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Abstract Cross sections for photoionisation from the 152252p 1p® and
1522p2 1s® states of C** are calculated. The close-coupling method is
used to obtain wavefunctions for the initial! (C?*) and final (C3* + e-)
states. The 1s*>2png series of autoionising terms give rise to resonances
in the cross sections.

1. INTRODUCTION

Cross-sections for photoionisation from ground and excited terms
of light atoms are needed in many astrophysical applications. C2+ for
example, is an important opacity source in hot star atmosphere. Simple
methods .ave been often used in the past to estimate cross-sections. In
these methods, the dipole integrals involved in the photoionisation for-
mula are either (i) calculated using radial wavefunctions for the bound
and ejected ele rrons pertaining to the same central potential, or (ii)
estimated from experimental data {quantum defects) by means of the
method developed by Peach®. However, during the past decade or so great

progress has been made for improving both the initial (A?Q and final

(A+m+l
Jd

proximation?. As a consequence photo-excitation to (A+m) autoionisation

+ € ) state wavefunctions by means of the 'close coupliing' ap-

terms, as well as the possibility for the ejected electron to induce ex~-

. . . . +1H . .
citation of the residual ion 4 ], are taken into account inrecent cal-

culations®'®,

In this paper, as a part of a more general research programme,

we consider photoionisation from two excited terms, namely 152252p lpo
+ . . .

and 1522p2 1s€ of ¢? using programs developed a University College,

London. We find that, for low ejected electron energies on Is?2s, the

*On leave from Observatoire de Nice, B.P. 139, 06003 Nice, Cedex, Fran-
ca-
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photoionisation cross-sections are strongly perturbed by the existence
of several series of 1s22pni autoionising terms.

In part 2 we describe briefly the close-coupling method and the
multichannel photoionisation formula. In parts 3 and % the initial and
final states are discussed in detail. Our results are presented in sec-

tion 5.

2, WAVEFUNCTIONS IN THE CLOSE COUPLING METHOD

The (M+1)-electron system wavefunction, either bound or free,
can be expanded using the set of N-electron wavefunctions plus sphe-
rical harmonics and spin functions. With these elements a more con-
venient basis, the elements of which contain all variables except rN+l
can be built and labelled by 1 = TLS% —;LTSEQ TLS labels the N—electron’

terms. To each element i is therefore associated a Fi(r ) radial

N+1
function which has to be determined. The Kohn variational principle ap-
plied to the Schrodinger equation leads to a set of coupled integro-
differential equations for defining the l«’- s. Some simplifications oc-
T
cur: parity p, L and ST split the system of equations into subgroups
7 and 1% LT, s
which are independent of ¥, and 5 Therefore for given p, L , and
if only a few 1LS terms are included in the expansion, the number of
channels is considerably reduced. W write the set of coupled equations

for NCHF channels as follows

NCHF
2 2(1'4‘]) 2
2(2~
d A +(”)+k.JF.+ o, =0 (1)
dr? r’ Ty LA
N+l N+l
If the orthogonality conditions
(PnllFi) =0 if & =2 (2)

are imposed on the continuum and bound state orbitals then Lagrange
multiplier expressions must be introduced in eq. {1). In order to re-
move constraints on the total system wavefunction a suitable linear
combination of (#+1)-electron functions will be added in the initial

expansion
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NOHF NOHB
Y= izl A, Flog )+ jzl e; ¢ (3)

A anti symetri ses ¢; F,, and the ¢; are mixing coefficients that have
to be determned. The set of ¢pL s , one conf i guration wavefunctions
(cal Ved bound channels) bui 1t using the P o's of the TLS terns, can be
increased to balance the truncation of the first sunmation in eqg. (3).
The reader is referred to the articles of Seaton and co-workers
for a nore conplete viewon the coupl ed equation system®’®*7, If E is
the total energy of the (#+1)-electron system and Ei are the 7.5 term

energi es, we have for each channel
2 _ . .
ki = E E, W th E and E, in Rydber gs )

The choi ce of E decides of the nunber of open channels  NCHP
(k2 * 0) and of the closed ones (k2 < Q. If all k; <0, these equa-
T . g 2
tions are used to obtain bound states. tf sone or all ki 3 0,thetota
system wavef unctions are used to represent a free el ectron moving anay
and leaving the core TS in the ground or excited states. The asymp-
totic formrequired for the open channel Fi's are

-1ix, +ix,

k2 G zre © e ) (5)

Z

i
F, -~

- S..
T i1

with

z, = kir + (8/K)1n(2 k,b.r') - 1/2 2.1t arg I‘(SLiH -iz/ki) (6)

eq. (5) means that there exist NCH®P total systemwavefunctions, each
one for an exit channel i'. On the closed channel s a decreasing asymp-
totic formis imposed. 3, the scattering matrix, is a function of E
which leads to the partial collision strengths @(tLS-tL'S"). Wth these
asyniptotic forms, the total photoionisatiion cross section is given in
the length formul ation by

bmag?2hy  NCHOP 2

(5:.__.._.0.—_ Z ,G.,(;Z\))l ()
it 7
3(22+1)

235



Revista Brasileira de Fisica, Vol. 18, n® 2, 1988

Gi’ is the reduced matrix element of the electric dipole operator

G.

;0 = <v initial || P v, > (8)

hv is the photon energy in Rydbergs. L is the angular momentum of the
initial state. The quantities under C in eq.(7) are the contributions
to the total cross section from channel exit photoionisation, ie. from
these one obtains the photoionisation cross sections for the different
LS terms of the residual fon". The calculations eq. (7) are repeated
for the different (if any) t values 7 = L+1,L. The expressionof (8)

is given by Jones® .

The reader is referred to the works of Saraph10 and
Berrington et all? for details on the set of UCL programs used here to

evaluate the reduced matrix elements.

3. THE INITIAL €** WAVEFUNCTIONS

Using the program of Eissner and Nussbaumer'?, the Png_ radial
functions 1Is, 2s, 2p are determined from the minimisation of E(1s%2s)+
+ 3E(1s?2p). V& obtain the values As = 1.240 and AP = 0.876 for thec’*
scaling parameters. The 2s-2p threshold energy is 0.5859 Ryd, which

compares well with the experimental value 0.5883.

3.1 - 2s2p P°

Theexpansion in eq.{3) is limited to two terms: Is?2s and
1s?2p. This leads to a three channel problem (Is?2s;kp, 1s22p;k's +k'd)
involving a bound channel ]SZZSZD. We obtain -2.5637 Ryd with respect
to I1s?2s for the 2s2p 1p® energy. The experimental value is -2.586.Here,
the closed channels kp, k's and k'd can be considered as acting as 2s3p,

2p3s and 2p3d configurations.

3.2 - u2p2u lse

Two channels Is®2s;ks and 1s22p;k’'p plus two bound channels
152252 + 1s22p? are present. W obtain -1.763 Ryd for the energy with

respect to Is?2s, the experimental value beiny -1.857. ''1s22p2! 1s® s
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composed of configurations 1s%2s2 + 1s22p? plus the closed channels
1s22s;3s and 1s22p;3p.

4. THE FINAL €3* + ¢~ WAVEFUNCTIONS

The same target are considered for different LT, ST and parity
val ues. For the 's® phot oi oni sati on (LT =0,%$= 0 p=o0, only the
fina state '#° (z¥ =1, 8% = 0, p =1) is needed. For the 'P’ initial
state, three final states are needed, LT =10,1,2. Table ! shows the
free channel s and bound channel s occurring for al these situations.

Table I - Fina (¢*% + e-) state representation.(3) free channel s, (b)
bound channels. 1s22s and 1s22p are target configurations with x =1,240
and ,\p=0. 876.

lPO' Ise lPe lDe
@) 1s22s: kp 1522s; ks 1s22p;ktp | s22s; kd
1s22p;k's tKd 1s22p;k'p 1s%2pik'p k' f
(b) 1s%2s2p | 2252 + 1s22p? none 1s22p?

5. PHOTOIONISATION CROSS SECTIONS
5.1 - ”2p2” Se

in the ejected el ectron energy range (0;0.5859) Ryd a seriesof
narrow resonances Is®2pnf (& = 0,2) appears. The first one at kf =0.05
Ryd (see fig.1), which can be noted 2phd (»n* = 4.097), has a very high
maxi mum for exarnple o = 420.86 My at 0.048 Ryd. The profile of this
resonance indicates a large value for the ¢ line profile index appear-
ing in the resonance formul a of Dubau and Seaton'?

o = <g> LI+T) (2+ )2 @)
(1+792) (1+2?)
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Fig. 1 - ¢>*1s%2p2's® photoionisation cross section (Mb)
as a funtions of the ejected electron energy on channel

1s?2s (Ryd). — total cross section. --- to 1s%2s cross
section.
= tan[m(vta)]/T , T =tanh{(m) , v=2z/k (19)

N = n-a is the effective quantum number for the 2phd state, and T =
= tanh m8. <o> is the mean value over the resonance. The full auto-

ionisation width at half-maximum [ is given by

I'=22%2 B8/ (n-a)? a u. ()

W find g = 67.0, T = 0.00148 a.u. and <o> = 6.0 M. The se-
cond resonance at 0.18 corresponds to 2p5s (n* = 4.708) and we find
g = 15.0, T = 0.00520 a.u. and <go> = 0.8 Mb. At 0.240 and 0.345 are
the 2p5d and 6d terrns. At 0.310 the 2pbs term is present. Above the
threshold 1522p, we obtain the three channel contributions. Obviously
photoionisation of "2p?' 1S€ |eads mainly to 1s?2p with the largest

contribution coming from the d channel (90%). Nevertheless the 1s22s
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exit is, near the threshold, 7% of the total cross section. For an
ejected electron energy kz = 4.0 Rydberg this latter value is 11.46%.
For the two extreme k§ values (0.6 and 4.0 Rydbergs) the cross section

values are 5.154 and 0.606 Mb. The decrease is approximately \)'2'3_

5.2 - 2s2p 'P°

The situation is far more complicated, the final states needed
are ISe, 'pe and 'D®. For 'Pe only the 2p,kp channel exists, i.e. this
partial photoionisation cross section appears only for k? > 0.5859 Ryd-
bergs (fig.2). !S€ has two channels and !D€ three channels (table 1).The
2pnp resonances (fig.3) are narrow and their maximum is 0.7 Mb localised

at: 0.045, 0.236, 0.342 Rydbergs.. For 'D® two series of resonances ap-

03
2
=
4
© o2t
—
(&)
w
(7] \
[72]
[72]
(o]
S

ol

i1s2p
o 05 10 5 20 25

Fig.2 - C2+152252p 'p% photoionisation cross section
(Mb) as function of the ejected elgctron energy on
channel 1s522s (Ryd). — (C*"+e”)'P® contribution to
the total cross section. Only photoionisation to 1s%2p
is possible.
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Fig.3 - C2+152252p 'p% photoionisation cross section (Mb)
as a function of th$ ejected electron energy on channel
1522s (Ryd). — (c*"-€”) !s® contribution to the total
cross section. --- to Is®2s partial contribution. For the
two first resonances we find for q, o, B, <o>respectively:

(2.7, -0.062, 0.026, 0.115) and (2.7, =-0.058,0.027,0.116).

pear, 2pnp and 2pnf (fig.4). The f resonances are very narrow; 2phf ap-
pears at 0.033 Rydbergs. The p ones are larger and arise at 0.212,0.328,
0.396. Above the 2p threshold, for kz = 0.6 Rydbergs, the contributions
kd, k'f and k'p are respectively 1.038, 0.133, 0.745 (total 1.796 Mb)
and for k02 = 3.0 we obtain 0.190, 0.0079, 0.925 Mb. The total threshold
cross section just above 2p is 2.189 Mb. It is important to note that
the 2s and 2p electrons participate in the total cross section above k2
= 0.589; this has been overlooked in the work of Sakhibuliin and
Willis!®,

CONCLUSION

The close coupling rnethod allows an accurate description of the

free wave functions representing the channels of the ejected electron
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Fig.h4 - C2+152252p 'p% photoionisation cross section {(Mb)
as a function of the ejected electron energy on channel
1s?2s (Ryd). — (c**+e”) D€ contribution to the total
cross section. --- to 1s?2s partial contribution.

which can leave C°7 either in the ground term 1s°2s or in the 1522p term.
The core relaxation is taken into account since the initial term s for
exarnple, can be written as 1s22s2 + 1s22p? plus closed channels 1s2%2s;
vs and 1s22p; vp. The photoexcitation to the resonant terms ISZanJL fol-
lowed by autoionization cannot be ignored as it increases the Is?2s pho-
toionisation. The coupling between the free final channels is taken into
account and represents the C3+ inelastic excitation induced by the ejec~
ted electron. This latter effect is mixed with the direct ionisations,
since both ''2p®" and 2s2p can undergo 1s?2s and 1s?2p ionisations. It
would be of great interest to consider this shake-up process for the 2s
photoionisation of Na and Mg, where the 3s ~3p excitation can be sig-

nificant for low ejected electron energies.
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Resumo

S#o calcyladas as secgoes de fotoionizagao dos estados 1522$2p1P°
e 1s?2p? 's€ do ¢**. 0 método de acoplamento forte € usago para se obter
as fungdes de onda dos estados inicial (€”7) e final (C*7 + e-). As sé-
ries lsZanR dos termos autoionizantes d&o origem as ressonancias nas sec-
¢oes de fotoionizagéo
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