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lonization of many-electron atoms by a quasistatic electric field
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We present a general expression for the field ionization probability of atoms and ions under a quasistatic
external electric field. While the treatments available as yet are only for the case of a single electron in the
outernl subshell, the expression obtained here is applicable to atoms and ions with any number of electrons in
the outer subshell and with partially filled inner substsellWe also present a more accurate method to
determine the prefactor in the expression for the field ionization probability. lonization probabilities are cal-
culated using the WKB approximation; therefore, the results become exact in the weak-field limit. It is shown
that in certain cases the field ionization probability depends significantly on the projection of the total orbital
angular momentum in the direction of the field. A proper way to normalize the optical-electron wave-function
asymptotics is explained and the difficulties in the use of Hartree-Fock routines for that purpose are discussed.
The general expression obtained is used to calculate field ionization probabilities for several states of some
atoms and ions that are of special interest for spectroscopic diagnostids: ICand Bail. We also discuss the
case of a significant spin-orbit interaction, treating the ionization of the B3 level as an example. For the
Li 1 2p level, the present calculations disagree with previously published calculations based on the use of
Hartree-Fock wave functions; possible reasons for the discrepancy are discussed. For this level ahd the 3
level of Lii, our results are compared with experimental data available in literature and are found to be in
agreement[S1050-294{@8)08208-0

PACS numbgs): 32.80-t, 31.15.Gy

I. INTRODUCTION known prediction for the quasistatic field ionization probabil-
ity given by Smirnov and Chibiso{12]. The prefactor for
lonization of atomSby an external electric field is a fun- this expression was later corrected by Perelorabal. [13].
damental atomic process that plays an important role in th&@he expression has been derived in the framework of the
formation of the charge-state distribution in plasmas undeWKB approximation, thus becoming exact in the limit of
strong fields, which may occur, for example, in relatively weak (in comparison to atomic fieldlsexternal fields. Al-
dilute plasmag1,2] and in shock wave frontg3] in denser  though a single-outer-electron system is the simplest case,
plasmas. Calculations of the field ionizati¢fl) probability ~ ionization probabilities computed numericallg] and ana-
for various atomic states are thus essential for proper modytically [5,10] differ by orders of magnitude. In Sec. Il we
eling of the plasma charge-state composition, transport coefXplain the likely reason for this disagreement. We also
ficients, and emission spectrum in both lines and continuunShOW a proper way to determine the single-electron wave-
Field ionization, studied from observations of temporalfunction asymptotic amplitude that appears in the prefactor
variations in the line intensities, can serve as a valuable tod[! the expressions for the one-electron Fl probabijlt,13,.
for spectroscopic determination of the macroscopic-field dis- In this paper we generalize these smgle'-electron results tp
tribution in plasmas. Since the FI probability grows rapidly the case of atoms that have several equivalent electrons in

with the field, it allows for an accurate determination of thethe outernl ;ubshell andfor holes n . Inner subsgsl
o The expressions we present make it possible to account for
electric field strength.

The FI of atoms and positive ions has been studied the different ionization rates from different components of the

. . ) o . Y S term and into different parent terms.
retl_caIIy since 19344]; however, it is still a subject of an We focus here on the effects of an electric field that
active researcfb—11]. As yet, to the best of our knowledge, ; weak E<|E|¥2 where|E| is the binding energy of opti-
the theoretical treatments have been limited to the case '

A ’ ; g al electron in the atom under consideration d&hds the
atoms(ions) with a single electron in the outerl subshell  gxternal field intensity; atomic units are used throughout this

and filled inner subshells. For such systems, there is a wellyork). We also assume that the electric field is quasistatic
[see conditiorn(2) below] and homogeneous over the atomic
scale, i.e., this study concentrates on the FI due to
1By “atom” in this study we mean a particle that is either a macroscopic-scale fields in plasma rather than due to local
neutral atom or a positive ion, i.e., in which the most weakly boundfields[17]. We consider the atomic potenti@s seen by the
electron is confined to a potential well, which for large distanceselectron being removedo be spherically symmetric and we
has asymptotics of an attractive Coulomb potentad:r ~ 2. ignore relativistic effects, unless otherwise mentioned. Con-
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sequently, a single-electron state may be described by orbital For the case of a single electron in the outérsubshell
and spin quantum numbekgd, ,s,s,, wherez is taken inthe over closed subshells, quasiclassical calculatiph®,13
direction of the external electric field. yield®

The paper is structured as follows. In Sec. Il we discuss

the one-electron result and ways for an accurate assessment )

21+ 1) (1 +m)! /zKZ)zzp/Kml

of the escaping-electron wave-function amplitude at large ra- Elm™ 2m+ LM (] — m)! \ E

dii. In this section we also compare our calculations with

theoretical and experimental results available in publications. 2k°3

In Secs. Il and IV we present the generalization of the one- XeXP{ - ﬁ’ 4

electron result to the case of several electrons in the outer
subshell and give several examples of the numerical calculavhere B=B,, is the amplitude of the asymptotics of the
tions using the general expression obtained. optical-electron wave function at large which is

_ Zplk—1
Il. THE SINGLE-ELECTRON CASE Dni(r)=BpreP™*~ “exp(—«r). 5

We consider a homogeneous electric files —Fz di-  HereZp is the charge of the parent ion ang- y2|E[. Ex-
rected along the axis; the total potentia' drops towards preSSIon(4) is valid for a weak electric fieldF that fulfills

—o. We denote the outer classical turning pointiayi.e., A
z>b is a classically allowed region for the electron. In the F< ) (6)
weak-field limit, the actionA across the barrier is much 2Zp

larger than unity and the penetrability of the barrier is pro-
portional to exp{-2A) [14], which means that the electron
can only escape along tteeaxis, where the barrier is thin-
nest. In parabolic coordinatest€r+z, n=r—z, n<é¢
along the escape path

Further on we denote the one-electron escape probabilities
calculated using expressidd) by I'¢) .

As said above, the consta® is determined from the
asymptotic behavior of the radial part of the unperturbed
outer-electron wave function at large distances. It is thus

2b |E|3? unique for each energy state of every species. As yet, the FI
A=J |ke(€)|dé=|E|b= F>L (1)  probability calculations have been performed using approxi-
~0
mate values ofB (see, for example, Ref5]). A way to
where b=|E|/F is the barrier thickness andk(¢)| determine more reliably is shown in the following subsec-
tion, along with a discussion on the applicability of the form

=V3i[E—V(&)]. This condition guarantees that the (5).

escaping-electron wave-function inside the barrier, far from
the turning points, may bg—z. descn.bedl quasiclassically. A A. The asymptotic behavior of the unperturbed
more precise conditiohcondition (6)] is given below. wave function at large radii
In the present quasistatic treatment, the characteristic fre- o )
quencyw of the field fluctuation must be sufficiently low, in  Sufficiently far from the core, the behavior of the unper-

order for the Keldysh adiabaticity condition turbed wave function is semiclassical and the potential be-
comes Coulombic; the radial part of the wave function is
w|E|Y? then determined by &well-defined value of the binding
g =r<l (2)  energy and thus has the for®) precisely. The conditio(6)
guarantees that on such intermediate distances from the core
to be fulfilled; see Refd.15,16]. the external electric field can still be neglected.
The escape ratE is expressed as The purity of the angular part, on the other hand, is not

completely precise due to the noncentral component of the
_ d electron-electron interaction. Therefore, one expects that
F=f dx dy Jz(X,y'Z):f dx dy do Im( e ‘ﬁ*]v there should be a small admixture of other spherical harmon-
(3)  ics to the leading one. However, these admixtures should not
affect the one-electron FI probability significantly since the
wherej, is the flux in the direction of escap¢=(r,o0) is  dependence on the angular quantum numbers in expression
the wave function, and is the spin coordinate. The escape (4) is sufficiently weak.
ratel’ has a meaning ahe probability per unit timdor the The constantB,, is different for different one-electron
atom under consideration to be ionized by the external elecstates, but is the same for all magnetic compongnts the
tric field® (both the terms “probability” and “rate”are com- state. We have calculatdg}, for each one-electron state of
monly used to denotE). interest using the computer codeom, which has been de-

2For simplicity, our derivations below will be performed under the °There are actually some inaccuracies in expresgignand (11)
assumption of a static fields(<I"), which is stricter than condition of the original papef12]. The correct expression for a single-
(2). When the conditiono<T fails, the probability for the electron electron FI rate is given in Ref13]. Also note that the coefficient
to stay in the potential well, given by explt), becomes exp C,, in Ref. [13] relates to B in the following way: B
[—J50(t")dt ], = wZelirling



2216 DIMITRI FISHER, YITZHAK MARON, AND LEV P. PITAEVSKII PRA 58

TABLE |. Coefficients(7) for the one-electron escape rates from the atomic states with a single outer electron.

Initial-state term  Zp | K B C,(m=0) Ci(m=1) C,(m=0) Co(m=1) C;
Ban 6s2S 2 0 0.85748 0.7676 2.421 —3.665 0.4203
Bal 6p 2P 2 1 0.73508 9.91%10°2 2.082x10°2  5.242x1072 —4.442 —3.442 0.2648
Li1 2s2S 1 0 0.62951 0.9313 0.2614 -2.177 0.1663
Li1 2p 2P 1 1 0.51036 0.2271 11531072  4.337x 1072 -2.919 -1.919 0.08862
C1 2s?2p3s P 1 0 0.51317 0.4036 1.2K10°2 —2.897 0.09009
C1 2s?2p3s 3P 1 0 052722 0.4236 1.74010 2 -2.793 0.097 70

veloped by Shevelko and Vainshtdih8]. The code yields problem of the basis truncation. It has been shown by Handy
the radial part of the atomic wave functiithe asymptotic et al. [21] (see alsg22-24) that if one uses the basis of
part of which (for r>Zp/«?) may then be fitted using ex- wave functions with well-defined angular parts for a general
pression(5) in order to findB,,,. We actually fitted Ifg(r)] Hartree-Fock procedure, then one observes that each one-
rather thang(r) to allow for a wide range of magnitudes of €lectron wave function at large distances does not have the
#(r) at larger. Both x andB may be fitted simultaneously, asymptotic form(5) corresponding to its binding energy, but
in which case« must not differ from its table valuavhich is  rather a superposition of fornts) corresponding to binding
inputted intoaTom) by more than 0.1%. energies of everpccupiedorbital. Since the binding energy

It is important to mention that therom code differs from  that appears in the asymptotic form determines the exponen-
the standard Hartree-Fock routingsy, the code by Cowan tial factor in the FI probability, this observation means that
[19)) in its procedure. IlaTom [18,20 the energy of any the use of such HF wave functions is expected to give a
term is taken from the data tables rather than calculated inProbability for the FI of the core electrorigeaving an ion
ternally. The Schidinger equation is then solved for the ra- With a hole in the inner shellcomparable to that for the
dial part of the optical-electron wave function correspondingoptical electron, which is unrealistic. In reality, as already
to the term of interest. The asymptotic form of the radial partsaid, wave functions with well-defined angular parts are not
at larger is thus guaranteed to be given by expresgin exactly the eigenstates of the atomic Hamiltonian. An eigen-
with the correct value ok (see Sec. 5.4 in Ref20]), which ~ sState of the total atomic Hamiltonian may be obtained only
is highly important for the FI probability calculations. On the @S @ superposition of these basis wave functions with well-
contrary, in the standard Hartree-Fa@kF) treatments, one- defined angular parts and such a superposition at large dis-
electron wave functions obtained for the central part of thd@nces does not have the fotb). The true eigenstates of the
potential are used as a basis, which is then truncated for trfomic Hamiltonian have well-defined binding energies and
feasibility of numerical calculations. The noncentral part ofthus, at large distances, well-defined radial asymptotics of
the potential [S coupling is then calculated in this trun- the form(5), although they do not have well-defined angular
cated basis, and the eigenstates of the total Hamiltonian afantum numbers. The latter may only result in corrections
found. This standard method is generally preferable for thd0 the preexponerfbut not to the exponential factor in ex-
determination of energy levels, but it yields an asymptoticPression(4)], yielding that the core electrons’ escape is ex-
result inconsistent with expressigs) due to the incomplete Ponentially suppressed in comparison to that of the outer
basis. This may give rise to a large error in the evaluation oflectrons, as expected. _ _ _
the FI probability via the following mechanism. Instead of It should also be mentioned that in the numerical esti-
the form given by expressioff), the asymptotic result that Mates performed using our method, the error originating at
the standard HF method vyields is a superposition of thdhe exponential factor is small if co_ndltlc(rh) is obeyed. The
asymptotic forms for the one-electron states, including high€/Tor originating at the preexpone(ie., from the evaluation
lying ones. Since the basis is incomplete, the asymptotics df B? and from thel,m-containing factor depends on the
high-lying states do not cancel each other properly. At sufPurity of the leading angular component of the true eigen-
ficiently larger these high-state asymptotic tails dominate;State and is also small unless there is a significant mixing.
thus, instead of the correct asymptotic rega)tthat decays
according to the true binding energy of the term considered, B. Numerical results for a single outer electron
the sta_ndard treatment yields an asympto_tic result that decays \ye nave conducted FI probability calculations for the
accordmg. to the bm.dmg.energy of the hlghc_est .one—electrorp_i | 2s, 2p, and 3 and Ba 6s and & states. In all these
state left in the basis. Since the FI probability is extremelygiates there is a single outer electron over closed subshells,
sensitive to the asymptotic behavior the resulting error may,, expressiond) is directly applicable. The coefficieB has
be huge. . been rigorously evaluated, as described above. Table | gives

There is another subtlety in using the Hartree-FOCk proyhe coefficients of the one-electron escape rates from these
cedure for the calculations of the FI probability besides theg;iag.

The coefficient®C,, C,, andC; are parameters for the
numerical evaluation of the one-electron escape (@te
4aTom actually outputsP(r)=r ¢(r), normalized by the condi-

ﬂ(r)]ﬁsfg’PZ(r)drzl. It also uses Coulomlgrather than atomjc Fﬁr)n:CfczeXp{ _ %] (78
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FIG. 1. Field ionization rates for the Li2s level. . . .
FIG. 2. Field ionization rates for the Li 2p level components.
where

In Ref. [9] numerical calculations have been performed
by solving the time-dependent Schinger equation using a
(21+1)(1+m)! 2\2Zp Ik—m1 truncated basis of Hartree—Fock functions. These calculatiqns
2M Lt (1—m)! (2k%) (7D are good for stronger fields, but do not generally agree with
' ' the Gamov formula in the weak-field limit, particularly for
the m=0 component of the R state. We believe that the
2Zp reason for this discrepancy is the following: Since in R&f.

—R2
1=

Co=~ o Fmt 1, (79 a truncated basis was used, the asymptotic form of the wave
function may not be of the typ€5), as we have said in the
2 Sec. Il A. In the weak-field limit the outer classical turning
Cy==«°. (7d) point is located very far from the core, so the incomplete
3 cancellation of the weakly bound components in the Hartree-

Fock wave function at large radii may lead to significantly
The numerical results foF are given in atomic unitgto inaccurate results, as it is explained in Sec. Il A.
obtain I' in units of ' one must multiply it by 4.136 The LilI 2p-2s emission line has been observed by
X 10'9). Bailey and collaborators in experiments conducted on a

The accuracy of the calculations bf is limited by the high-voltage ion diodé2]. The 2p-2s line emission showed
terms of the next order ifr (corrections to the WKB ap- no significant field ionization of the |2 level on the time
proximation and Stark correctiorfd7]). These terms are scale of tens of nanoseconds for electric fields up to
small as long as the applicability conditigf) is obeyed. 10 MV/cm. Our calculations for the FI rate for the ILi2p
The accuracy oB, evaluated using thetom code, is usu- level show practically no FI for fields up to 13 MV/cm,
ally a few percent, or up to 20—30 % for atoms with a com-consistent with this experimental finding.
plicated structure. This determines the accuracy af the The calculations in Refl9], however, suggest a signifi-
weak-field limit. cant FI at those fields. The FI probabilities given[8] are

The one-electron WKB calculations found in the literatureabout 18° s~ for the 2p, and 16 s~ for 2p..; compo-
(see, for example, Ref10]) are also performed using the nents. We note that these calculations, in fact, imply a Fl rate
expression(4) for the FI rate. In these calculations, the co- for the 2p. ; components also comparable t646 * due to
efficientB is, however, approximated by its value for hydro- spin-orbit-interaction mixing of the 2., and 20, compo-
gen, with the quantum numbens substituted by their effec- nents. The fast depletion of the2evel due to such high FI
tive valuesn*I*. A comparison performed in the present rates[in particular since the mechanisms populating tipe 2
study for several states of Lishows that the values & so  level in the low-density (1¥ cm™®) plasma in that experi-
derived are accurate to within a factor of(Re., giving FI  ment are much too slojwould have reduced thea22s line
probabilities accurate to within factor 4). It should be noted,intensity much below the observability threshold on a time
however, that due to the very strong dependencE oh F, scale much shorter than the experimental timbich is tens
an error of factor 4 in the FI rate corresponds to an error obf nanosecondsThus, if the Fl rates given in Ref9] were
only about 20% i, at the characteristic valu®=10 of the  correct, the Li 2p-2s emission line would not have been
action across the barrier. observed, which was not the case.

Numerical results for the FI probability for the lithium As for the Li1 3d level, also considered in the present
atom are available in the literatuf8]. Figures 1 and 2 give work, our calculations show that this level has a FI rate of
a comparison between the present calculation results and tladout 16° s™1 at 4 MV/cm field, in agreement with the
results quoted in Ref9] for the Li1 2s and 2p levels, re-  calculations given in Ref9]. This implies the disappearance
spectively. There is a substantial disagreement for the results emission lines originating at the Li3d level for fields
for the Li1 2p level at the weaker fields. exceeding this value. As pointed out by Bailelyal., this is
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consistent with the absence of the-2p line emission in the dix for the case of several electrons in the outéisubshell

experimental observations in the high-voltage ion diftfe ~ and fractional parentage. All the lower closed subshells may
Finally, before we give the derivation of the general ex-be ignored, and thus we may presésee, for examplg26])

pression, we would like to point out that the one-electronthe wave functiorfA5) of K electrons in the outer subshell in

result may also be used in some simple cases of a singlée form

electron above a nonclosed shell. The configuratip82of LS,

C1is an example. For this configuration, the Fl rate is simplyq)L§ (ryoy- - Tok)

F511:)3,|:o,|2:o since the escape occurs from a one-electron =|(nhXLL,SS)

state 3. However, in this case there is a subtlety that does o
not occur in the case of closed lower subshells: The terms sL 1 S 12 s
1P and 3P of the initial configuration have different binding - PEP Gepir(—1) PE PE s s, S,
energies and thus different FI rates. The coeffici€rtsfor st S8z Lyl ‘

the calculation of the FI probability for the IC2p3s'P and

3P terms are also given in Table I. X

LP 1

P LD TRPLESTS) (N 3sy).
z z z

Ill. GENERAL EXPRESSION FOR THE FIELD
IONIZATION PROBABILITY )]

K-1; P| PqPcPy\ ; ;
In this section we generalize the treatment for a singldiere [(n)* 'L SLZS S;) is a parent wave function,
electron to the case of an atom of an arbitrary electroni¢(nl)1llZ%SZ>E¢nzlf(rlcrl) is the one-electron wave func-

. 1 _
structure. To do so, we have to consider a many-electrofly, and the square brackets denote Clebsh-Gordan coeffi-

wave functlon [14.29 describing all the ellectrons in the cients.Gap, » are the fractional parentage coefficients; tables
atom, instead of a one-electron wave function that was use%r themsate iven in Ref27] along with detailed explana-
in previous considerations. The approximation of indepen-. ns given i gw : xp

dent electrons still applies, so we present our man -eIectroH0 . . . .
P b y Having established this, we have also automatically estab-

wave function as a linear combination of products of single—Iisheol the norm
electron wave functions corresponding to all occupied one-

electron states in the atom. It is ra_lther obvious that the result ((NNKLLP PSP S| (nl)K~1LPLPSPSP)
(4) could have been derived using a many-electron wave
function too for an atomic configuration in which there is a =6 P P O PP Opspr OPsPr,

zZ Z Z Z

single electron in the outermost subshell and no holes in the
lower subshells. A simple way to show this is given in thewhich allows us to calculate the integrg4) given in the
Appendix. We now use the approach we show in the AppenAppendix. We first evaluate the expressi@s)

J
FIFI'ZS%:‘[ Xmdylda-lj drzd(fz‘ N f drNdO'N|m[q)(r10'1~ . ‘rNUN)E(I)*(rJ_O'l' . ‘rNO'N)]
1

z,>b

P

2232

P P P P
S'LY s, s, L, 00, S

1,5, d  xlys,
> fdxldyldo'llm b A(rio) ¢ 1°(ryoq)
Lép,lé n|7 &Zl nli

’
S, s z,>b

LP 1 L
LY 1, L,

o |sP 12 s|f 1L

S sf 12 S
L
><GsF’LP s/PLIP P

S,

s s, S

s, SJLL" 1 L,
X {((NHN=IL LIPS PSIP|(n)N=1LPLPSPSPy

LP I L
LY 1, L,

s 12 S
s s, S,

s 12 S
S, s, S

LP I L
LY 1L,

LY YT S S [
SP,LP SE Lf s; Iy

1,5, d  xlys,
dexldyldallm Yo1(rio)—¢ 1 °(ryoq)
nli (?Zl nI§

z,>b

W@y _ _
The Clebsh-Gordan coefficiefis) Jz) 5 1 is nonzero only i), = J{V+ J%); thus the double summations ep,s; andl 1
z z z

are removed$,=s, and |,=1.). We are then left with
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SP

Z Z

FDRC TP i

f XmdyldO'lIm‘
Z

SP

= 2 SPLP)ZE (l:sz

PP P
S,L S,

22

P s
LZ v4 z

where

T =rdx dy dr Im{y:

%155,
nI(l/2) (ro)(dl9z) lpnl% (ro)}=p-

Obviously, I'{j cannot depend oS} andLf, and in the

nonrelativistic limit it also does not depend sy. Thus the
summation ors, may be explicitly performed, to yield the
final expression for the ionization probability

FLLS& KFLLS%
LP 1 L]J\? W
.
LE |Z LZ nIIZ

total
C)

Note thatl'{j) dependgvia the binding energyon S” and
LP. The total FI probability[ -525%

total
(the projection of the total spjn

=K X (G p)?> X ({
sPLP L;’ [

does not depend 08§,

IV. APPLICATIONS OF THE GENERAL RESULT

Let us first note that the general express{@hbecomes
identical toI'{j for a single outer electronk(=1) and

closed inner subshellsS{=0, LP=0), i.e., for the single-

electron case. For a single electron above a partially-filled

subshell, like the CI @3p configuration, one should obvi-
ously apply the resulf9) to find the ionization probability of
the state with a certain projectidn, of the total orbital an-
gular momentum, and the expressi@) to find the ioniza-
tion probability of the state with a certain projectibnof the

orbital angular momentum of the optical electron. In the ab-

sence of fractional parentage, expressi@h turns into a

simple angular component weighting rule

k% % |
z

L? |
LY 1,

LL SS_
total

2
It o

L,
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LP

1/2 S]\?
Ly

S

1("101)_l/f 1 ("1‘71)}
2 zl>b

LP

12 S|\?
. ol

In particular, for the closed outer subshell, the general result

(9) gives
LP=I
ot =220+ )2 X || p
P IZ z

z

I 1 0]\
=2(2|+1)Z([_| | oDF("l'?z

1 2
=2(21+ 1)|2 NS T

=23 1 =3 T,

This is an intuitively expected result that simply follows
from the fact that the escape probability for any one electron
does not involve its correlations with the others.

A result similar to expressiof®) also follows for thejl
(aliasj ) coupling scheme. In this case there is one optical
electron |(nl)Il,3s,) over a parent ion state
|(NPIPYNLPSPIPIPY. For jI coupling @PIP)# (nl); thus it
is essentially a one-electron escape case. Dendting)”
+1, we may present the total wave function in the form

|(NPIPYN"IP(nIKK,s,)

_22 I IC}

JP
31, K,

><|<nP|P)NF’LPSF’JPJDl(nl)Hz%sz>.

Here the radial part of(nl)ll ;3s,) depends implicitly(via

the binding energyon J®, but does not depend of, i.e.,

one should use the specific binding energy for each value of
JP, averaged over alk possible for thatl®. The FI rate is
then

TABLE Il. Coefficients(7) for the one-electron escape rates from the ground configuration terms of the neutral carbon atom.

Initial-state term Zp I K B Ci(m=0) Ci(m=1) C,(m=0) Cy(m=1) Cs

C1 2s22p? D 1 1 0.85730 0.839 1.766 1.402 —1.3329 —0.3329 0.4201
C1 2s%2p? %P 1 1 0.909 87 1.033 2.931 1.946 —1.1981 —0.1981 0.5022
Ci 2s%2p?1s 1 1 0.79411 0.711 1.080 1.078 —1.5185 —0.5185 0.3338
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2. TheC1 2s2p® configuration: Features of the case
of a fractional parentage

The configuration 8p® produces the following terms:

wheres, is omitted from the notation since it has no effect °S°, 3s°, 3p°, 1P° 3D° and !D°. We will now consider

on the FI probability.

We now give numerical examples for the FI probability
calculations using the general res{g@j. For all calculations,
the expressiord) for one-electron escape ratES},)z is used.

The constant8,, are determined as discussed in Sec. Il A.

53° and 3D°; the rest are autoionizing.

The 3D° term of 252p? is actually a’D° term of the *
configuration over a vacancysZS. The X electron does
not participate in the escape, so all that is required to be
known is the probability of the FI of thef® 2D° term com-

. . . . . H 2 1 3
The binding energies are taken from atomic data tables giveRonents into the @° D and *P parent terms. Hence all the

in Refs.[28-30.

A. Application to a few species of interest for spectroscopy

1. TheC 1 2s%2p? configuration: Occasional
discrimination of certainL, components

Here we are using expressidt0) to calculate the FI
probabilities. First we would like to emphasize the following
interesting feature: In some cases, a certgicomponent of

the term should ionize much slower than the others. Th
reason for that is as follows: The one-electron FI probability

Tl is highest for the smallesh=|l,|, i.e., for|,=m=0.

The one-electron FI probability for certain value of is
roughly (E|®%F)™ times smaller than fom=0. Thus, if in

expression(10) the Clebsh-Gordan coefficiemt:(', L] is
zero, then the entire componeRt" 'L ionizes |E|*¥F

times more slowly than the others. Thus a discrimination

may occur between the components of a certain term.,
the components of the C2p? 3P term, as illustrated be-
low). In dilute plasmagin which a probability of collision-
induced transition between components of the same term

angular factors are the same for the2p® 3D° and 'D°
terms; they both ionizelike 2p® 2D°. Their binding ener-
gies are different, however; thusandB must be evaluated
for the 3D° and 'D° terms independently. There is also an-
other subtlety we would like to emphasize in particular; Due
to the exchange interaction, all the true parent terms
2s2p? 2D, 2P, and*P have different binding energies. This
means that in the present calculations differerghould be
used for different parents, even thoutfiie samenitial term

és ionized.

The FI probabilities for the components 0p22D° (and
thus for the 22p® 3D° and 'D° termg are calculated di-
rectly from the general expressi@8). For the sake of sim-
plicity, 2s2p? 2P and “P are considered to have the same
energy. The result is
UDi 2 o _)2,
T a2=3(G,0)2rg ="

total 2p,

°D 1)°D—2D 1)°D—2D
+(G, )25 PP+ PP,

low) under static electric fields this effect may be manifested

by higher relative abundance of the components that field

ionize more slowly.
The total escape probabilities for the terms of the 2p?

configuration are derived from the one-electron escape prob-

abilities using expressioil0):

p 2
total

vl
r 2l

. 1
total

1)1p 1ip
r Top P+ 15 2,

2

(1o
3F

o, _ 4wt
r Dop O+ 215

total §

P
total

(1)%P

(1)%P
F 2p1 y

F 2p0

+T

INCEPINCA

total 2py

2 ac 4
—rss, @S
SRR

sy _

total

r

It is seen, as said above, tHEf2=2<T" .20+1 since (D™D
! d hﬁiotal total 2p,

1 3 3
<T) P andl' 0= o=t

i 1)3p__(1)%P 3
total total Slncerpl <F2po . The coef

09, 3 _2p, (1)°D—2% | (1)°D—2%
is tOt;ll_ E(GSP) {szo +F2p1 }
i E(GZD)Z{I‘(I)”DﬂZD_’_51"(1)‘7D~>2D}
2 7 1p 2pg 2p; '
Dy _ 2D\ 255 (1)7D—2% | 1+(1)7D—2%
Ftotgl_(G3p) {2F2po +F2p1 }

D 1)°D—2D
+3(G, )Ty, :

2
whereo=1 or 3. GsE: 1/\/2 is a fractional parentage coef-

ficient fornp®2D—np? P and Gfg —1/y2 is a fractional

parentage coefficient farp®°D—np?1D. Note that, as dis-
cussed in Sec. IVA1, a discriminatiofower Fl ratge of
certain term components occurs also here:ftD9 , ioniza-
tion into the 2P parent term and fot*D{ ionization into
the 2D parent term.

The calculation for the term3S° and 3S° is simpler since
there is no fractional parentage. Both terms ionize as
2p° 4s° into 2p?3P. Thus it is readily observed that

7). _(1)7s— 24
Too =T

total

(1)7s—24%

ficients (7) for the calculation of the one-electron escape SThis is simply an illustration. In reality, the C2s2p® 1D° term

probabilitiesT ™ are given in Table Il. The total FI prob-
abilities are presented in Fig. 3.

is autoionizing and there is very little sense in assessing its Fl
probability.
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FIG. 3. Field ionization rates for the terms of thel @s?2p? configuration. The insets emphasize the discriminatiower field
ionization ratesof the L,=0 component of théP term and of the_,= =2 component of théD term.

whereo=3 or 5. It is important to note that although the
C1 2s2p® °S° and 3D° terms are not autoionizing, they can

still undergo a forced autoionizatid81]. The results pre-

lﬂlsjjz(rﬂ):Z

Iz ]
. wlslzsz(ryo')-
s [, s, |,

sented here are only for direct field ionization; therefore, they

should be treated as partial decay rates into the Z52p?
configuration(while forced autoionization produces theiC
ground-state configurations22p).

Table Il gives the coefficientg7) for the one-elec-
tron escape probabilitieB(*) for the terms®S° and °D° of

the C1 2s2p® configuration. The total FI rates for the terms

C1 2s2p® °S° and 3D° are presented in Fig. 4.

3. Ball 6p: The case of a significant spin-orbit interaction

The operatow/ 9z commutes with bott, ands,, so expres-

sion (3) immediately yields

(12

nil,»

2
) re

bz
Fl(slj)j = 2 .
z IZ SZ ]Z

l,.,5;

where, for consistency, the FI rat‘éﬁﬂz from | ,-components

of the levelnl must all be evaluated with an average binding

For atoms with a high nuclear charge the spin-orbital in-€nergy of the levehl rather than with the specific binding

teraction becomes significant. In this case, sihgés no

energies of thg components.

longer conserved, it is not appropriate to consider the rates of The Bail 6p level may serve as an example for such a

FI from |, components of the levell occupied by the optical
electron. The FI rates in this case must be evaluateqjfor
components of the levehl, wherej equalsl—3 or |+3
unlessl =0.

To evaluate the one-electron Fl ral j)jz from jj, com-

ponents of the levehl, we start again from expressid8),
and take the one-electron wave function in the form

case. For this level, the splitting between the3 and |
=32 components is approximately X510** s™! | which
means that for FI rates comparable to or lower than that,
mixing betweenl , components is important and expression
(12) must be used.

One may also notice thaf(Y);; _5; _.3o=T{Yy _.s

<F,(i)l’|2=0 and thus the j=2,j,=+2) component should

TABLE Ill. Coefficients(7) for the one-electron escape rates from the teffsand °S of the Ci configuration 22p2. In the fractional
parentage case, the arrow points to the final term of the232p? configuration.

Initial-state term Zp | K B C,(m=0) Ci(m=1) C,(m=0) C,o(m=1) C;
C1 2s2p® 3D—24p 1 1 0.91683 0.8517 2.010 1.304 —1.181 —0.1814 0.5138
Ci 2s2p® 3D—2?D 1 1 0.96247 1.154 3.884 2.178 —1.078 —0.0780 0.5944
C1 2s2p®5s 1 1 0.95508 1.215 4.275 2.453 —1.094 —0.0941 0.5808
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from experiments on high-voltage ion diodds2)].
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FIG. 4. Field ionization rates for the nonautoionizing terms of

the C1 2s2p® configuration. APPENDIX

o ) _ We write down anN-electron wave function as a Slater
ionize much more slowly than thej€3,j,=*3) and  determinant:
(j=3,j,=*3) components. The coefficient§7) for the N

. (1) ; ; 1 i~
evaluation ofl'y;{ for the Bai 6p level are given in Table o= 2 (— 1) Pty Ya JL(r100) -+ (o),
] VN
(A1)
V. SUMMARY AND CONCLUSIONS where P is a permutation operator acting on the array

As yet, the probability of ionization by an electric field %%~ %N of one-electron wave fu.nct|ons. These one-electron
wave functions are orthonormal:

could only be calculated for the outer electron of atoms
(iong) that have a single electron in their outer subshell
and no inner-subshell vacancies. In this study, a general ex-
pression is presented for the probability of field ionization of
atoms(ions) with an arbitrary electron configuration. In the  Any one of the electrons at - - - ry has a finite probabil-
limit of a single outer electron over closed subshells, the ity to escape. The escape probability of the electran afior
present expression for the FI probability coincides with pub-example, is

lished result§13]. In addition, we have given a recipe for a
more accurate determination of the amplituBe of the
single-electron wave-function asymptotics at large radii,
which appears in the prefactor of the expressions for the FI
probability. We have also pointed out the need for cautious-
ness in the application of the Hartree-Fock method of atomic
structure modeling for the determination of the FI rates. The
general expression we present predicts a nontrivial depen- (A3)
dence of the FI probability oh, (the projection of the total )

orbital angular momentum in the direction of external field 1€ total Fl rate is therefore

Furthermore, we point out the subtlety arising from possible

Fl into different terms of the parent ion in the fractional F:f dxldle(X1y121)+f dxody,d(X2y22Zp) + - - -
parentage case and show the way to account for it. The case
of significant spin-orbit interaction is also analyzed.

In our treatment we use the WKB approximation; thus our
expression is exact in the weak-external-field limit. How-
ever, calculating the FI probability under this limit is suffi-
cient for most of the practical purposes since the ionization
of atoms and ions, for fields within this limit, is already fast
relative to the time scales of the radiative processes and of
most of the plasma experiments.

The general expression derived was used to calculate the
field ionization probability of several atoms and ions that are
of interest for spectroscopic investigations, namely, for the
ground and excited states of neutral carbon and lithium, and
of singly ionized barium. Our results for the Li2p and d
levels were found to be in agreement with results available (A4)

[ drdo v, 0y (A2)

Frl:f Xmdyldcrllm(f dr2d0'2' . f drNd(TN

J
X(I)(rla'l...rNO'N)—CI)*(I’la'l...I’NO'N)] .
9z,
z;>b

“‘f dxndynI(XnYnZn)
:J' Xmdyldallm[ J dr2d0'2‘ c . J drNdO'N

Jd
Xq’("lffl'"rNO'N)_q)*(rlo'l"'rNU'N)] +---
9z,
z,>b

+f dXNdyNd(TNIm[ f drldO'l' . f drN_ld(TN_l

0
XO(ryoq---ryoN)——P*(ryoq-- 'rNUN)]
N

zN>b
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We can regroupb to separate the part corresponding to thehas a non-negligible amplitude outside the bar(ie., only
electron with the coordinatego, i.e., such an electron may escap€&herefore, forz,>b, only one

term ay, the term proportional t@,; (rq,04), survives out

D(ryoq---ryoy) of all the terms. Thus, for large,,

1 < iB PPN -
= i TPl Lo (rnow)] PraoyTnoniz=b)

1
N = —(— 1) ortgpri07)
:%21 (= D"y, (r109) N

(N—1)!
(N—-1)! .~ X Zl (_1)jr)j{¢pl"'¢pN,l}
X B OB Y Yy Y X[(’r S e
202) - -\INON) 1

X . . . .
[(rz02)- - (Fnow)] (AS) wherey, is thenth one-electron parent wave function.

Let us now consider this expression for lame As already We can now calculatéA3), i.e., the first term in expres-
said in Sec. Il, only the optical electron wave functigp,;  sion (A4):

d
Frl:f Xmdyldollm( J' dr2d0'2' . f dI’NdO'NCD(I‘lo'l- . ~I’N0'N)ECD*(I’10'1- . ~I’N0'N)]
1

z,>b

1 J
= mf dxldY1d0'1|m{ lﬂopt(rlo'l)a—zl l,bz,’m(rl(rl)}
(N—1)!

2 VB, H(r202) (o))

2

X f dr2d0'2' . f drNdO'N

: I 1,
:mf dX1dy1d0'1|m wom(rlal)g_zl‘/’opt(rlo'l) (N_l)|:N1—~ .

The otherN—1 terms in expressiofA4) will yield precisely the same result; thus

I'=NT st termEF(l)-
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