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ABSTRACT

A non-hydrogenic single-electron-transition model with
Dirac~Slater SCF wave functions and ali necessary multipoles
has been used to obtain 8art1a1 photoion1zat1on Ccross sec-
tions for C*3, 0+5, Ae*10, Fe*23, and Mo*39 for principal
quantum number n=10 and all 2, hv z 200 keV, supplementing
results reported elsewhere for n = 2, 3, 4, and 6. The partial
cross sections for the isoelectronic sequence are represented
approximately by a simple analytical form:

3
I [(z = 5,02 0™ ()] =) a (na)
0

(Z = nuclear charge; x = 1n [hv/(Z - 2) ] ) n'3 scaling is

used to obtain partial cross sections for other values of n
(6 <n<10, 10 < n < 100)., Radiative recombination rate co-
efficients (summed over £ and n < 100) have been calculated
from the partial photoionization cross sections for kT = .03,
.03, 0.1, 0.3, 1.0, 3.0 and 10.0 keV. The results have ap-
plication to ion.zation balance calculations for the solar
corona and for TOKAMAKS.

Partial photoionization cross sections for Li-1ike icns f C, 0, AS, Fe
and Mo for principal quantum number n = 2, 3, 4 and 6 and & < n calculated on
the basis of a single-electron-transition model [1] were reported previously
([2],referred to below as I), This paper extends those results to n = 10, and
introduces a different method for scaling the single-electron-transition model
results to other values of n, in order to obtain recombination rate coeffi-

cients summed over n and &.



The single-electron-transition model used as the basis of the calculations
reported here is described in (I), where also comparisons are made with results
of other authors and with non-relativistic dipole hydrogenic model results, In
the cases of Li-l1ike A%, Fe and Mo it was found empirically that the cross
section for photoionization from an excited orbital is given with small error
by using the wave function for the corresponding orbital in the ground state
configuration, Enough multipole terms were used to ensure a calculated cross
section converged to within * 1%.

Partial photoionizaticn cross sections for a typical case (0+5, n = 10)
are shown in Fig. 1. Coefficients of polynomials for interpolating the partial

cross sections to interradiate values of Z (= nuclear charge),

(6 2 Z < 26)
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are given in Table I, which also tabulates the normalization constants Ni and

the coefficients in
Zzhvi*(Z) = A+ Bz - z{‘) + (272 - 21") (1 =1,2,3,...) (2)

The quadratic splines match the slopes and +watues of the cubics at Z = Z] = 25,
An example illustrating the use of the interpolating polynomials is given in (I).
Less accurately, the partial photoionization cross section data for the

isoelectronic sequence can be represented by the simple form (compare [3])



-3 -
3 .
(2 - s,) %™ (Z,h0)] = ) ay(ne) X (3)
i=o0

where x = an[hv/(Z - 2)2]. (Figure 2 is a typical plot.) The coefiicients a;
and screening constants Sna (Table II) were determined by a least-squares pro-
cedure so as to keep the fractional error lofit - g|/o less than about 5% near
threshold., The error increases at higher photon energies. Figure 3 is a
typical error plot.

The partial cross sections scale approximately as n'3 for 2 < 3 {Figs. 4,
5, also, figures in [4]). (Compare Eq. 71.20 of [5].)

Radiative recombination rate coefficients [6] were calculated from the
partial photoionization cross sections. n'3 scaling from n = 70 was used to
gencrate cross sections for 6 < n < 10 and 10 < n in order to sum the rate co-
efficients over empty and partially-filled shells with n < 100, The coi:*ibu-
tion of termc with 9 < & was neglected (Fig. 5). For 10 < n an extrapolation
to energies below the n = 10 edge is also required: Compare Fig. 4. Quadratic
extrapolation on the logarithms -- i.e., 1og o vs. log hv -- was used. (For the
higher temperatures (.01 keV < ki for C; 3 keV < kT for Mo) the contributions
of 3 < 2 <9 and the partial integral below the n = 10 edge are each less than
10%.) Figure 6 shows the convergence of the sums in a typical case.

The calculated summed rate coefficients differ only slightly* from the

*
Differences are hardly detectable on the scale of Fig. 2 of (I).

curves of Fig. 2 of (I), where a different method was used to approximate the

contribution of terms with 6 < n.



The summed recombination rates can be approximated with error < 1% by

DB URED P * [10g,(kT/keV)]] (4)
N, g =0

where the coefficients are given in Table IV, Table V gives ratios of the
summed coefficients to Kramers' semiclassical model ([7] and (I)) values.
Although the partial photoionization cross sections may differ substantially
from dipole hydrogenic values (I, and Table III).* the Kramers model predicts
the summed recombination rate coefficients fairly accurately in most cases.
The partial cross sections and recombination rate coefficients reported

here have application to ionization balance calculations for the solar corona

and for TOKAMAKS.
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*Differences are probably mainly due to higher multipoles: The ratio of
photon wave length to orbital diameter is 0.5A/<r>n2

~ 23 (2-2) keV (hv)~! [3n% - 2(x + )] .

For a 10p orbital this ratio is .08(Z-2) keV/hv.



Table I ~ Constants (Ai’ B, C, Z]) for Eq. (2) of text, normalization constants
(Ni)' coefficients (bo. b], b2' b3) of cubic polynomials (in Z']) for
interpolation in the range 6 < Z < 26, and coefficients (co, Cys c2)

of quadratic splines (in Z']) for interpolation in the range

1

26 < Z < 42, (The slope and value of the spline at Z'] = 26 match

24 cm-z

the cubic.) Units for A1 and Ni are keV and 10 , respectively.

-
For these cases the polynomial fits should not be used for Z < 8,

Table II - Screening parameters (Snz) and coefficients for Eq. (3) of text.

<x0> = Z-average of x corresponding to edge.

Table IV - Coefficients for fits (Eq. 4 of text) giving temperature dependence

of summed recombination rate coefficients,zz: "™ (T) (Cm3/S). for
n{

jons that are Li-like after recombination.

Table V - Ratios of summed recombination rate coefficients to Kramers model

values. (The ion stage is that of the recombined ion.)



Figure Captions

Fig. 1. Partial photoionization cross sections for 0+5, n = 10, calculated on

basis of single-electron-transition model.

Fig. 2. Partial photoionization cross sections for Li-1ike ions (6d shell)

multiplied by (Z - s)°. The curve is a least-squares fit. (Units: barns, kaV)
Fig. 3. Fractional error (oc,, - 0)/o of fit in Fig. 2.

Fig. 4. Partial photoionization cross sections for A2 + 10, n = 10, calculated
by single-electron-transition model. Also shown are points scaled (n'3) from

n =6, The arrow indicates the 6s edge.

Fig. 5. Single-electron-transition model calculations of partial photoioniza~
+10

tion cross sections for A2 ", i = 10, multiplied by statistical weight factor
9:/954 (see 1) and partial summed on £, Also shown are points (4, o) scaled
(n'3) from single-electron-tra~sition model results for n = 6, and a point (X)
corresponding to extrapolation from n = 4 and 6 by Lee-Pratt method [9]. The

asymptotic value given by the hydrogenic expression 71,20 of [5] is also in-

dicated (R/S). The n = 10 edge is approximately hv =~ ,017 keV.

Fig. 6. Partial sum on n, 2 of radiative recombination rate coefficients for

A2+]0, kT = .03, 1.0 keV, calculated by single-electron-transition model

3

(n=2,3, 4,6, 10) and n"~ scaling. L = min(n-1,9).
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--:::::::}ig. 4. Partial photoionization cross sections for Az + 10, n = 10, calculated
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/9441 (see 1) and partial summed on %. Also shown are points (4. o) scaled

(n'3) from single-electron-transition model results for n = 6, and a point (X)

corresponding to extrapolation from n = 4 and 6 by Loe-“ratt method [9]. The

asymptotic value given by the hydrogenic expression 71.20 of [5] 1s also in-

dicated

(8/5).

The n = 10 edge 1s approximately hv r 017 keV,
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3

(n=2,3, 4, 6, 10) and n ~ scaling. L = min(n-1,9),
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Table I - Conctants (Ai’ 8. C, Zl) for Eq. (2) of text. normalization constants
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10

7.96R%e-02
1.0000e-01
2.0000e-01
2.6000e-01
7.0000e-01
1.0000e+00
2.0000e+30
4.0000e+00
7.0000e+00
1.0000e+01
2.0000e+01
4.0000e+01
7.0000e+01

10p

7.8720-02
1.000Ge-01
2.0000e-01
8.0000e-01
7.0000e-01
1.0000e+00
2.0000e+00
8.0000e+00
7.0000e+00
1.0000e+01
2.0000e4+01
8.0000e+01
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7.8887e-02
1.0000e-01
2.000C0e-01
8.0000e-01
7.0000e-01
1.0000e+00
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8.0000e+00
T7.0000e+00
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7.Ra38e-02
1.0000e-01
.0 000e-01
8_gudne-nt
7.0000e-01
1.6000e00
2.0000esn0Y

(W;). coefficients (bo. by by, b3) of cubic polynomials (in 2'1) for

interpolation in the range 6 < Z < 26, and coefficients (CO' e cz)

of quadratic splines (in Z-‘) for interpola®ion in the range

26 < 7 < 42,

the cubic.) Units for Ai and ui are ke¥ and 10

o
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b = -.000548 kev

5.3769e-C9 H8.8023e-01
1.02%9e-08 BA.7738e-01
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1.0 he-06 1.130Re+00
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10g

7.845e-02
1.0000e-01
2.0000e-01
8.0000e-01
7.0000e-01
1.000Ce+00
2.0000e+00

10h

7.83R7e-02
1.0000e-01
2.6000e-01
§.0000e-01
7.0000e-01
1.0000e+00
2.0000e+00

104

7.8323e-02
1.0000e-01
2.0000e-01
4,0000e-01
7.0000e-01
1.u900e+00

10k

7.8383e-02
1.0000e-01
2.0000e-01
4.0000e-C1
7.0000e-01
1.0000e+00

101

7.83R3e-02
1.n000e-01
2.0000e-01
%.0000e-01
7.0000e-01

10m

7.8383e-02
1.0000e-01
2.0000e-21
£.0000e-01

b =

3.7672e-09
8.9372e-09
7.3379¢-0R8
7.1293e-07
6.1318e-06
2.R478e-05
7.5A97e-08

b =

3.6237e-09
1.2769e-48
1.7908e-07
1.988%e-06
2.6123e-05
1.6150e-04
7.8790e-03

b =

8,787 3e-09
2.1330e-08
3.0397e-07
7.91R5e-06
1.6587e-08
1.3753e-03

‘ﬁ

-.0N08R kev

5.757fe-01
7.79CHe-01
1.72506e+00
1.2066.e+00
1.1631e+00
1.25 11e+00
1.8050e+00

-.000547 kev

5.0095e-01
9.1027e-01
1.2715e+00
1.358Re+0¢
1.8880e+00
1.5536€+90
1.8975e+00

-.000545 kev

8.2710e-01
1.0317e+00
1.2638e+00
1.4698e+00
1.8828e+00
1.9297e+00

b = -.000586 kev

8.0350e-09
8.3866e-0R
1.0339e-06
§.7600e-05
1.5F60e-03
1.6909e-02

3.75%99e-01
1.0986e+00
9.9500e-01
1.3696e+00
1.5765e+00C
1.5%3%98e+00

b = -.000545 kev

2.0091e-08
1.337Re-07
5.7385e-04
4,.88R85e-04
7.9153e-03

b =

9.R19%e-0R8
7.95%5e-07
6.R5R7e-05
1.0702e-02

3.6948e-01
1.0080e+00
9.5707e-01
1.1561e+00
3.271%e-01

-. 000545 kev

3.17995e-01
9.ha28e-01
1.3%33e+00
1.5231e+00

L/
For thes: cases the polynomial fits

c =

-1.68h0e+D0

7.0230e-01
-9.65h2e+00
-1.0780e+01
-1.007e+01
-1.34821es01
=2.1230e+01

c =

3.67RRe-01
-9.963%-01
-1.19K0e+01
-1.6588e+01
-2.2175e4+01
-?2.7618e+01
-2.3832e+01

e =

2.371R8e4+00
~-3.307Be+00
-8.R180e+00
-2.039Ge+01
-3.863fe+01
-4,3437e+01

e =

3.8189e+09
-5.2R835e4+00
-?2.8003e+00
-1.8C76e+01
-2.8908e+01
=2.107T8e+01

c =

1.0106e+00

-1.9328e4+00
-1.3405e-01
-1.5615e+01
-2.3805e+09

c =

2.2522e+00
2.6547e+00
-1.5725e+01
-2.9597e+01

shauld not be used for 7 < 8,

0005483 kev

£.5517es+0
9.5581e+00
5.7259e+01
5.5770e+01
2.1280e+01
N.5961e+01
1.2357e+02

000556 kev

?2.5392e+01
?2.HN28es+ 01
H.3218e+01
R.7A95e+01
1.3985e+02
1.9056e+02
1.3232e+02

.000549 kev

-8.5230e+00
5.3397e+01
3.7946e4+01
1.0959e+02
2.966he+02
3.5070e+02

000551 kev

-2.5830e+01
T.3235e+01
=5.5237e+N1
7.3631e+01
1.0852e402
1.48658e+01

000549 kev

-2.8829e+N1
1.9873e+01
-1.09486e4+0?
6.1159e4+01
1.5695e-01

000549 kev

-5.0891e4+00
-5.3953e+01
4,187 1e+M
1.9869e4+02

~1.8221e402
-3.0900e401
-1.R188e4+02
-1.1956e4+02
-8,.7339e+00
-5.60RTe+01
-?2.7867e+0?2

z1

-5.7801e401
-1.1850e4+02
-2.993%e+02
-2.1710e+0?
-3.0085e4+02
-8.8394e402
-2.5931€402

z! =

6.5499e401
=2.3200e4+02
-1.3316€4+402
-?2.3892¢4+02
~-7.8881e+402
-9.5681€+02

21

1.5229e402
-3.3002e402
2.8107e+02
-4, R230e401
1.R671e+00
n,7262e+02

21

1.6479e+02
-1.33158e402

5.0729e4+0?

Q.

0.

z1

7.878Tes01
1.6856e402
5.0985e4+01
=-8,.0271e+02

26

4. 5287e-01
9. 1h13e-01
8.9820Re-0N1
1.3796e+00
1.6093e+00
1.5881e+00
5.6305e+00

26

8, 4220e-01
1.0923e+00
1.0583e+010
1.2706e+00
1.5216e+00
1.5535e+00
1.4775e+00

26

4,8008e-01
1.1389e+00
1.3415e+00
1.1655e+00
1.2868e+00
1.335%¢+00

26

4.475%e-01
1.0828e4+00
1.6251e400
1.5039e400
1.2822e+00
1.1990e+00

26

4.5R92e-01
9.879%e-01
1.6731e+00
?2.4503%e+n0
6.3330e-01

26

8,.5976e-01
1.0939e+00
1.1559e400
2.0369e+00

5.M145e+00
=7.9346e+00

9.1859e400
-1.95GResn1
-3.3271e+01
-2.87900401
-3.2583e4+01

3.5083e+00
-1.0293e+01
-4.891He-01
-1.1643e4+01
-2.5798e+01
-2.689fe4+01
=2.240Re+01

1.6022e+00
-8.3292€400
-1.786Ue+01
-4.2372e+00
-6.397 3e+00
-1.1118e4+01

-1.2711e-M
=2.1098e+00
-3.55.'3e+01
-?.898Ge401
-9,.6097e+1,0
-4 ,1058e+00

-8.8598e-01

1.1794e+00
-3.R119e+01
-8.0875e+01
-1.8613e+01

7.1R95e-02
-5.7781e+00
+3.9797e+00
-5.5716e+01

-4,.1583e+01
T.19H82e+02
-1.9768e4+0?
1.9351e4+0?
3.2258e402
2.0200e402
2.5456e02

-1.8769e+01
1.4227e+02
=8.3949e+01
1.1617e+01
1.6339e+02
1.5328e+02
9.8839e+01

9.2613e+00
1.0536e+02
T 4T7RTe+02
-1.1395e+02
-1.6664e+02
-1.2862e+02

3.8253e+01
1.2R20e+01
3.8926e4+02
1.607 1e+02
-9.4245e4+01
-1.7866e+02

8.8333e~01
-2.8285e+01
5,13 1e+02
9.0434e+02 *
2.1118e+02

2.7567e+01

6.0197e+01
-1.0793e4+02

5.1101e+02



(=

Table II - Screening parameters (Snz) and coefficients for Eq. (3) of text.

<X >
0

2s=-5.
2p-5.
3s-6
3p-6
3d-6.
Ys-7,.
4p-7.
yq-7.
4f-7.
6s-7.
6p-T7.
6d-7.
6f-7.
6g-7
6h-T7.
10s-8.
10p-8.
10d-8.
10f-8.
10g-8.
10h-8.
10i-8.
10k-8.
101-8.
10m-8.

598
665

.435
ATy

492
023
051
067
069
848
865
878e+00
880

.880

880

883e+00
893e+00
900e+00
901e+00
902e+00N
902e+00
902e+00
902e+00
9N2e+00
902e+00

NN = = 0 MV Ea NN = o Na =N

(xo) = Z-average of x corresponding to edge.

Table 11

S

nt a

0o

L218e+00 1.16579e+00-3,
N22e+00=-4,0268Ue+(0N-1
.911e+00 7.76182e-02-3.
.215e+00-5
.862e+00-1
LKORe+00-8
.271Be+00-6
.9lile+N0O-1
.Qlilje+00-1
.63%e+00-1
0T78e+00-6.8U434Re+00-4,
.033e+00-1
.893e+00-1
.868e+00-2
.668e+00-3.36990e+01-5
LAU81e+00-3.24171e+00-3.
.060e+00-8
. 17Re+00-1
LL065e+00-1
.975e+00-3
.802e+00=-2
.Hbblle+D0=-1
.T732e+00-2 . 47619e+01-2.
.011e+00-2.77855e+01 2.
.335e+00

.07265e+00-4.
.17330e+01-4
.89286e-01-3.
.0U960e+00-4
.27453e+01-5.
L20U68e+01-3,
.TU4529e+00-3.

.20981e+01-4.
LTul56e+01-4.

.59518e+00-4,
LAU0T1he+1-4,
.89390e+01-1
.14063e+01-8.
.288U43e+01-2.
.176U46e4+01-7

5.69711e+01 3.

.06600e+00-3

.22U412e+00-8

3
17450e+00=-3,

16532e+00-5.
01668e+00-1

30874e+00-1

26820e+00-8.
48698e-01 1.
01248e+00-4,
05242e+00-6,
25U480e+00 1.
184h1e+00 3.
29201e+00 6.

.97346e+00 3,

05652e+00-6,
26373e+00-1
86570e+00-5,

.96068e+00 9,

18898e+00-2,
23858 +00 7.

LA85724e4+30 1.

2157Tl4e+01-1,
T0676e+D0 1.
03354e+01 5.

2z

15RU40e-02 O,

61859e-02 4.

LU7591e-02 1.
.T7786e+00 3.
.N3454e-01-1.
.02067e-02 6.

23797e-02 1.

4y138e-02 R,
19046e+00 9.
13482e-0N2 3.
4y119e-02 b,
11636e-01 2.
2u881e-01 3,
4L8568e-01 5.
59258e-01 3.
20098e-02-2.

35682e-02 8.
T1R2Ke-02 1.
02690e-071 9.
77251e-01 5.
33549e-01 2,
55863e+00-1.
7939Ue+00C 1.
40393e+00 2.

a3

088 Ue-03
98789e-03
59327e-0%
2N08lUe-02
412398e-02
45335e-04
55075e-03
06583e-03
38353e-02
0387T1e-03
21764e-03
09&15e-02
620U43e-02
41623e-02
917294e-02
27880e-04
18727e-0U
78834e-03
99609e-02
36665e-03
66042e-02
8RUNNe-02
09295e-02
0un86e-01
55083e-01



Table III

RATIOS OF ZZ (2241 )onz(nu) TO BETHE-SALPETER
2 .

HYDROGENIC VALUE (EQ. 71.20 OF [5]) WITH Z-2 FOR N=6, 10,

hv (keV)
Approximate £ = 0

n Edge (keV) .01 0.1 1.0 10.0
+3
C 6 .00642 .990 1.49 2.30

10 .00226 1.19 1.65 >1.75
a0 6 .047 .997 1.22 1.45

10 .0167 1.054 1.23 1.46
mot39 6 0.617 .990 1.22

10 0.220 1.057 1.23



COEFFICIENTS FOR FITS (EQ. 4 OF TEXT) GIVING TEMPERATURE

Table IV

DEPENDENCE OF SUMMED RECOMBINATION RATE COEFFICIENTS, :E: o (T) (cm3/s),

C+3
0+5
A2+10
Fet+23
Mo+39

ng

FOR IONS THAT ARE LI-LIKE AFTER RECOMBINATION.

kT (keV)
min  max
.01 1.00
01 3,00
.01 3.00
.03 10.00
.10 10.00

—2 1A O

By

L00U2%e-14 U,
.B7030e-14 =T7.
.B2161e-13
.56417e-12
.2RBR2e~11

1
6

B

708LB8e=-15
63145e-15

LU42036e=-14
90
.E5U401e=-12

©21530e=-13

B,

.16767e=15
.FRQQfe-14
.P0hh3e~-14
L0807 1e-13
.61099e-13

-6.
-2.
-2.
-2.

-1,

B

REERAe=-14
4RAEGe=-15
12726e=-14
4ou2ue-13
18AR0e=1?2



Teble V
RATIOS OF SUMMED RECOMBINATION RATE COEFFICIENTS TO
KRAMERS MODEL VALUES. (THE ION STAGE IS THAT OF THE RECOMBINED ION.)

KT(keV) c*3 o+ agt10 Fe*23 Mo*39
.01 .98 .943 965
.03 1.06 984 .964 .957
J 1.18 .05 .980 961 .943
3 1.33 1.15 1.02 .972 ,962
1.0 1.53 1.29 1.08 .999 .989
3.0 1.41 1.15 1.041 1.026

10.0 1.10 1,083



