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Dielectronic recombination rate coefficients
to excited states of He from Het

J.G. Wang, T. Kato, and I. Murakami

National Institute for Fusion Science $22-6 Qroshi-cho, Toki-shi 509-5292, Japan

A Simplified Relativistic Configuration Interaction (SRCI) method is used to calculate the dielectronic
recombination rate coefficients to the excited states of He from He™. In this method, the infinite resonant doubly
excited states involving high Rydberg states are treated conveniently in a unified mannar by interpolation. The
dielectronic recombination processes for AN =1 and AN = 2 transitions are included in our calculations, and
the cross sections are in agreements with the experimental measurements. The rate coefficients to the excited
states are fitted to an analytical formula and the n-dependences of the fitting parameters are discussed.
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1. Introduction

Dielectronic Recombination {DR) can be regarded as
a resonant radiative recombination process. As a free
electron with a specific kinetic energy collides with an
ion A%t, one of the bound electrons of the ion A9t is
excited from the initial n,l; orbital into the n.I. orbital,
the free electron is then captured into an unoccupied
orbital »{ and forms a resonant doubly excited state;
subsequently, the resonant doubly excited state decays
into a non-autoionizing state through radiative transi-
tion processes. Its importance to influence the ionic bal-
ance in high temperature plasmas, such as solar coronza,
has been known for many years [1]. Its radiative emis-
sion is & significant contributor for plasma eooling in hot
plasmas in fusion experiments. The dielectronic satel-
lites of hydrogen-like ion have also been used to measure
plasma densities in high density plasmas [2] and the elec-
tron temperatures in solar flares {3, 4, 5].

Many theoretical methods have been developed to
calculate the DR. process[6, 7, 8, 9]. In these calcula-
tions, it is a tedious work to obtain the accurate DR
rate coefficients since they involve many resonant dou-
bly excited high Rydberg states. Due to the difficulty
of numerical calculation on wavefunction and oo enor-
mous number of high Rydberg states, most calculations
either neglect high-lying doubly excited states or simply
use the n~3 scaling law to treat them[10, 11, 12, 13].
In fact, Quantum Defect Theory (QDT) has been devel-
oped to treat the atomic processes involving high Ryd-
berg states[14, 15, 16], which was also used to study the
DR cross sections and rate coefficients for high Rydberg
states by extrapolation(17, 18, 19, 20]. Recently, in the
frame of QDT, we have developed a Simplified Relativis-
tic Configuration Interaction (SRCI) method to study

the dielectronic recombination processes{21, 22, 23, 24].
In this method, all the resonant doubly excited high Ry-
dberg states are classified into different channels with
same angular momentum quantum number and same an-
gular momentum coupling type. In each channel, the de-
fined energy-normalized matrix elements vary smoothly
with the energy of high Rydberg states. Only a few
points (including a corntinuum point) are calculated, the
many resonant high Rydberg states can be treated in an
unified manner by interpolation (rather than extrapola-
tion), and then the DR cross sections and rate coeffi-
cients can be obtained conveniently.

Helium is one of the most common species in labora-
tory and astrophysical plasmas It played an important
role in the development of plasma spectroscopy and spec-
troscopic diagnostics. Helium is also the ion with low-
est atomic number which DR is possible, compared to
the eletron-nucleus interaction between the free eletron
and ion, the relative strength of electron-electron inter-
action (which mediates the DR process) is larger for He-
lium than any other ion. This fact makes the calcula-
tion of DR more difficult for helium. We have calcu-
lated the DR processes of helium for AN = 1 transi-
tions [21], and the results are in good agreement with
the absolute cross section measurements within 10%.
In present paper, we calculate the DR processes of he-
livm for AN = 2 transitions, and the cross sections are
compared with the experimental measurements[25]. As
is known for us, the past thereotical and experimental
works on DR, of Het are focused on the total dielec-
tronic recombination rate coefficients or corss sections
(1, 17, 21, 25, 26, 27, 28, 29, 30, 31]. But now, if indi-
vidual line intesities have to be evaluated for the plasma
cooling or spectroscopic diagnostic, the partial DR rate
coefficients to the excited states must be known. So we



calculate the partial DR rate coeflicients to the excited
states of He from He™', and then for applied conve-
nience, the rate coeflicients are fitted to an analytical
formula and the n-dependence of the fitting parameters
are discussed.

2. Theoretical Method
The DR process of ket has the form

e~ + Het(ngl,) — He(ndonl)*™ — He(nple)* + hv. (1)

here, when n, — n, = 1, the process is called DR for
AN =1 transition, which is according to 2l.ni(n > 2)
resonances; when n, — n, = 2, the process is called DR
for AN = 2 transition, which is according to 3l.nl(n >
3) resonances. For the DR processes of AN = 2, there
exist new Auger processes to Het(2s) and He¥(2p) be-
sides Het(1s). This will increase the complexity of cal-
culation.

The cross section of resonant capture processes, in
which the He?' ion in initial state #{n,l;) captures a free
electron with a specific energy €; and forms the He atom
in the resonant doubly excited state j(n.l.nl), can be
treated in the isolated resonance approximation ( atomic
unit is used throughout unless specified},

w2k g;
S — e 2L A% . (e — €
T = Tets 2giAjz e —e), (2
where g; and g; are the statistical weight of the state i
and j,respectively. A% is Auger decay rate (inverse reso-
nant capture), wl:uch ca.n be calculated by Fermi golden
rule,

I‘Ijiei > ’2’ (3)
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where ¥; and ¥;, are antisymmetrized many-electron
wavefunctions for 7 state and 1 state plus a free electron,
respectively.

‘We construct the configuration wavefunctions ¢(I'JM)

(T denotes the configuration 2n,.l.rd and parity) as anti-
symmetrized product-type wavefunctions from central-
field Dirac orbitals with appropriate angolar momentum
coupling[32]. Al relativistic single-electron wavefunc-
tions (bound and continuum) are calculated based on
the atomic self-consistent potential [33, 34]. An atomic
state function for the state j{n.I.nl) with total angular
momentum JM is then expressed as linear expansion
of the configuration wavefunctions with same principal
quantum numbers (1., n), and same orbital angular mo-
mentum quantum numbers (I, 1)

¥i(JM) = 3 Cind(TATM). (4)

A=1
Here m is the number of the configuration wavefunctions
and the mixing coefficients Cj, for state § are obtained
by diagonalizing the relevant Hamiltonian matrices[32].

The free state is chosen as the single configuration wave-
function. Then we have

A% = ——l Zc, (5)

where the Auger decay matrix element MY, is defined
as

Ea =< $(TrJ M) |Z

s<t s

[‘pie.- > . (6)

Based on QDT, when [ are fixed and n varies from
bound to continuum state, all the resonant doubly ex-
cited states with same J will form a channel. In the
channel, the energy-normalized matrix element can be
defined as

M, = ECjAMg‘A - (3% /q), M
A=1

here (13 /q?) is the density of state, 15, = 1 — pup,, and
itr. is the corresponding quantum defect. This energy-
normalized matrix element F varies smoothly with the
electron orbital energy in the chan.nel[Zl 23]. When the
energy-normalized matrix elements of a few states (in-
cluding one continuum state) in a channel have been
calculated, the Auger decay matrix elements of infinite
discrete states of that channe! can be obtained by inter-
polation. From the expressior (9) and (7), the Auger
rates and capture rates {by detailed balance) of the in-
finite resonant doubly excited states can be calculated
conveniently.

The resonant doubly excited state may autoionize
with a rate A%; by reemitting Auger electron or decay
radiately info a lIower energy state k& with a radiative
rate A7;, which is defined as

4w
: < GITW[E, > 2 8
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where w is photon energy, T is electronic dipole oper-
ator [21]. The atomic wavefunction ¥y for final state k
can be constructed in the similar way as the expression

(4)

Pe(J M) =" Cexd/(T4J'M). 9)
Af=1
Then we have
482
A;k 3ﬁc3 i i z CJ/\C’-‘-A’ AT,\’JkI H (10)
AA=1

where the radiative transition matrix element is defined
as

M} yojp =< $(OATM)TOWS LT M) > . (11)

For the radiative process with certain final state k(1snily

the resonant doubly excited states with the fixed (I} and
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different orbital energy form a channel. In the chan-
nel, the energy-normalized radiative transition matrix
element is defined as

r
m,m

Mj = > CinCiaM3 - (V2 /0). (12)
AN=1

This energy-normalized matrix element varies slowly with
the electron orbital energy[21, 35, 36, 37). By interpola-
tion, all the energy-normalized matrix elements of infi-
nite discrete states in a channel can be obtained. From
the expression (12), we can obtain all the radiative rates
in the channel.

The resonance energy ¢; can be calculated under the
frozen core approximation [38]. Then, we can obtain the
DR cross sections for any resonant doubly excited states
conveniently,

3 a AT
n2h° g; ALAZ,

Tij:k = P
hd M€ 29; Ek' A;:k' + Zi’ A?ir

-fle—e) (13)
Here the summation i’ is over all possible states of Het
ion, and the summation k' is over all possible states of
He whose energy are below state j.

The summation of cross sections over all possible k
is expressed as

(14)

Tif = Z :Uij;k-
k

The DR strength, which is the integral of the DR cross
section over the natural width of the resonance, can be
writien as

_ n2hd g AR AN
mefj 2g£ Ek’ A;:k: + Eil A;i’ )

Si; (15)

We assurne that the velocity distribution of the free
electron as the Maxwell-Boltzmann distribution, then
the dielectronic recombination rate coefficients can be
express as

372
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where T is the temperature of the electron, x is Boltz-
mann constant. The partial dielectronic recombination
rate coefficients to excited state k can be express as

oPB(k) = Z%‘:k: (17)

Here, the summation of j includes all the resonant dou-
bly excited states. The total dielectronic recombination
rate can be express as

aPR = ouj (18)
ik

3. Result and Discussion

There are enormous intermediate resonance states in-
volved in the DR process, which makes the explicit cal-
culations not practicable. Hence, the n~3 scaling law
is widely used in the literature to extrapolate the satel-
lite intensity factors (proportional to DR cross section)
for higher (n > 4) resonances[10, 11, 12]. Based on
QDT, we have developed the SRCI method, in which ail
the high-lying resonant doubly excited states are treated
conveniently through interpolation. In present paper,
we study the dielectronic recombination processes of He
from He't, and obtain the cross sections and rate coeffi-
cients to excited states.

In the previous paper{2lj, we have calculated the
DR cross sections of helium for AN = 1 transitions,
and the results are in good agreement with the abso-
lute measurements{31] within 10%. This shows that our
SRCI method has included the main part of the corre-
lation, and it can satisfy the need for relevant applica-
tions. In present paper, in order to calculate the rate
coefficients, we also include the DR processes of helium
for AN = 2 transitions. The DR processes through the
An = 2 resonance states are more challenging theoreti-
cally because the eleciron-electron interaction is expect
to be stronger than through the An = 1 resonance states,
and meantimes for these An = 2 resonance states, there
are more Auger channel, while only one contributes to
the capture processes. Qur convoluted cross sections are
compared with the experimental measurements[25], as
shown in Fig.1. In the convolution, we only include the
doubly excited states 3l.nl with 3 < n < 6. The thereot-
jeal peaks for n = 3 and n = 4 show a good agreements
with experimental measurements. But the thereotical
peaks for n = 5 and n = 6 are higher than experimental
measurements. This is because the contributions of high-
n resonaces with 2 > 5 haven’t been fully included in the
experimets due to field ionization effects{31, 25]. Mean-
while, the contributions of high-n resonaces withn > 7
are observed partially in the experiments, which are lo-
cated in the higher energy range than our thereotical
value in Fig.1. We also find that the main contributions
to cross sections come from the 3pnd resonances([25]. In
the calculation on rate coefficients, the contributions of
all high-n resonances are included.

Using eq.(17) and eq.{18), we can calculate rate co-
efficients to excited states and total rate coefficients.
The total rate coefficients are plotted in Fig.2. It can
be seen that the main contributions to rate coefficients
come from the 2I,nl resonances, and the contributions
from 3Ll resonances are lower than 10%. For 2l ml
resonances, there is only one Auger channel to Het(1s),
whose inversion processes are the capture processes. How-
ever, for 31, n resonances, besides Auger channel to He*(1s)
involving the capture processes, there are Auger channels
to to Het(2s) and Het(2p), especially, the Auger rates
to He*(2s) and Het(2p) are much larger than the Auger
rates to Het(1s). From eq.(16), we can conclude that
the rate coefficients for 2/nl resonances will be much
larger than 3l.nl resonances.

The rate coefficients to excited states are shown in
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Fig.3, Fig.4 and Fig.5 . In Fig.3(a) and (b), we plot the
rate coefficients to final states lsns(n!S) and 1sns(n®S)(n
2—-100). For n = 3100, the rate coefficients come from
the according doubly excited states 2pns(n = 3 — 100)
by radiative transition 2pns — lsns, and decrease with
increasing n; for n = 2, there are many other tran-
sitions 2snp — 1s2s(n = 3 — oo) contributing to the
rate coefficients, besides the transition 2p2s — 1s2s. So
the rate coefficients to final states 1s2s are much larger
than others, as shown in Fig.3(a) and Fig.3(b). For
the final states 1s2p(21P), it comes from the transitions
2p? — 1s2p and 2pnp — 1s2p(n = 3—o0), which is larger
than 1snp(n!'P)(rn = 3 — 100), as shown as Fig.3(c). For
the final states 1s2p(23P), it is well known that config-
uration 2p? can forms terms 215, 2'D and 28P. Ac
cording to the selection rule of dipole transitions, only
23P can contribute to the final states 152p(2*P). How-
ever, the Auger rates of 2p%(23P) are many magnitudes
smaller than 2p?(21S) and 2p*(21 D), which causes a very
small cross section for 2p?(23P) resonance {31, 25, 21],
so the contributions to the final states 1s2p(2°P) don’t
come from 2p? configuration but from the doubly ex-
cited states 2pnp(n > 3) by transitions 2pnp — 1s2p.
This causes the rate coefficients to final states 152p(23P)
smaller than the rate coefficients to 1s3p(23P), which
come from the transition 2p3p — 1s3p. Comparing
Fig.3(a), Fig.3(b}), Fig.3(c) and Fig.3(d}, we can found
the curves of rate coefficients are much closer for different
final states n in Fig.3(2) and Fig.3(c). This is because
the doubly excited states (such as 2pns'P and 2pnp' D),
which is the main contributor to the final states in Fig.3(a)

- . A2,
Here, the principal radiative p:'oc&ssés are 2p — 1s,
which are almost independent on n. So the rate co-
efficients vary slowly with n. But for the final states
in Fig.3(b) and Fig.3(d), the A% of the involved dou-
bly excited states is not very large and the curves are
not so close with increasing n. In Fig.4 and Fig.5, we
plot the rate coefficients to final states 1snd(nlD,n3D),
1snf(n'F,n*F), 1sng(n'G,n*G), aud lsnh(n'H,n3H).
The rate coefficients in Fig.5 are two magnitudes smaller
than Fig.4. As lincreases, the Auger rates for the doubly
excited states He**(2-nl) decreases very fast. When ! =

Al -
4,5inFig.h, A* < A", and then o ilatie
k! A;:k' + f A;-"

Aj;. so the small rate coefficients in Fig.5 are the direct
results of very small Auger rates in the involved doubly
excited states.

In order to use the rate coefficients conveniently, we
fit them into a formula with two fitting parameters as

following:
i = 6.68167 x 1073 (-T) %2 . B,, - S, - e~ & (19)

Here, the ftting parameters E,, and S; are according to
the average incident electron energy and total integrated
cross sections, respectively. The units of ayy, &7, Eye
and 5; are cm®-571, eV, eV and 10~ 2cm? - eV, respec-
tively. The fitting parameters are plotted in Fig.6-Fig.11.
As we have mentioned above, when n = 2, the param-

eters 5y, which determine the rate coefficients directly,
are larger than that when n = 3 for the final states 1sns
(S, n3S) and Lsnp (n!P), and smaller than that when
n =3 for the final states Lsnp (n*P) as shown in Fig.6.
The main contributions to 1s2p (n*P) come from the
transitons 2pnp — 1s2p(n > 3), so the parameter E,,
for 1s2p (2°P) is larger than that for 1s2s (218, 235)
and 1s2p (2'P), as shown in Fig.7.

With increasing n in lsns (nlS), the curve varies
very slowly when n < 20, and decrease linearly when
n > 40, as shown in Fig.6. As we have mentioned above,
when n < 20, A® > A", and then the integrated cross

sections S;; o E:fi—%ﬁ ~ 3k A Here, the
principal radiative processes are 2p — 1s, which are al-
most independent on n. So the fitting integrated cross
sections vary slowly with n. With increasing n, the A®
decreases as n~3 scaling law. When n > 40, A® < 4",
and then Si; E—‘%aé‘j,— ~ A%. So the fit-
ting integrated cross sections decrease as n~ scaling law
with increasing n, and the curve in Fig.6 decrease lin-
early. With the increasing { in the final states 1snl, the
Auger rates of the involved doubly excited states become
small, so the fitting integrated cross sections behave as
n~3 scaling law in the final states with lower n, as shown
in Fig.8 and Fig.10. Due to small integrated cross sec-
tions for 3{,.nl resonances, its effects on rate coefficients
to excited states are not large, except the final states
1snd(n'D,n3D) originating from doubly excited states
3pnd, as we have mentioned above. So the fitting elctron
energies for final states Lsnd(n!D,n®D) are higher than
other final states, as shown as in Fig.9, Fig.7 and Fig.11.
We aslo check the validity of fitting formula, and found
that it is in good agreements with our numerical calcu-
lations with 3%, as an example shown in Fig.3{a) and
Fig.3(c).

4. Conclusion

A simplified relativistic configuration interaction method
is used to study the dielectronic recombination processes
to excited states of helium. In this method, the infinite
resonant doubly excited states involving high Rydberg
state can be treated conveniently in a unified mannar by
interpolation.The dielectronic recombination processes
for AN =1 and AN = 2 transitions are included in our
calculations. In a previous paper, We have compared
our calculated cross sections with the absolute measure-
ments for AN = 1 transitions [21}. In present paper,
We have also compared our calculated cross sections
with the absolute measurements for AN = 2 transitions.
The agreements of our calculation with the experimental
measurements show that our SRCI method has included
the main part of the correlation, and it can satisfy the
need for relevant applications. The rate coefficients to
the excited states are also fitted to an analytical formula
cussed, which will be very convenient for the application
in plasma physics.
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