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Electron-impact-excitation cross sections of hydrogenlike ions
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Convergent close-couplingcCC) and Coulomb-Born with exchange and normalizai@BE) methods are
used to study electron-impact excitation of hydrogenlike ions. Then’l’ cross sections demonstra(i¢
good agreement between the CCC and CBE rediilisa scaling over ion nuclear charge(iii) a domination
of the dipole ('=I1=1) contributions in totah—n’ cross sections, an@v) significant effect of electron
exchange in the energy range 3 (herex is the ratio of the incident electron kinetic energyo the transition
energyE, /). For ions withz>5 then—n’ cross sections obtained in the CCC and CBE approximations
agree with each other to better than 10% for anyAn accuracy of the cross sections scaling a/edepends
onz: for z=6-18 the scaling is accurate to better than 1@Uantitative analysis is done far <7), for ions
with z<6 the cross sections deviate from tfescaling more significantlyat x about unity. Then—n’ cross
sections are presented by a formula which fits our CCC and CBE results with an accuracy to better than 10%
(for transitions withn<<n’ <7 in ions withz>5). The new Gaunt factd®(x) suggested for the widely used
Van Regemorter formulgAstrophys. J136, 906 (1962 ] makes this formula accurate to better than 50% in the
x>3 range and to better than 20% in tlke>100 range. It is shown that the semiempirical formula by
Vainshtein, Sobelman, and YukdElectron-Impact Excitation Cross Sections of Atoms and Idwesuka,
Moscow, 1973] provides an accuracy to better than 50% for any incident electron energyk<Farthis
formula is accurate to better than 30%. These accuracy assessments are based on a comparison with our CCC
and CBE results[S1050-294{®@7)00301-6

PACS numbd(s): 34.80.Kw

I. INTRODUCTION coupling (CC), and Coulomb-Born with exchange and nor-
malization (CBE) methods. In Sec. lll, we focus on the
Interpretation of spectroscopic measurements in plasma—n’ cross sections and the high-accuracy fitting formula
physics and astrophysics, simulation of kinetic and transporfor the cross sections with<<n’<7 in ions withz>5. In
processes in nonequilibrium plasmas, radiative hydrodynamSecs. IV and V, the CCC and CBE results are used for im-
ics, and some other fields of plasma physics require accurafgoving the widely used semiempirical formulas and for as-
cross sections for electron-impact-induced transitions in ions3€ssing an accuracy of these formulas.
In general, any inelastic cross section may be calculated by
computer codes designed for this pu_rpcsee, for example, Il. THE nl—n’l’ CROSS SECTIONS
Refs.[1-9]). Hundreds of cross sections are already calcu-
lated or determined experimentally for some intervals of in- The CCC method is presented in Rdi8,10]. The basic
cident electron energy. These results can be found in publidea of the CCC approach to electron-ion collisions is to
cations and in atomic data badsge, for example, Ref9]). solve the coupled equations arising upon expansion of the
However, published cross sections are often insufficient fototal wave function in a truncated Laguerre basis of $ize
plasma physics and astrophysics, since data on many cro$$is basis size is increased until convergence to a desired
sections are missing or do not cover the entire energy rangeccuracy is observed. The usage of the Laguerre basis en-
required for calculation of excitation rates, especially forsures that all states in the expansion are square integrable,
non-Maxwellian plasmas. and so gives a discretization of the target continuum as well
In this paper, we present and discuss full-energy-rangas a good representation of the target true discrete spectrum.
high-accuracy cross sections for electron-impact excitatioror sufficiently largeN pseudoresonances, associated with
of hydrogenlike ions. The paper is structured as follows. Inthe target continuum discretization, diminish substantially so
Sec. I, we discuss briefly thel—n’l’ cross sections com- that no averaging is necessary. The presented CCC calcula-
puted by the convergent close-couplingCC), close- tions at all given energies are likely to be within 10% of the
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true nonrelativistic model solution for the considered scatterbeing the ratio of the incident electron kinetic eneegip the

ing systems. In general, the CCC cross sections are in excdfransition energy E, /.
lent agreement with the experimental results available fonl—n’l’
various target$8,10,11.

The CBE cross sections were calculated by ftewm

cross sections,
0215,25(X) @nd 0,15 25(X) are shown in Figs. 1 and 2 for a
few ions withz from 2 to 26. The CC results are taken from

The most
namely,

important of the
the cross sections

computer codg3]. In this code, the exchange is accountedRefs. [12—14. Detailed quantitative analysis of the
for by the method of orthogonalized functions and the nornl—n’l’ cross sections will be published in a separate pa-
malization is done by th&-matrix method using one own per. The main conclusions of this analysis are as follds.

channel of the reactiof].

Scaling of thenl—n’l’ cross sections ove is very accu-

Both CBE and CCC computer codes produce the crosgate forx>1. Forx about unity, the cross sections related to
sections fornl—n’l’ transitions. These cross sections aresmall z (i.e., to z=2,3,4) deviate from the scaling signifi-

cantly (see, for example, the cross sections for™Bleln
general, a deviation from the scaling depends on parameter

denoted here by, ) nr/(X) with

X=elEpp p=(z—1)/z which is the ratio of a charge affecting an inci-
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dent electror(at a large distance from the targét a charge f(e,&,p) is the electron energy distribution normalized by
affecting an optlcal electropd]. Deviation of the cross sec- condition [f.(e,s,p)de=1, ¢ is the average electron en-
tions from thez*scaling increases with deviation pffrom  ergy (in the case of the Maxwellian distribution,
unity, i.e., with the decrease af One can see this regularity £=3kT./2), and p denotes all parameters of non-
in the cross sections presented in Figs. 1-3, whetganges Maxwellian distributions. Calculations reported in Refs.
from 2 to 26.(ii) Electron exchange is affecting the cross[15-19 show that the resonances to dipole cross sections
sections significantly in the energy range 3. This effectis  increase Maxwellian rates of these transitions by a few per-
increasing with the multipole ordefl’—I|. (iii) Dipole  cent or less; rates of nondipole transitions increase more sig-
(I"=1%=1) contributions dominate over nondipole ones innificantly but always less tha#30%. Our estimates, based
the totaln—n’ cross sections. In particular, one can see thabn the data of Ref§15—-19, show that contributions of reso-

at x~1 the 1s—2p cross section is larger thanst2s  nances into totah—n’ rates are less tharr10% for any
cross section by a factor of 4; witk the 1s—2p cross electron temperature reasonable for the existence of the hy-
section goes down slower thars32s one (namely, as drogenlike ion of interest.

x lnx vs x™1), therefore the total 4:2 cross section is

almost exclusively due to the dipole_chanr‘(dalr.) For z>5 . . TOTAL n—n’ CROSS SECTIONS
the CCC, CC, and CBE cross sections usually agree with
each other to better than 10%. The n—n’ cross sections are denoted here by

The last statement is correct for the energy values wer,,n/(X). They may be presented as sums avand|’
considered, however, it may be wrong for narrow energy

intervals in the vicinity of the excitation thresholde., in n-1 n'-1
certain intervals within the<~1 domain) where the cross (Tz,n,nf(X)=z Omdn > Oznin1(X). (1)
sections are contributed significantly by resonance excitation =0 I'=0

channels. Detailed analysis presented in Hédfs-19 shows

that the resonances may increase some cross sections upHgredn andg, =ZX,g, are the statistical weights of states
an order of magnitude(within the energy intervals Nl andn, respectively. Statistical averaging ovefwhich is
Ax<10"3). However, usually plasma physicists and astro-reflected by the factog, g, ') is necessary because of the
pysicists are not interested in such fine resolution of colli-uncertainty ofl in initial quantum states defined by quantum
sional cross sections. On the contrary, they operate with inaumbern only. Summation ovel’ ensures the inclusion of
tegrals over entire energy range, namely, with the excitatiomll possible final states for a giveri of interest.

rates Figure 3 presents simple but important examples of the
n—n’ cross sections, namely, the cross sectiors2l for
ions with nuclear charges from 2 to 26. To emphasize the
scaling of the cross sections ov&r, we present scaled cross
sectionsz*, , 1 (X).

therefore, the actual effect of the resonances on the colli- In general, our analysis is based on three sets of results:
sional processes may be assessed by comparison of the ratBsthe CBE cross sections for all transitions witkcn’ <7
calculated with an account for the resonances and without iin ions C°*, Ne®*, AlI'?* Arl™: (ii) the CCC cross sec-

In the last formula, ve(¢) is the electron velocity, tions for all transitions with<n’<5 in ions He", C°*,

Rz,nl,n’l’(gap): fo O'Z,nl,n’l’(S)Ue(e)fe(srgap)dga
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TABLE I. Coefficientsann, Bnn's Ynn's Onns @aNd s for fit- ~21.70, o (100)xInX. (3
ting function (2). w

An accuracy of this expression equals to an accuracy of the

n n oy Bnn Yn' On Loy cross section at=100, i.e., is to within 10%.

1 2 3.22 0.357 0.00157 1.59 0.764

1 3 0452 0723 00291 -0.380 0.834 IV. THE VAN REGEMORTER FORMULA

1 4 0.128  -0.0300 0.163 -0.150 0.185 Expressions(2) and (3) may be used in applications

1 5 00588 -0.0195 0.0803 -0.0649  0.0776 \yhich require high-accuracy cross sections. For estimates, it

1 6 00321 -0.0115 00458 -0.0374 0.0441 j5 desirable to have a simpler expression which does not use

2 3 173 46.7 -94.5 358 -102 3 table of coefficients. Frequently, such estimates are based

2 4 16.7 -8.32 12.6 22.5 -344  on the Van Regemorter formulp4,5,21-28. For n—n’

2 5 4.47 -5.54 8.10 3.52 0.820  transitions this formula may be presented as follows:

2 6 1.94 -2.69 4.43 0.461 1.54

3 4 1880 204 -1280 4860 -1620 VR 287Tfnn/ R? G(x)

3 5 164 -236 128 458 -247 Opnn (X) =78 B x 4

3 6 271 -468 268 161 -304 nn’

4 5 4800 -55100 18100 41400 -48800 Heref,,is the absorption oscillator strengtR, =13.6 eV is

4 6 456 -4530 2230 2870 -3570  the Rydberg energy unit, an@(x)is the effective Gaunt

5 6 75000 247000 -172000 84700 123000 factor which may be treated as a fitting function of order
unity.

19+ ) . To find an accurate expression for tmeindependent
Al*": and (iii) the CC results available for transition function G(x), we first use the fitting functiof2) and Eq.

HPSE 7 17 25
1-2 inions C7, O_+, Ar +3 Fe*>" [12-14. Forx>1 (4 to introduce the Gaunt factd®, (x) for each of the
all scaled cross sections studied are independeattofan  tansitions studied

accuracy better than 1% . However, ferabout unity an
accuracy of the scaling is smaller and dependszpithe gnf ., R2\ 7!
scaling is accurate to within 5% far=10—26, and to within G (X)=X0 n,(x)( mas——— T)
10% for z=6 (except for 56 cross section in T which o V3 E
deviates from the scaling law by 17%t-1). Forz<6 a
deviation from thez* scaling is more significant, for ex-
ample: 40% for transition -2 in He* and a factor of 3 for
transition 5-6 in He*. As was already mentioned, an ac-
curacy of the scaling is determined by the ratio-(1)/z.

To present quantitatively ath—n’ cross sections com- _ -1
puted by CCC and CBE methods, we fitted them using a G(x)=0.349 Inc+0.0988+ 0455, ®
simple analytical function. Taking account of th# scaling
and analysis presented in RE20] the fitting function was
chosen to be

nn’

The Gaunt factors for all transitions with<n'<7 are
shown by dotted curves in Fig. 4. The curves are not labeled
because they are shown only in order to demonstrate the
small spread of function&,:(x) near their mean function

which is shown by a bold solid curve. We recommend func-
tion (5) as an effective Gaunt factor for the Van Regemorter
formula (4).
f a4 . Bold dotted-dashed curves in Fig. 4 show-&0% corri-
2 (X) = 78GZ "X (an o/ INX+ B 0/ X INX A o dor around this3(x). One can see that for~1 some dotted

T R NI ) @) curves deviate fronG(x) by more than a factor of 2, but for

nn nn ' x>5 the spread of the dotted curves is smallemmely, to

within =50%), and forx=100-1000 the spread is to within
20%.

g

Here ay is the Bohr radius. The coefficients
anns Bnns Yans Onnr, and e are listed in Table |I.

For energy interval £x<100, the fit is accurate to better
than 10% for all of the cross sections studiet=6—26 V. THE VSY FORMULA
except for C* the 5-6 cross section. For this one, the

Inaccuracy increases to 17%%at>1. _ x> 1. Therefore, this formula fits applications which require
Coefficientsann's Bons Ynn's Snns nnr PrOVide an g accurate account of suprathermal electr@ns., pulsed-
accurate fit of the CCC and CBE results in the mtervalpower devices, subpicosecond lasers, solar flaFeswever,
1=x=100 but they do not provide correct asymptotic bé-there are non-Maxwellian plasmas with an overpopulated
havior of the cross sections for>100. The calcul_atlons low-energy part of the electron distribution function, e.g.,
show that forx>10 the CCC and CBE cross sections de-pjasmas produced by high-power microwave devices or by
crease withx asx ™ ‘Inx (this asymptotic is caused by a di- |asers with nonrelativistic intensity of radiatidfor our ex-
pole channgl therefore, forx>100 the cross sections may ample, it is enough to have a free-electron oscillation energy
be calculated using an expression less than the mean energy of the chaotic motion of the elec-
1 tron). Estimates of kinetic coefficients for such plasmas, re-
X" Inx quire cross sections accurate in the low-energy range
100 1In100 (x=1-10. A semiempirical formula suitable for this case

The Van Regemorter formuléd) is most accurate for

a'z,n,n’(x> 100 = Uz,n,n’(loo)
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FIG. 4. Gaunt factorG(x) for the Van
Regemorter formulg4). Dotted curves demon-

was suggested by Vainshtein, Sobelman, and YuksY) [21,4] trial functionsF(x) were fitted to each of the transi-
[21,4]. We rewrite this formula as follows: tions studied. Using the expressigp=Rz2n "2 for the bind-
ing energy, formulg6) may be presented as follows:

oS ( )_77_"’1(% R \? I 2F(x) ©
znn N T =)\ X waj . __FE(X)
AL n oxﬁz,(x):?nﬁ/n—[(n )2—n?] 2—X . (8
wherel,, is the optical electron binding energy and
F(X)=145IK+4.15+9.15 1+ 11.% 2—5.16¢ 3 Function(7) is shown by the bold solid curve in Fig. 5.

7) Dotted curves demonstrate functidfg, (x) obtained by re-

VSY

placinga, . ,(X) in expression8) by function(2)

is the fitting function which provides a good fit to the CCC,
CC, and CBE cross sections discussed above. Being inter-

4 f
, . Z*Xo
ested in an easy-to-use formula, we looked for a function Fo(X)=

z,n,n’(X) [(n/)z_nz]z

F(x) which is independent ig, n, andn’, although initially

60 F(x)
— — 0.7F(x) and 1.3F(x)
-—-= 0.5F(x) and 1.5F(x)

(8). Dotted curves
Fan (X).

Function F(x)

Incident Electron Energy in Threshold Units x

mag n’n’

demonstrate

FIG. 5. FunctionF(x) for the VSY formula

functions
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These dotted curves are not labeled because they are showmwithin a few percent for ions with large nuclear charge
only in order to demonstrate their small deviation from the(z>1). For ions withz about unity, a deviation from the
function F(x). The bold dashed curves show#80% corri-  scaling is significant(at x about unity. For x>1 the z*

dor around~(x) while the bold dotted-dashed curves show ascaling is accurate for all ions and transitions. For egacin
+50% corridor. One can see that forx2 the VSY formula  accuracy of the scaling is higher for larger transition energy.
is accurate to within 30%. For=1-10 this formula is ac- Quantitative results are presented by form(Zawhich fits
curate to within 50%. For larger electron energy>10), our CCC and CBE cross sections with an accuracy to better
estimates of the cross sections are more accurate if based tran 10%.

the Van Regemorter formulg). Semiempirical formulag4) and (8) together provide an
accuracy to within 50% for any energy: fax2 the VSY
VI. CONCLUSIONS formula (8) is accurate to within 30%; for 2x<<10 this

formula is accurate to within 50%; for>10 an accuracy to

The cross sections for electron-impact-induced transitiongatier than 50% is provided by the Van Regemorter formula
in He*, C°*, Ne®", AI?", and Ar'"* are calculated using (4),

the CCC and CBE methods(for transitions with
n<n’'<7).

Thenl—n’l’ cross sections demonstrdi¢ good agree-
ment between the CCC and CBE results) a scaling over This work was supported by the Israel Academy of Sci-
z*, which is very accurate far>1 andx>1, (iii) significant  ence, The Ministry of Science and the Arts, and the Ministry
effect of electron exchange in the energy range3, and of Absorption. The research of L. A. Vainshtein was sup-
(iv) a domination of the dipole contributions in total-n’ ported by the Moscow International Science and Technology
cross sections. Center(Grant No. 07-9% and the Russian Basic Research

The n—n’ cross sections demonstrate an agreement téund (Grant No. 94-2-0537)1 The research of I. Bray was
better than 10% between the CCC and CBE results fosponsored, in part, by the Phillips Laboratory, Air Force Ma-
z>5. teriel Command, USAF, under Cooperative Agreement No.

A scaling of then—n’ cross sections over* is accurate  F29601-93-2-0001.
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