA

Phys. Scr74(2006) 614-617 doi:10.1088/0031-8949/74/6/003

Direct inner-shell ionization of
atomic ions by electron impact

V | Fisher, V A Bernshtam and | R Almiev

Faculty of Physics, Weizmann Institute of Science, Rehovot 76100, Israel

E-mail: v.fisher@weizmann.ac.il

Received 14 June 2006

Accepted for publication 15 August 2006
Published 31 October 2006

Online atstacks.iop.org/PhysScr/74/614

Abstract

We study the higher-subshells effect on the direct ionization from inner 1s, 2s, 2p, 3s, 3p
subshells of ions charged 5+ and more. The cross-sections analysed are those calculated
in the relativistic distorted-wave (RDW) approach. For removal of an electron from a certain
nl-subshell of ions, belonging to a sequence of ionization stages, we found approximate
scaling of the cross-sections. The scaled cross-sections differ from each other by less than
50%. The difference depends on the number of electfdnbound above thael-subshell
undergoing the ionization. With an increaseNrthe scaled cross-sections decrease for
projectiles of near-threshold energy and increase for high-energy (non-relativistic) projectiles.
Dependence of the scaled cross-sections on a target ion (its chemical element, charge and
level) is weak. For use in applications, we approximated the direct inner-shell ionization
cross-sections by a simple formula with-dependent coefficients.

PACS number: 34.80.Kw

1. Introduction over levels of the final configuration, i.e., thetal (level-to-
configuration) cross-section
We study cross-sections direct electron-impact ionization
from definite nksubshells of multiply charged atomic ions. o(e) = Z osLy(8), )
This subshell may be 1s, 2s, 2p, 3s, or 3p.Ndde the number S,y
of electrons in higher (thanl) subshells of the target ions.which corresponds to schemel).( This cross-section
In the present paper our main attention is on the dependenescribes direct creation of a vacancy in tilesubshell of
on N. For example, how do the cross-sections change aloAg* (anl¥ySLJ) ions in the case where any level of the
a sequence of ionization stages, in whishchanges from A™* jon is acceptable.
zero up to a large number? To the best of our knowledge, the In the present paper, subshells belonging ctoare
dependence oN has never been studied before. assumed to belosedones, while each subshell belonging
The initial state of the target ion is assumed to be knowtt y may be closed, partially filled, or empty. The=0
The electron configuration of the product ion is defined by tha@ise corresponds to ionization from the outermost subshell. In
of the target ion andl of the electron removed the case of inner-shell ionization, the removal of an electron
from nl* may occur simultaneously with changes in the
A™(@nl*y SLY)+e— 2e +A™D*@nl*1y). (1) angular momenta of. To illustrate this possibility and the
dependence or§L’J’, we show in figurel all nonzero

k . .
Here A™(anl*y SLJ) denotes them-follij ionized atom of . (¢) that correspond to removal of a 2s electron from
chemical elemen® on atomic levelanl®y?S*1L ;; k is the 122820 3P level of an A% ion

number of electrons in thel-subshell undergoing the direct 10+ 43 1t .
ionization, « denotes a group of subshells beloly andy  Ar'**(125°2p" °Py) +e— 2e + At (152528 SL'J)).
denotes a group of subshells abaNeElectron configuration 3)
anl*~1y may have a few level§'L'J’". The cross-section for Six level-to-level cross-sections correspond to six levels
transition in a certain level is denoted below @&s. 5 (¢). of 12s2@d configuration of the product ion. These levels
Here, ¢ is the incident electron energy relative to the initiahre *Ps/2, *Pi/2, 2D3j2, 2S1j2, 2P3j2, and 2Py,. Two more
state. A quantity of interest for the present study is the sulevels possible for ¥2s2d configuration, namelyPs, and
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2. The dependence oV

To demonstrate the higher-subshells effect on direct ionization
from thenl-subshell, we show in figurg(a) five total cross-
sections, which correspond to removal of a 2s electron from
the ground state of A§*, Ag®™*, Ag®®*, Ag'®* and Ad " ions.
Relative to the 25subshell, these ions have =0, 6, 14, 24

and 32, respectively. The cross-sections are expresseahin
units, whereag is the Bohr radius. One can see that the
ionization threshold decreases with while onax increases.
For quantitative analysis of these changes, we introduce the
scaled energy of incident electrons=¢/1, and thescaled
total cross-section

¢ (keV)

1

fe/l)= —— 12,0500/ lsLy).

(e/1) naéRsz;J, suosuy(e/lsy)

Figure 1. Thin curves show cross-sections corresponding to Here R is the Rydberg unit of energy (13.606eV). In

scheme ). The labels denote final levels. The thick curve figure 2(b), we display five scaled cross-sectioni(x)

is the sum over the final level2) " . . . |
corresponding to figur@(a). The five f (x) differ from each
other but the difference is relatively small. This means that
scaled cross-sections depend Nnbut the dependence is

2Ds,5, cannot be obtained by removal of an s-electron fromeak,_ in this particular exampl_e at least. '_rhe approximate
122222p* 3P, level. Note that levels with.’ = 0 andL’ = 2 _eqqaht_y of the scaled cross-sections, found in tr_\e sequence of
(namely, 2S,/, and 2Ds,) are reached from the initial P-ionization stag_e,sresembles the (e/1) ~ 172 scallng_known
level by removal of an s-electron £ 0); these transitions fOr iSo€lectronicsequences (see, e.g])f However, in each

are possible due to the changes in the orbital momentdf@electronic sequende is constant, while in each sequence
of the 2 subshell. Cross-sections, corresponding to theSkionization stage$\ is a variable.

two final levels, are small relative to the cross-sections of LOoking for stronger (than figur&(b)) dependence oN,

P P transitions. All level-to-level cross-sections throughoot® considered four sequences of ionization stages- )

this paper are calculated using the relativistic distorted-waff@f ionization from each of the lowest fivel-subshells. In
(RDW) approach using Flexible Atomic Cod#][The thick ©ach of these twenty sequences, scaled cross-sedtions
curve in figure 1 shows the sum of all (eight) level-to-differ from each other by less than 20% for energie¢ 1

level cross-sections, i.e., the total cross-sect®)rfqr direct X <8 and by less than 50% for < 1.4 and 8< x < 100.
ionization of a 2s electron from the Hf(1£282p*3P)) There are two more observations common for all sequences
level. studied. Namely, with an increase M, scaled cross-sections

Eachosi y(¢) has a certain threshold energy, . decrease monotonicallfor near-threshold energies ¢ 1)

For total cross-sectiong (), the threshold energyi, is andincrease monotonical_lf.orhigh energiesy 2 6). _
defined here as the smallestg, .y of all SL'J levels, To analyse the scaling on a broader set of ions and
except forthose withog, 3 (¢) = 0. This definition secures States, we performed the calculations as follows. For each of

natural requirements or, which areo(s <1)=0 and the lowest fivenl-subshells (1s to 3p), we calculated scaled
o(e>1)>0. cross-sectiond (x) for about a hundred transitions of type
It is known (e.g., 2]) that o (¢) has general features in(1)- Parametersi, m, k, andy SLJ are chosen arbitrarily,
commorfor ionization from inner and outer subshells. Thes@Xcept for two criteria as follows. Firstly, we considered ions
features are as follows. Firstly, in the vicinity of the ionizatiofVith m > 4; this condition ensures sufficient accuracy in the
thresholdo (¢) increases witlk asCy(e — 1); hereCy is con- RDW calculations. Secondly, we restricted the calculations to
stant. Secondlyy (¢) has a maximum atmax~ 2.51 . Thirdly, 10ns with | <5keV; this condition is required for the non-
this maximal valuegmay, is proportional tok| 2. Fourthly, relativistic asymptote ofsi .y (e > Isi ), prescribed in the

the non-relativistic high-energy asymptote is code [1], to be applicable up ta = 100 at least. _
Figure 3 shows a bunch of scaled cross-sections that

C, Cs correspond to removal of a 1s electron. We considered the
o(e> )~ —=In(e/H+—, target-ion electron configurations ¥]s1€2s?, 1£282p",
1£282p°3s”, and 18282p°33p" with k =1 and 2,w =1
with C, andCj3 being constants. and 2,u =4 and 6. lonization stages of the target ions range

Our consideration is restricted to non-relativistic projedrom m =5 to m = 20. One can see that the bunch is rather
tiles. Thenqualitatively, o (¢) is described by the above fourtight, i.e., dependence of the scaled cross-sectiors, om Kk,
features. However, this knowledge is insufficient épranti- y SLJandN is rather weak.
tative estimates of the cross-sections because constapts Calculations performed for 2s, 2p, 3s and 3p subshells
Ci, Cy, C3 are unknown. In the present paper, we give a gealso showed a tight bunch of scaled cross-sections for each
eral quantitative solution of this problem in the framework ofl. Two examples are displayed in figuseand>5. They relate
the RDW approach. to ionization from 2p and 3p subshells, respectively. In each
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Figure 2. (a) Cross-sections for removal of a 2s electron from the Figure 5. Scaled cross-sections calculated for ionization from the
ground states of A", Ag®*, Ag®®*, Ag*®" and Ad'*. Numbers 3p subshell.

near the curves are the valueshbf (b) Scaled cross-sections
corresponding to panel (a). Numbers near the curves are

Table 1. CoefficientsHy i, Honi, Han @ndHgp for formula @).
the values oNN.

Hi Hy Hs Hy

1s Q45 7134 —-3.771 5833
2s Q082 4583 -1.353 3113
2p 105 554 1554 4267
3s Q70 3329 0213 1465
3p 1126 3106 -—-0.043 1758

The calculations showed that in each of the five bunches
all f(x) curves aix < 100 are withint=40% of some median
function F (x) of the bunch. We approximated each median
function by the expression

In(x) (X = 1)2 x—1
+ H2,n| o3 + H3,n| 3
X X

Xx—1
o (4)

Figure 3. Scaled cross-sections calculated for ionization from the proposed in f]. Here Hyn, Hani, Han and Hapn arenl-

Fnl (X) = H1,n|

X + H4,n|

1s subshell dependent coefficients found by minimizing
bunch there is an equal number of curves corresponding to IFa () — f(X)]
0, 1, 2, 3, 4 subshells iy. All subshells, except for the Z—

) f(x
outermost one, are completely filled. The outermost subshell (x)

is filled completely or partially, depending on the initial statavithin each bunch in the energy range<X < 100. The
selected. coefficients obtained are given in taldle
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3. Prediction formula for o (¢) Table 2. Distribution of Dy (¢; ) values over three classes of
accuracy.
Many users of inner-shell ionization cross-sections will Class1 Class?2 Class3
appreciate a formula which is known to be accurate commonly nl (%) (%) (%)
to better thant20% and never less thah40%. For those 1s 90 9 1
users, we propose the prediction formula 25 79 19 2
, 2p 84 15 1
oPredice) = ra2 R%k1 ~2Fp (¢/1). (5) 3s 61 35 4
3p 72 22 6

The accuracy of this prediction is examined by comparison
of cross-sections) with quantal calculations. Namely, we
calculate the RDW cross-sectior) for target ions that are
not used in the determination of coefficienks o, Hapn, 4. Summary
Hsni, Han. For this test the target ions and their initial states
are chosen as follows. For removal of an electron from ea¥¥e studied the effect ofN on direct electron-impact
nl subshell, we selected four chemical elements. The smallé¥tization from inner subshells of ionsn(> 4). It is found
atomic numberAmin, corresponds to an element that lms that scaled cross-sections dependMrbut the dependence
subshell as theutermostone of A% . The largest atomic iS rather weak. Namely, for removal of an electron from
number,Amax, corresponds to a chemical element thathas @ definite nl-subshell of ions belonging to a sequence of
5keV. Two more elements chosen are those Witk A, + I0nization stages, the scaled cross-sections differ from each
(Amax— Amin)/3 andA ~ Anin + 2(Amax — Amin)/3. Atoms of other by less than 20% in the energy rangé ¥ x <8
these four elements are ionized from the ionization stages and by less than 50% fox <1.4 and 8 < x <100. In
5,10, 15, ..., Mnax The largest valuemmay, corresponds to each ionization sequence, with an increaseNirthe scaled
an ion that has\ = 0. If this selection leads to a target ionCross-sections decrease monotonically for near-threshold
A™  used for determination dfly , — Ha i coefficients, then energies X~ 1) and increase monotonically for high
the next chemical element is examined insteaddofEach €nergiesX > 6).
of the selected ions is ionized from initial levels numbered ~For ionization from eactl-subshell, the scaled cross-
1, 6 and 11 in the NIST filed. Commonly levels 1, 6 and Sections corresponding to variods m, N and ySLJ, are
11 differ in their electron configuration. If aA™ jon is commonly within£20% of the median functiorf (x) of
missing in the NIST databasg][ then this ion is ionized from the bunch at X x < 100. The deviations beyont20% take
levels numbered 1, 6 and 11 in the eigenvalues list produdel@ce almost exclusively at ~100. For practical use in
by Flexible Atomic Code {]. Predicted cross-sections)( applications, direct inner-shell ionization cross-sections are
and RDW cross-sectiong)(are compared for nine values ofaPproximated by formulej. It is important to remember that
the incident electron energy, namely far= x| with x; = the threshold energy, is defined as the smalleks, /5 of all
1.3,1.6,2.4,35,5, 8, 15, 40, 100. SL’'J’ levels,except fothose withog| /3 (¢) = 0.

Conclusions on the accuracy of prediction formub (
may be derived from statistics of relative deviation of
predicted cross-sections from calculatect;). The relative Acknowledgments

deviation is defined as
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Table 2 shows a distribution ofDy(sj) values over three

classes of accuracy. Class 1 is 0 (¢;) < 10%. Class 2 is References

for 10% < Dpni(si) < 20% and class 3 is for 20% Dy (gi) <

40%. One can see that class 3 is almost empty. This means thhGu M FFlexible Atomic Codenline at

predicted cross-sections are accurate commonly to better than _ Nttp:/kipac-tree stanford.edu/fac/

20%. Contributions to class 3 are, almost exclusively, froMt Pam?t'mgy Sd"’llggs(sggrv"ﬂ_kg Vris t?)%eference Data on
fast projectiles X~ 100) that have small ionization crossqg) N|STAtomig Databasenline gt g

sections. http://physics.nist.gov/PhysRefData/ASD/levé&sm.html
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