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Electron-impact excitation cross sections for allowed transitions in atoms
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We present semiempirical Gaunt factors for the widely used Van Regemorter forAmitaphys. J.136,
906 (1962] for allowed transitions from=0 or =1 levels in atoms with th& S coupling. Cross sections
calculated using these Gaunt factors agree with measured cross sections to within experimental error.

PACS numbe(s): 34.80.Dp

I. INTRODUCTION which is derived for single-electron electric dipole transitions
(in other words, for optically allowed transitionf11-13.
Interpretation of spectroscopic measurements and simuladere o0 () is the electron-induced excitation cross section
tion of kinetic and transport processes in nonequilibrium ; "oy
port p a from the lower statey into the upper statg’, x=z/Eqq,

55152‘355 ;eseuc':i’zsn I:}g‘r’v;g?niOgnrga}gxseller?tg;':]'gg?ag;;xgﬁé is the kinetic energy of relative motion between projectile
tation cross section may be calculated by computer Codegle_ctr?]n %ndhtargctja_t atql(!mn)h, EF%“' dE the transmon_tene_rgy,
o is the Bohr radius,” is the Rydberg energy unifq is

designed for this purposesee, for example, Ref$1-7]). . . :
Hundreds of cross sections are already calculated or dete}ne absoeron oscillator strength, a_ﬁ@q/(xﬁs t_he Gaunt
actor (which may be treated as a fitting function of order

mined experimentally for some intervals of incident electron’ ™~ . : )
energy. These resulfs can be found in atomic data Hages Unity)- It is known that formula1) provides a better fit to
However, published cross sections are often insufficient fofXPerimental data if different expressions for the Gaunt fac-
detailed simulation of experiments, since data on many cros®" aré used when applied to atoms, singly charged ions, or
sections are missing or do not cover the entire energy rang®ultiply charged ions; and to transitions withn=0 or
required for calculation of excitation rates, especially forAn>0 [4,8-10,14-1§ Probably, the fit may be improved
non-Maxwellian plasmas. further if a dependence on other transition parameters is in-
In such a situation, it is desirable to have an easy-to-ustfoduced in the Gaunt factor, for example, dependence on the
formula of known accuracy applicable to various classes oprbital quantum number of the optical electrigras is found
transitions. Estimates of electron-impact excitation cross sedor multiple ions[17] using high-accuracy theoretical results.
tions are frequently based on the Van Regemorter formula After the first publication by Van Regemorter in 19(&,

[8—-10] there were a few attempts to infer reasonably accurate Gaunt
factors for various classes of transitions including nondipole
87 T2 Gyu(X) and intercombination ond9,10,14—-1%. The Gaunt factors
o&8(x)= —=maif =k S (1) obtained do not provide an accuracy of about 10-30%,
aq \/_ 0'aq E2_ X o . . .
3 qq’ which is expected from atomic codes, and there is some criti-

TABLE |. Experimentally studied allowed transitions witn=0 in atoms with theLS coupling.

Projectile
Number of electron
AE experimental energy
Atom Transition (eV) Ref. values range(eV) faq
He 1s2s 3S — 1s2p °P 1.144  [20] 35 1.3—2000 0.53%49]
1s2s 'S — 1s2p P 0.602  [20] 37 0.7-2000 0.37¢49]
Li 2s2S-2p °pP 1.848 [21] 22 2.1-1400 0.74550]
[19] 94 (33 2-300
Na 3525-3p 2P 2.104 [22] 17 5-1000 0.9949]
[19] 95 (35) 2-300
Mg 3s? 1S - 3s3p P 4.346 [23] 26 4.6-1400 1.949]
K 452S—4p %P 1.617 [24] 3 6-60 1.0949]
[19] 96 (32) 1.5-300
Rb 55 2S — 5p 2P 1579  [19] 94 (32 1.5-300 0.9949]
Cs 6 %S — 6p 2P 1432  [19] 100 (34) 1.5-300 1.0749]
Ba 65’ 'S — 6s6p P 2.239 [25] 29 2.3-1500 1.649]
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TABLE Il. Experimentally studied allowed transitions witn>0 in atoms with the_S coupling.

Projectile
Number of electron
AE experimental energy
Atom Transition (eV) Ref. values range(eV) oo
H 1s—2p 10.199 [26] 13 11-199.1 0.41649]
H 1s-3p 12.088 [27] 5 29-506 0.079749]
He 1% 15-1s2p 1P 21.218 [28] 36 40-2000 0.27649]
[29] 3 29.2-48.2
[30] 1 200
[31] 1 23.2
[32] 5 200-7000
[33] 15 22.4-196.1
[34] 26 30-2000
[35] 25 30-2000
[36] 17 50-3000
[37] 3 30-100
[38] 2 60,80
[39] 15 22.03-400
[20] 15 30-500
He 1% 15-1s3p P 23.09  [30] 1 200 0.0734[49]
[28] 38 40-2000
[40] 5 100—800
[34] 26 30-2000
[41] 28 25-2000
[42] 2 50,100
[33] 15 23.74-207.8
[35] 25 30-2000
[36] 23 50-6000
He 12 1s-1s4p P 23.74  [43] 5 60—2400 0.030249]
[30] 1 200
[40] 1 200
[34] 25 30-2000
[28] 35 30-2000
[36] 23 50—-6000
He 1% 1s-1s5p 1P 24.05  [36] 23 50-6000 0.015352]
[40] 1 200
He 1s2s1S5-1s3p P 2.474  [20] 31 2.6—2000 0.151449]
He 1s2s1S-1s4p 1P 3.124  [20] 31 3.283-2525  0.050752]
He 1s2535-1s3p 3P 319  [20] 31 3.2-2000 0.064549]
[44] 4 45-16
He 1525 3S-154p 3P 3.89  [20] 31 3.904-2440  0.02951]
o} 2p* 3p-2p°3s 3 952  [45] 23 11-300 0.05151]
[46] 15 10-340
[47] 20 11-100
0 2p* 3P—2p3s’ °D° 1254  [47] 18 15-100 0.05¢52]
0 2p* 3p—2p33¢”’ 3p° 1412 [47] 19 15-100 0.06551]
N 2522p® 45-25?2p3s *P  10.332 [48§] 3 30-50 0.266[51]

cism of the use of the Van Regemorter approximation in thaweenn| states in neutral atoms with theS coupling. These
epoch of computer§5,18]. Nevertheless, the simplicity of transitions may be represented by the scheme
the Van Regemorter formula makes it attractive for esti-
mates, and it is reasonable to improve the accuracy of this
formula by finding better approximations for the Gaunt fac-
tors for various classes of transitions.

In Sec. Il we present rather accurate Gaunt factors for a
broad class of transitions, namely, for allowed transitions bewith the selection rulefl3]

,ynlm ZS+1L_),yn|mflnl|r ZS’+1L/ (2)
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FIG. 1. (a). The Gaunt factor for allowed tran-
sitions with An=0 in atoms withLS coupling.
The valuesGy*™ are inferred from experimental
cross sectionglisted in Table } using the Van
Regemorter formulalb) Fragment of(a).

FIG. 2. Distribution of experimental values
G presented in Fig. (&) over their deviation
from the Gaunt factof4): numbers ofGS* per
10% intervals of deviatiori5).
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FIG. 3. (a) Gaunt factor for allowed transitions withn>0 in atoms withL S coupling. The value§g*™ are inferred from experimental
cross sectionglisted in Table 1) using the Van Regemorter formulén) Fragment of(a).

n'=n, |'=1+1, S'=S, ered here, namely, allowed transitio{®&—(3) in atoms. For
(3)  convenience of further analysis, transitions wh=0 are
L'-L=0,+1; L+L’'>0, listed separately from transitions witkn>0. Various pub-

. lications present from one to a hundred experimental points
the collision. Our results relate to the case when the eXCitadominating influence of Ref[19] in which in particular
thn occurs in the outer shgll. The appllca'blllfty of the ob- many points along are given, we use at most 40 values for
t?}'neg ngunt factofrsth tol |nknerf-shell _eXCIt?tI"Oﬂ dV\;as _nOtﬁjach cross section from any publication. When only part of
checked because of the lack ot experimentally determineg, . experimental points are taken, the points taken are either
cross sections. . , .

every second point or every third point alongThe number

of accounted points is given in brackets in the fifth column of
the tables.
Tables | and Il present a list of experimentally studied Values of the Gaunt factor inferred from the experimen-

electron-induced transitions that belong to the class considally studied cross sectionagff,(x) for transitions with

II. THE GAUNT FACTORS
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FIG. 4. Distribution of experimental values
G presented in Fig. @) over their deviation
from the Gaunt factor(6): numbers of GE*
per 10% intervals of deviation
Dy=[GF*= G- (x)1/G= ().

FIG. 5. (a) Gaunt factor for transition
3s—3p in Na. (b) Fragment of(a).
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FIG. 6. Gaunt factor for transitionsd44p in K.

An=0 are demonstrated in Fig. 1. These data may be fittethree percent of the experimental points deviate from the

rather well by the expression Gaunt factorg4) and(6) by more than a factor of 2. Most of
these points belong to the energy rangel where the cross

(4) sections are small and measurements are less accurate.

shown by the solid curve. The subscript O denotes the con- It is worth mentioning that the deviation of the experi-
dition An=0. To illustrate the accuracy of the above expres—rnental data from the Gaunt facto) and (6) is not larger

ion. Fig. 2 oresents a histoaram of discrepanesbe- than the discrepancy between experimental results obtained
sion, F1g. £ b S S O,g(pt ot discreparl rﬂ@s. © by various research groups for the same studied transition.
tween experimental value§&.™ and the semiempirical

) , ! ._To illustrate this fact, Figs. 5—7, present experimental data
Gaunt factor G(x). The discrepancy is defined as the ratio oy -ined for three transition&) 3s— 3p in Na, (i) 45— 4p

in K, and (jii) 1s? 15— 1s4pP in He.

Two sets of experimental results are not included in our
analysis:(i) results of Ref[53] because they were shown to
. . . be inaccuratgsee Ref.[48]) and (ii) results of Ref.[54]
wherek is the order number of the experimental point, andbecause of unreliable normalization using RB8] and early

Xy is the value ofx for this pomt. The lh|stogram demon— theoretical results that do not fit later experimental da&e
strates the numbers of experimental points per 10% interval

of increasingd. One can see that for 95% of the experimen-(§ISCUSSIOn in Refl48).
tal points the accuracy of the Gaunt factdj is better than
+50%. For 82% of the points the accuracy is better than

Go(x)=(0.33-0.3x 1+ 0.082) Inx

_|GR®-Go(x)|
EFER I ®

+30%.

Values of the Gaunt factor inferred from experimentally

studied cross sectionsg,'(x) for transitions withAn>0 are

demonstrated in Fig. 3. These data may be fitted rather we,

by the expression

G-(x)=(0.276-0.18"1) Inx (6)

shown by the solid curve. The subscripdenotes the con-
dition An>0. Whenx— o,

V3
G>(x)~ﬁ Inx (7)
and expressior{l) becomes the Bethe formul®]. For x
< 10, expression6) provides a better fit to experimental
data than the asymptotic expressi@h shown by the dotted
line. The accuracy of the Gaunt fact®) is demonstrated by

Ill. DISCUSSION AND CONCLUSIONS

It is known that for positive atomic ions the Gaunt factors
IPr transitions withAn=0 are larger than the Gaunt factors
or transitions withAn>0 [10,15. Here we demonstrate
similar regularity for neutral atoms.

With the Gaunt factorg4) and (6), the Van Regemorter
formula fits measured cross sections better than with the as-
ymptotic Gaunt factof7) and the semiempirical Gaunt fac-
tor given in Ref.[9]. This conclusion is based on the com-
parison with all available experimental cross sections for the
allowed transitionsil—n’l’ in atoms with the_S coupling:

a total of 23 cross sections for 11 atoms with various electron
configurations.

The inaccuracy of the Gaunt factof4) and (6) and the
inaccuracy of experimental data are about the same. The
good fit may be treated as a proof of weak dependence of the
Gaunt factor on electron configurati¢for this class of tran-

the histogram in Fig. 4. For 82% of the experimental pointssitions. Then the Gaunt factorg}) and(6) provide accept-

the Gaunt factor is accurate to better thar30%. Two to

able accuracy of the cross section for any electron-atom ex-
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FIG. 7. Gaunt factor for transitions? 'S—1s4p*P in He.

citation (2),(3). This result is important for simulation of servation illustrates the dependence of the Gaunt factors on
kinetic and transport processes in low-temperature non-LTEhe coupling scheme.

plasmas. However, all the transitions studied experimentally
are from the states with=0 or | = 1; therefore, for transi-

tions fromd,f.g,..., states we have no proof of indepen- t js g pleasure to acknowledge fruitful discussions with

dence ofG(x) onl. Yuri Ralchenko. We are grateful to the National Institute for
Atoms of neon, argon, krypton, and xenon have afFysion SciencéNagoya, Japarand H. Tawara for giving us

jl coupling scheme. Effective Gaunt facto@ " inferred  an opportunity to use the NIFS atomic database. We are also

from experimental cross sectiofs5-58 for these atoms grateful for the Opacity Project’'s database. This work was

are a few times less than our Gaunt fact@jsand(6), which  supported by the Israeli Academy of Science, Ministry of

are quite accurate for atoms with thé& coupling. This ob-  Science and Arts, and the Ministry of Absorption.
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