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Transition Energies and Emission Oscillator Strengths of Helium in Model Plasma
Environments
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The transition energies and the oscillator strengths of both the ultraviolet and visible series of the helium
atom have been calculated in a hot, weak coupling plasma environment, modeled in terms of the Yukawa
potential. Our approach, based on the full configuration interaction method, is found to be superior to those
based on the atomic many-body perturbation theory, for it converges smoothly to accurate vacuum values as
the screening parameter approaches to zero and also behaves smoothly with respect to increasing screening.

Thus, it could be useful for plasma diagnostic purposes.

1. Introduction
The significance of statically screened Coulomb potentials

for many areas of physics has been highlighted in various earlier

publications. There are many areas of physics for which the

screened potentials are important, namely, the statistical ther-

modynamics of many-body systems in partially ionized gases,
i.e., plasmag,nuclear and elementary particle physiepmic
physics® solid-state physic$,plasma physic&f and atomic
collision physics. The screened Coulomb potential can be
represented by different models. In particular, for hot plasma
environments, it has been demonstratefilpm a rigorous
expansion of the partition function, that the effect of the plasma
sea on localized two-particle interactions is to replace the
Coulomb potential by an effective exponentially decaying
potential (Yukawa potential), with a screening parameter,
proportional to G/ T)¥2, ny being the plasma density afdits
temperature. This is important because this dependence of th

screening parameter with the plasma density and temperature
in combination with the transition energies between bound states,

can be used for plasma diagnostic purpdsesTherefore, it

turns out that obtaining accurate transition energies, as a function

of the plasma’s screening parameter, is of paramount impor-

The details of FCI can be found elsewhéteThe wave-
function will contain all of the configuration-state functions
(CSF's) that can be generated for our two-electron system, with
all the atomic basis set functions. The latter have been expanded
as linear combinations of Gaussian-like primitives, for which a
complete analytical solution for all the required basic integrals
is availablet®

The range of the screening parameterdiscussed in this
paper, will be from 5x 10~ au to 0.1 au. For these values of
A, the plasma-coupling parameter is much smaller than unity,
so that the statically shielded Hamiltonian of eq 1, is very
reliable to describe the screened Coulomb interaétiof.Also,
it has been showhithat for such values of the expansion of
the atomic orbitals in terms of a moderate set of Gaussian
primitive functions leads to satisfactory results, compared with,
in principle, more accurate Slater-type basis sets. One reason

dor this might be that since the Yukawa potential decays faster

than the Coulomb potential, the Gaussian functions might fit

this behavior better than exponential functions. Recall also that
a recent calculatiohhas shown that at least both th&s2and

the 2S excited states of the He atom exist for our selected values
of the screening parameter.

tance. This motivated the present study on the energies and Finally, it is worth mentioning that our method allows for

emission oscillator-strengths of dipole-allowed electronic transi-
tions of the He atom in hot, weak coupling plasmas. In par-
ticular, our approach relies on the test-particle mefRadhich

is extremely useful to calculate properties associated with the
discrete nature of plasma particles. Thus, we will discuss the
effect of the plasma sea on the ultraviolet principal series,
1'S—n!P transitions, the visible principal series!S2-n'P
transition, the 85—n3P transition energies, and the “dipole
forbidden” 1S—23P transition energies. Nevertheless, it should
be mentioned that other important properties of the spectrum
of weakly coupled plasmas, like the line widths, are dominated
by fluctuations? not accounted for in the test-particle method.

2. Methods

We adopt a full configuration interaction (FCI) approach to
calculate all the various electronic states of interest of the
Hamiltonian of our two-electron system
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direct comparison with vacuum calculations by setting =
Aee=0ineq 1. Also, we have treated separately the screening
effects on the electrepnucleus interaction and on the electron
electron interaction by using two screening parameferfor

the former andlee for the latter. This will enable comparison
and assessment with respect to previous calculations.

3. Results and Discussion

Firstly, the effect of the size of the basis set on the various
excitation energies for the pure Coulombig{= Aee= 1 = 0)
interaction potential was studied. As expected, a large and
flexible basis was found to be mandatory in order to obtain
reliable results. Thus, Table 1 shows the behavior of various
basis sets, of increasing quality, with respect to tHg-121S,
215—31S, 25—21p, 25—3°S, and 8S—2°P excitation energies.
Inspection of Table 1 reveals that a well-balanced basis set,
including s,p and d-type functions, is necessary for a reasonably
accurate description of all the transitions studied. Notice that
having a good set of s-type functions is crucial for the correct
estimation of the 55—21S and 3S—23S excitation energies,
as observed by inspection of columns 3 and 5 of Table 1. We
have found that the 6/5/5 basis set represents a very favorable
balance of the computational cost with respect to the accuracy,
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TABLE 1: Excitation Energies, in au, for the Helium Atom
in Vacuo, with Various Basis Set3

basis
sets

771
gy
71713
7174
717/5
4/4/4

25—2%p

0.042 636
0.042 347
0.042 095
0.042 117
0.042 119
0.046 501

25—3s

0.106 425
0.106 458
0.106 471
0.106 493
0.106 491
0.211 184

25-3s  2AS-2p

0.084 636 0.022 989
0.084 649 0.022473
0.084 677 0.022 207
0.084686 0.022 181
0.084619 0.022 187
0.222 497 0.025681
5/5/5 0.755637 0.094558 0.022173 0.112153 0.042126
6/5/5 0.755620 0.085075 0.022190 0.106619 0.042127
Exact 0.757 750 0.084 702 0.022 138 0.106 540 0.042 060

@ The basis sets are identified by their number of s-, p-, and d-type
(first, second, and third numbers of the first column, respectively). The
basis sets were constructed starting out from the standa@(3fd)
basis?* 3/3/1 in our notation, and then complementary basis functions,
with exponents 0.33 times that of the most diffuse one of each type,
were added until the given size was reachebaken from ref 18
¢ Taken from ref 19.

25—-1's

0.755 285
0.755 809
0.755 644
0.755 628
0.755 620
0.762 699

TABLE 2: Energies for 4 = 0 (in au) of |1s24S > and
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Figure 1. Energy splitting, in atomic units, of thé® and 2S electronic
states of the helium atom, as a function of the screening parameter.
Present work: solid curve. Reference 5: dotted curve.

TABLE 3: Transition Energies in au, with Aee = 0 and 4en
= Z, Eollsezlp, and with lee = len = l, Elj_ls%zlp, and Their
Corresponding Oscillator Strengths,f, for Different Values
of the Screening Parametet

|1s28S > States of Hé A E%ts olp 15 olp Elyts olp fliig olp
A |1s24S > |1s28S > energy splitting 0.005 0.777 711 0.091 603 0.777 758 0.091 652
- - — (0.793 29)
0005 2120t oo e %.030 335) 001 0777420 0091306 0777603  0.091504
by by ok (0.793 16)
0L ol0a608 toiatessy  tooanavs) 002 0776285 0090166 0777000  0.090 934
by by o (0.793 12)
002 T0eean  ca0%e2rn  t0029699) 005 0768739 0082926 0773027  0.087 353
iy iy o (0.784 88)
005 Tlese4s8) ciomises)  roosbeis) 0.1 0.743475 0061649 0760145  0.076817
0.1 ~1.797310  —1.819737 ~0.022 427 )
(=1.796 123) €1.820 088) £0.023 965) aValues in parentheses are taken from ref 5.

2Values in parentheses, which correspond to the MBPT calculation,
are taken from ref 5.

as compared to the “exact” values reported in the literatite.
Hence, hereafter, all calculations will be carried out with the
6/5/5 basis set.

A. Energy Splitting between 2S and 2S States. We
compare in Table 2 our final results for th&s24S > and
|1s28S > states of the He atom, with earlier calculated values
using the many-body perturbation theory (MBPT) of Morrison
et al?® modified to include screening effedsRecall that we
have seflec = 0 in the electror-electron repulsion term of eq
1 to allow for comparison with the above data. The overall

lowest energy transition of the series, namely fie?1S
>—|1s2p!P > ftransition, as a function of the screening
parameter, and compared with experiment gy = 1en, = 0

and with previous theoretical calculations for various values of
A. Results are collected in Table 3 for discussion. Notice that
both our and Wang and Winklers’ transition ener§iskow

the same smoothly decreasing behavior. However, notice also
that they predict larger transition energies, though it is interesting
to point out that for the Coulombic potential cagdgs = Aen =

0, Wang and Winkler overestimate the experimental transition
energy! of 0.779748 au by 1.37x 1072 au, while we
underestimate it by 1 less order of magnitude, namely, ¥.94

trend of the two data sets of Table 2 is that the energy of both 103 au. This and the smoother behavior shown in the previous
|1s24S > and |1s28S > configurations decreases as the section suggest that our calculations might be more accurate
screening parameter increases. Also, the energy splittingthan earlier ones for the entire range of the screening parameter.
between these electronic states decreases with increasing screen- Including screening of the electremlectron Coulombic
ing. However, while this trend is nicely observed by our results, interaction increases slightly the value of the transition energy
those of Wang and Winkledo not follow the above-mentioned  (see column 4 in Table 3), and maintains the smoothly
pattern at the largest value of the screening parameter, for which,decreasing behavior of the transition energy with the screening
incidentally, the largest energy splitting is obtained. Also, we parameter.
would like to mention that for all values af our energy splitting The calculated emission oscillator strengths also decrease with
is smaller than that of Wang and Winkler, exceptfor 0.05, increasingl, for both casedee = 0, Aen = 4, andAee = den =
for which we predict an energy splitting 0.001 586 au larger. 4, as shown in columns 3 and 5 of Table 3. However, it is
Indeed, as shown in Figure 1, our results do behave smoothlyobserved that the predicted values fars—%p are invariably
with respect tol, but Wang and Winkler's do not. Hence, we larger than their correspondifitjis—otp values, with appreciably
believe that our method is more stable than theirs with respectdifferences for the largegt values investigated.
to increasing screening and, therefore, more reliable to predict The lowest energy electronic transition of the visible singlet
accurately also the transition energies between various electronigorincipal series}1s28S >—|1s2gP >, was studied next. The
states of interest. This will be shown in the forthcoming section. experimental valli@ for this transition energy in vacuum is

B. Transition Energies and Oscillator Strengths. The 0.022 132 au. Our method comes up with a value of 0.022 190
ultraviolet principal series of the He atom consists of the au, much better than that of Wang and WinKlé,03720 au.
electronic transitions between théSlstate and the singlet As shown in Table 4, both the transition energy and the oscillator
|1snp'P > excited states. We have calculated both the transition strength increases smoothly when the screening increases,
energy and the emission oscillator strength associated with theirrespective of whether both the electreglectron and the
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TABLE 4: Transition Energies in au, with Aee = 0 and 4en
=, E021$21P' and with lee = len =1, Elzlsezlp, and the
Corresponding Oscillator Strengths,f, for Different Values

Lopez et al.

TABLE 6: Transition Energies in au, with Aee = 0 and 4en
= A, E%1s 2%, and with Aee = Aen = 4, Elyiso3%?

of the Screening Paramete¥ 2 Eovs 7 Elvs 7
A E%1s otp 0515 51p Elis—tp flytsotp 0.005 ((? '776628 le)z 0.768 353

0.005 0.022 193 0.126 523 0.022 192 0.126 455 0.01 0.768 055 0.768 217
(0.037 21) (0.762 05)

0.01 0.022 201 0.126 924 0.022 195 0.126 657 0.02 0.767 052 0.767 685
(0.037 23) (0.751 90)

0.02 0.022 230 0.128 481 0.022 210 0.127 433 0.05 0.760 346 0.764 160
(0.037 36) (0.744 95)

0.05 0.022 388 0.138 859 0.022 294 0.132 422 0.1 0.737 522 0.752 593
(0.037 93) (0.716 76)

0.1 0.022 699 0.177 762 0.022 475 0.148 369 a .
(0.042 24) Values in parentheses are taken from ref 5.

aValues in parentheses are taken from ref 5.

TABLE 5: Transition Energies in au, with Aee = 0 and 4en
=, E023$23p, and with }vee = Zen =1, E1235523p, and the
Corresponding Oscillator Strengths,f, for Different Values
of the Screening Parametet

electron and electremnucleus interactions are screened, sligthly
larger transition energies are obtained. Also, notice that our
method predicts a slower decrease of the transition energy as a
function of A than the modified MBPT of Wang and Winkler.

A E%%s 2% 035—2% Elps 2% fl3s—2%p 4. Summary

0.005 0042121  0.180302  0.042124  0.180250 We have investigated the first lines in both the ultraviolet

001 (%%246231432 0.180 620 0.042 115 0.180 415 and the visible series of the emission spectrum of the helium
(0.026 18) atom, in its singlet and triplet spin states, as well as the “dipole

0.02 0.042027 0.181856 0.042079 0.181053 forbidden” ZP—11S transition, in the Yukawa potential. This
(0.027 27) model has been found to be accurate enough to describe hot,

0.05 0.041494  0.190036  0.041841  0.185164 \yeak coupling plasma environments, through the screening

01 (%'.%23%%)3 0.219 065 0.040 975 0.198 203 paramentei_L, of the exponential of th(_a poyent!al. Our approach
(0.028 68) to the solution of the screened Hamiltonian is based on the full

aValues in parentheses are taken from ref 5.

electron-nucleus or only the electremucleus type of interac-

configuration interaction method, with carefully selected Gauss-
ian-type basis sets. The availability of analytical formulas for
the required molecular integrals makes this method very
convenient from a computational viewpoint. In addition, we

tions are screened. This suggests that the screening is mordiave shown that it is very stable and that it behaves smoothly

effective for the 2P than for the S state.

with respect to the increase of the screening parameter. In

The lowest energy electronic transition of the visible triplet particular, we have found that our method is more reliable than
principal series, 35—23P, has also been studied in the present those based on the atomic many-body perturbation theory

work and in that of Wang and Winklér. The latter authors

(MBPT). Thus, unlike the MBPT results, our calculations show

found a nonmonotonic behavior for the transition energy and a monotonic behavior of both the transition energies and their
reported a value of 0.02629 au for the transition in vacuum. associated oscillator strengths for all the electronic transitions
This figure must be compared with the value of 0.04206 au studied. In general, it is observed that {he?,'S ><—|1s2p!P

given by the Accackt al.’® and our prediction of 0.042 127 au.
Contrary to previous calculatiofsye predict a smoothly
decreasing monotonic behavior of théS2-2°P transition

> and the|1s2s3S >—|1s2pP > parameters decrease as the
screening parameter increases, while forjls2s!S ><—|1s2p'P
> transition both the transition energy and its oscillator strength

energy, irrespective of whether screening effects are allowed increase with increasing screening. Finally, it should be pointed
for both the electrorelectron repulsion and the electren  out that the energy of th¢ls’,'S ><—|1s2p3P > “dipole-
nucleus attraction or only for the latter, as shown in Table 5. forbidden” transition decreases as the screening increases.
Also, we found that the oscillator strength associated with this Recall that since the screening parameter is proportional to the
transition increases with increasing screening. square root of the density temperature ratio of the plasma, the
Finally, we would like to comment on the dipole-forbidden transition energies can be useful for plasma diagnostic purposes.
1'S—23P transition. The importance of such forbidden lines
has been illustrated magnificently by Garstahgnd recently, Acknowledgment. Funding from the University of the
the role and interest of such a transitions in astrophysical andBasque Country (Euskal Herriko Unibertsitatea), Grant No.

laboratory plasma studies has been renef¥eth particular,
the 1S—23P experimental transition energy in vacuiinis
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