
LA-6615

/is

UC-20 and UC-34a

Issued: September 1977

Photoionization Cross Sections and

Radiative Recombination Rate Coefficients

for Positive Ions of Carbon and Gold

W. D. Barfield

losvvctlamos
scientific laboratory

p of the University of California
LOS ALAMOS, NEW MEXICO 87545

/ \
An Affirmative Action/Equal Opportunity Employrr

UNITED STATES
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION

CONTRACT W-7405-ENG. 36

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



PHOTOIONIZATION CROSS SECTIONS AND RADIATIVE

RECOMBINATION RATE COEFFICIENTS FOR POSITIVE IONS OF CARBON AND GOLD

by

W. D. Bar f ie ld

ABSTRACT

- NOTICE-
This import was pirpared as an dununi 01 wum
•punit'icti by Ihe UniUJ Slates l>.ivti nnu m Neithci
[he Uniled Siaics noi the United Stales (• ncrgy
Rc«aith and Development Adi
then <
subconi

n> of
•mployi

mpbed. 01 a
Uahilit>'or res[M'nsibilil> fur the aixur
01 usefulness of any information, app
process diseased, or icprcwnls Ihat
infnnge privately owned ngh».

IUI an> ..f

make*
,11, leml

Partial photoionization cross sections based on a
nonhydrogenic single-electron model that utilizes Dirac-
Slater wave functions and all necessary multipoles have
been computed for C III-VI and Au + 8, +16, +24, and +36
for n = 1 - 6 and 10, 0 < I < n. By use of detailed
balance, radiative recombination rate coefficients are
obtained for seven temperatures in the range 10 eV - 3
keV from the photoionization cross sections. The cross
sections are compared with those obtained by others
using semiclassical (Kramers) and hydrogenic models. In
most cases, the recombination rate coefficients (summed
over subshells) are larger than those computed using hy-
drogenic photoionization cross sections, by as much as a
factor 30 (Au + 8, n = 5, kT = 3 keV). Analytical fits
are given for the rate coefficients summed over l_ and ru
The results are applicable to ionization balance and ion
transport calculations for fusion reactors and the solar
corona.

I. INTRODUCTION
Ionization balance calculations for high-temperature plasmas that occur in

the solar corona and in some controlled thermonuclear reactors (CTRs), such as
Tokamaks, require radiative recombination cross sections or rate coefficients
for highly stripped ions. Results are reported here for ions of carbon, impor-
tant in the solar corona and also expected to be a significant impurity in CTR
plasmas, and for gold, a probable impurity in CTR plasmas. Results for Fe XV -
XXV ions are reported elsewhere.
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II. METHOD
2

Detailed balance arguments give a relation

9i h2v2 n£1 h v -r"*(v) (1)
Ji + I p

between the partial cross section a" (v) for the radiative recombination process

and the partial cross section <z\ (v) for the inverse process, i.e., photoioniza-

tion from the subshell with binding energy eo0 •. g- = statistical weight (de-

generacy) of configuration Cv . p = free electron momentum. The other symbols

have their usual meanings. The corresponding recombination rate coefficient

(cm /s) is given by the thermal average

which, in view of Eq. (1), can be written as an integral over the photoionizaticn
3

cross section.

hv

g - " kT

^ c 2(mkT) 3/ 2exp(/kT)J ( h ) 2 f { ) d(hv)

(2)

When induced recombination is important, a factor 1 + (c"U,,/8-rrhv ) should be in-
A

eluded in the integral in Eq. (1). (Uvdv = energy density of the photon field.)

The rate coefficients calculated here do not include this factor. The statistical

weight of a configuration with partially filled shells is given by
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where I\L is the number of electrons in subshell Si. The ratio of statistical

weights that occurs in Eq. (1) is

3 -

h

No being the occupation after recombination.
The computer program PELEC developed by Brysk and Zerby was used to calcu-

late partial photoionization cross sections for positive ions of carbon and gold.
In the single-electron model, the bound-free matrix element is

M = - efl • ^(E)aip.(E') dV , (3)

where a is the Dirac i.iatrix operator and the subscripts i and f refer to initial
(bound) and final (free) states of the electron. The photon wave is represented
by a multipole expansion,

(4)

Here hv, q = photon energy and momentum, Y = spherical harmonic, j = spherical
Bessel function, £p = spherical basis vector, and p = ± 1 corresponding to
U e f t l " circular polarization. Enough multipoles were used to ensure a calcu-
lated cross section converged to within ± 1%. Dirac-Slater SCF wave functions
were obtained using the HEX computer program developed by Liberman et a l /



g

Binding energies for carbon ions were taken from Lotz's compilation; for gold
*

ions, values computed using HEX were used.
To facilitate evaluation of the integral in Eq. (2), it was assumed that the

resulting cross-section curves can be well approximated by piecewise continuous
power-law segments, straight line segments on a log-log plot.

B n £

an*-(hv) ~ ajj£(v/vk)
 k (vk_1 < v < vk, k = 1, 2, ...) .

The integral is then evaluated in terms of incomplete gamma functions.

hvk -Bk

J (hv)2a(v)e~hv/kTd hv * ak uk (kT)3 [r{Bk + 3, u ^ )

hvk-l

- r(Bk + 3, uk)J uk = hvk/kT

(The jU i.=is been omitted in the last equation.)

The PEi.EC program was tested by comparing bound-free Gaunt factors calcu-
q

lated for hydrogenic C VI with results published by Karzas and Latter, who eval-
uated the matrix element, Eq. (3), analytically in the nonrelativistic, nonretar-
dation dipole approximation. For this comparison, the PELEC calculation was

It was found empirically that the cross section for photoionization from an ex-
cited orbital, such as 6p-]/2 in the configuration 5s26p-j^2 or 5s5pT/2^Pl/2 °f
Au+16, is given with small error by using the wave function for the correspond-
ing orbital in the ground state configuration (5s25p-|/2 in tne example). There-
fore, it was unnecessary to calculate wave functions for all possible excited
configurations. For carbon ions, however, wave functions were computed for all
excited configurations. For each excited configuration, the bound (initial)
state function and free (final) state function were obtained using the (self-
consistent) potential corresponding to the initial state. For certain initial
configurations of C III (2s6d3/2» 2slOd3/2)» tests were made using separate
potentials for initial and final states. (The final state potential correspond-
ed to the charge distribution p(r) for the 2s configuration of C IV, with the
Kohn-Sham factor a = 2/3 in the exchange term replaced by 0.65 x 2/3, following
a suggestion by R. D. Cowan, and the "latter tail correction" set to zero.) The
cross sections thus obtained are within 10% of those obtained using the single-
potential model.



restricted to the "dipole approximation" by limiting the sum in Eq. (4) to I = 0
and l = 1 terms and approximating j * 1 , j 1 * 1/2 qr. The Gaunt factors, de-
fined as the ratio of the cross section to the classical (Kramers) bound-free
cross section, Karzas and Latter1s Eq. (39), are shown in Fig. 1. The figure
also shows cross sections obtained using the full relativistic matrix element,

Eq. (3). In Fig. 2, PELEC results for photoionization from the 2p,/? subshells
10of 0 III and IV are compared with close-coupli. j calculations. PELEC results

have also been compared with other single-electron model calculations and with
1?measurements for neutral atoms. "

III. RESULTS
Examples of partial photoionization cross sections calculated on the basis

of the (nonhydrogenic) single-electron model are shown in Figs. 3 and 4 for C
III and in Fig. 5 for Au + 8. Figures 6-9 show the ratios of the recombination
rate coefficients Ean (summed over partially filled subshells) to the classical

Kramers model value,

- (2.6 x iCf14 cm3/s) n " 1 ^ % £ (g(/gftl)

I

exp(q J E,(q J .

(P o = eno/
kT» E«o = Ibinding energy (Ryd)|, E-,(x) = exponential integral func-

tion.) Figures 10-13, similar to Figs. 6-9, show the ratios of £a (T) to hy-
drogenic values. (For the results shown in Figs. 5-12, the Kramers and hydro-
genic rate coefficients were calculated using hydrogenic binding energies, i.e.,
Z /n Ryd, with Z = ion charge before recombination.) The partial photoioniza-
tion cross sections and recombination rate coefficients for individual subshells
are available on punched "=,rds by request from LASL Group T-4. Tables I and II
are partial compute.' listings of the cards for a typical case (C IV).

For subshells that are empty in the ground state configuration, only the partial
cross section corresponding to j = .1 - 1/2 was computed. In such cases, the
partial cross section corresponding to j = £ + \l?. differs by < 10%.



Values of the partial photoionization cross sections for large values of the
principal quantum number n̂  (and small l) can be extrapolated from the PELEC re-

13suits at smaller £ by Lee and Pratt's method, which is based on quantum defect
theory. Partial cross sections for C VI n = 10, 0 < I < 3, extrapolated from the

*
PELEC results for n = 4 and 6 are given in Table III.

For principal quantum number n large enough so that the hydrogenic approxi-
14 °° n'5,

mation is valid, an expression that Seaton derived for I Z a is useful.
More crudely, values of cc'VcIL (<*n = Ta ) can be interpolated between the value
that corresponds to the largest £ for which results are given here, and the value
1.0 assumed to hold for large enough n, say n > 100 (Fig. 14). Values of Zan (T)

100
so calculated are given in Table IV. For C VI, the value of £ a (T) so calcu-

6
CO

lated agrees within 2% with the result obtained for Z using Seaton's formulas.
See Fig. 15. 6

Coefficients for analytical approximations of the form

10p kT(kev)£an(T) =
J

log10[kT (kev)]
j-l

(5)

are displayed in Tables V-VI. In the case of C ions the maximum deviation of the
fits is 1%.

Summers calculated ionization equilibria for carbon plasmas. The rate
coefficients reported here, summed over empty and partially filled subshells^are
compared with Summers' "effective dielectronic-collision rate coefficients" in
Figs. 16-18. The comparison indicates that for some conditions radiative recom-
bination is competitive with the dielectronic recombination process.

______
These data are given to supplement Karzas and Latter 's hydrogenic model results.
Note that the extrapolation method is useful only for values of h v > max ( e i ,
e2), where ei and e? are binding energies that correspond to the values of non
which the extrapolation is based.



The results reported here represent use of an improved, nonhydrogenic model
and are a contribution to the atomic data base required for ionization balance
calculations that are more refined than those re
hydrogenic or classical model rate coefficients.

16-18calculations that are more refined than those reported by others, " who used
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TABLE I

CARDS CONTAINING PHOTOIONIZATION CROSS-SECTION DATA FOR TYPICAL CASE C IV

For each subshell, the first card has four integers that
represent subshell sequence number, orbital angular mo-
mentum quantum number l_, occupation number, and principal
quantum number £. In some cases, the binding energy (in
keV) from LOTZ's tables^ is given in floating-point print
format. Succeeding cards show the values of hv (keV) and
an^J (Barns). (Two sets of values with the same ji, £_
correspond to j = I - 1/2 and j = I + 1/2.) All values
of hv should be increased by B.E. (LOTZ) - hv0, where hv0

is the lowest value tabulated for a particular subsheli.

10 0
1 0

3,27fc8E»01
5.0000E-01
1.0000E+00
e,0000E*00
5.0000E4-00
!.0000F+0J

0

2.0000E-01
•5,0000E«0i

1.0000E + 0I1
2,0000E*01

3 I

1«00(S0E«01
?,0000E*(!I1

2
2

3,90A5E*04

3.3419E402

i 2
9,J57jE+0b
i,5377E*05

7f30fl6E*01

2,0000E*01

1.3877E-01
6t67tt2E>03

,343
0

6
6
6

2 0
2 3
2 3
2 4

4
4
6
6

•S646E-02 2 6

3
3

0
3

3 3

u
3
3
3 4
3 6
3 6
3 6

c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c

IV
IV
IV
IV
IV
IV
IV

IV
IV
IV
IV
IV
IV
IV
IV
IV

IV
IV
IV
IV
IV
IV
IV
IV

C IV



TABLE I (cont)

5 0
?.6778E-02

?,0000E-01
5,0000E»0i

J.0000E+J81

1

5,0000E»02

8

1 3
J,0«30E+06
3./J165E+05
e,fc8flJE+0«

2,!684E+03

5B1010E*0J
3.4596E+00
3.971JE-0J
«t278BE-p02

1 3

5,IJ?0E*03
2.6218E+02
2.4376E+01

5 0
5 3
5 3
5 3
S 4
5 4
5 4
5 6
5 6
5 6

6
6 3

3
3

u
H
8
8
8

S 3
1.1377E+06 B 0

cc
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c

IV
IV
IV
IV
IV
IV
IV
IV
IV
IV

IV
IV
IV
IV
IV
IV
IV
IV
IV
IV

C IV

TO



TABLE I (cont)

5t0300E»02 8,
1,0000£«01 5(6268E*03 6 4
2,0000E=>01 3.1145E+02 8 4
5,0000E»0i 5,5342E*00 8 7
J,0000E*00 2,1 01 8 7

1.1628E-02 8 7

1
1
2
5
1
2
5
1
?
5
1

1
2
5
1
2

1
2

1

li
2.
5,
1,
2.
•5,

1.
2,

i»
2,
5.
1.
2.
5.

SFM,
SEJ,

,4669E*02
,0000E»02
,0000E»02
,0000E»01
,0000E*01
,0000E»01
f0000E*fl0
,0000E*00
,0 «00
,0 *01

U 1
t3770E*02
,0000E»02
,0000E*02
(0000Ew01
,0000E«01
.0000E«01
,0000E+00
,0000E4-00
,d -00
• 0 +01

13 2
,3609E*>02
,0000E«02
,0000E«02
0000E-01
0000E«01
0ld00E«01
0 *00
0 «00

1b 3
3fa0faE«02
0U00E»02
0000E*02
0000E«01
0000E«0i
0000E»01

1
8
1
3
V
8
1
2
0
0

2
1
1
i
2
1,
li
8,
0.
0i

2,
7.
3,
2,
U
3,
0t

1.

«4886Et06
•5443E+05
,4910E<>05
(6072E*04
t8827E*03
,7371E*02
,4426E402
.1425E+01
,1401 +01
,1611 *00

1 <»
,5889E+0b
.117IE+06
J624E + 05
i7206Ef04
J618E + 03
,!3?8E+02
,0624Et01
,3J64E-01
IZVIZ -01
13f6 "02

1 4
2501E+06
38fl3E*05
6914E+04
8015E+03
6813E+02
1824E«00
1485 «00
6910 »02

1 4
1916E+06

2.65B4E+05
5.
1.
5,
3.

2767E+03
9736E+02
7338E*00
9909E*02

10
10
10
10
10
10
10
10
10
10

11
11
11
11
11
11
11
11
11
11

13
13
13
13
13
13
13
13

15
15
15
15
15
15

0
J
3
3
3
4
4
4
7
7

0
3
3
3
3
4
4
4
7
6

0
4
4
4
4
12
5
5

0
4
H
4
4
12

C
C
C
C
c
c

c
c
c
c
c
c
c
c

IV
XV
IV
IV
IV
IV

IV
IV
IV
IV
IV
IV
IV
IV

C IV
C IV

c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c

c
c
c
c
c

IV
IV
IV
IV
IV
IV
IV
IV
XV
IV

IV
IV
IV
IV
IV
IV
IV
IV

IV
XV
IV
IV
IV

C IV
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TABLE II

CARDS CONTAINING RECOMBINATION COEFFICIENT DATA

FOR TYPICAL CASE C III — RECOMBINATION TO C IV

For each subshell are given subshel1 designation, recombination
rate coefficient a"*5- (cm3/s), ratio to Kramers value (a/aKr),
ratio of hydrogenic value to Kramers value (0^/0%-). (For
4 < n, the hydrogenic coefficients are averaged over subshells.)
"G.T.," and "L.T.," indicate lower and upper bounds, respective-
ly. The data following "sums over subshells,M include principal
quantum number n; I a1™ (lower and upper bounds); Z an!i/Z an2>

~ I I I Kr
(lower and upper bounds); I a[! /£ a[! ; and I a|L. Only partially

filled subshells are included in the sums. Unless otherwise in-
dicated by a comment card, the Kramers and hydrogenic rate coef-
ficients are calculated using the same binding energies used for
the nonhydrogenic model calculation. The upper bounds are esti-
mates based on assumed power-law extrapolation of the photoioni-
zation cross section for hv -»- °°.

C3 99

1
2
3
4
5
6
7
B
9
10
11
12
13
1*
15
16
17
18
19
20
21
22
23
24
23
26

• 1.0000E-02

IS
?S
?P
3S
IP
*O
•s
AP
40
4F
6S
ftP
60
6F
6G
6M
10'S
10P
100
10P
loa
10H
101
10*
10U
10H

K£V

ALFA (CM3/SJ

8.9J?3E-13
• «093'5E.U
Z,37nOE-13
1.9371E-14
7,<J9«»E«14
S.04O6E-14
e.06(iSE-15
3,3«^E-U
3.73T9E-14
i.3ne£-u
2,48?*E-1S
1.0*n5E-U
U*0n6E-l4
9.66P2E-15
4.4503E-15
1.24H9E-15
5.38Q4E-16
2.3S16E-IS
3.40*9E-15
3,?313E-15
2.1547E-15
1.37J2E-15
7.61S2E-16
3.S353E-16
1.1502E-16
2.0U4E-17

7,630?r«0»

4,04;? "Jr. 01
2,!i?35r.O0
3.5527F.00
3,QlOir.oO
1t*0*or.co
s.oa^fiF.oi
U1523c-.nl
4,3*i>7r400
6.3?03r*00

4.7232r.0l

••oi
;»00

8.2115E-01
liSflME'OO

•00
•01

9.6?*1E-O1
•01

:-oi
-01
-01
-01

;«E-0l

S.4S52P.02
8.5360F-03

-01
-01

9.94P8E-01
9.9493E-01

-01
-01
-01

3F.-01
-01

9.9*plE"0i
-01

9.92?nr
9.922nF

01
0i

1
9.9220E-01
9

01
01
oi

01
0?

E o i
9.9220F-01
9

9.92?0E
9.92?nr

9.9220E
9,92?0F
92

12



TABLE I I (cont)

SUMS OVER

N SUM ALF4 <CM3/S)

2 2,779376-13 2.77937E-13
3 1.49P01E-13

9 9 5 E

/(SUM

(SUM fiLFA,

/(SUM
1.47471E«00
l,25777E»00 1.2S777E.00
1.236ib3E»00 1 .23863E«<if,

6 <>,31380E-l4 4*1138OE-14 1.2lSC9E*00 l,21609E»n0
10 1.43555E-U 1.43S6OE-14 l.lS75t£»0«i UlS753E.no

H-GENIC B.C.S WITH Z • 3 USEO FOR KRAMERS ANf> H-G£Nlc C.s. AND RATE COEFFS.

A'.FA(H) > SUM fiLFA (K»>

1.19J0CF.-13
7.42P33E-14

1.24022F-14

C3 99 KT • 3.0000E-02 KEV

1
2
3
&
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

SUMS OVER St

IS
?s
?p
33
IP
30
AS
«P
40
4F
AS
6P
60
6F
66
6H
10S
10J>
100
10F

ion
10H
101
:OK
10L
10M

I B S M E L

4.9P17E-13

1.11*OE-13
l,2349t-14

1.72PSE-14
5.0253F-15
1,*.114E-14

l.OftnlE-15
2.73P8E-16
3.16Q1E-16
1.10(l5E-15
1.2017E.15
9.3310E-16
5.1614E-16
3.0136E-16
1.S994E-16
7.20.14E-17
2.3041E-17
3.9836E-18

ALFA(H)/ALFA(KR»

_ . . . . 10 8.2121F.-01 9.92?nr-fll
2109?flF,00 !.34P0E*00 9,92?flF-01
1 .573?F ,OO 7,a?40E-iil 9.92?nE-01
2,3a<>2r,eO 2.0fli3£»00
2,51blr,00 1.33i=E»00 '
6.ftPB5F-0l S.1041E-01 V.T^c.rc.,,]
S.Ol-^sF.oO 9,e472E-0i 9.92?0r-01
3,2?10F,00 9i6^P^E-0l 9,9220F-oi
1 ,5 '>' )9F,00 9,8*.17E-01 9.927PF.-01
3.0710F-01 <J.8A?5E"0i 9.9??fiF-61

5 . 3 1 « ? r . o O

.004'5F»'>0
9.?2?1F.-ni
9.92P1F.-01
9

3.7175C--01
7.8580F-02 - . _ - . _ - „ .

1.0l07E»n0 9.922HF.-01
1.0lfl7E*00 9.92?nF-fil
1.0]07E*00 9.9221F-01

9,922nF-ni
9,922iF-f)l

7 , 6 8 1 j r . o l 1.0lO«IE*00 9.92?ne-0Ji
3.4494F-01 1.0U4E*00 ~ ""
l , 3 f ) 4 F - 0 l 1«O1O6E*OO
3,8001f,02 1.0105E*00
5.8783F-03 1.0108E»00 9.9220E-01

3.7T73F.00

N SUM ALFA (CM3/S)

2 1.36344E-13 1.36344E-13
3 6,86331E-U 6.8C331 E-14
4 3.79393E-U 3.79693E-14
6 1.59074E-14 1.S4074E-I4
10 4.63087E-15 4.63508E-15

(SUM ALFA)
/(SUM A(.FA(KP| I

1,64742E*OO l.f,4742E.oo
1.475«3E«00 1.47543E*ftO
1.4?380E*00 l.*23(?OE»no
1.39459E»00 1.394SSE.O0
1.29835E*00 1,29953E.no

(SUM ALFA(H))

/(SUM

SUM flLFA<K»>

H-OENJC B«E*5 WITH Z • 3 USEO FQH K R A H E R S AND H - C E N I C C.S.

1,01078E*00 3.S6673E-15

RATE COEFFS.
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TABLE III

PARTIAL PHOTOIONIZATION CROSS SECTIONS FOR C VI (n = TO, 0 < Jt < 3)

EXTRAPOLATED FROM n = 4 AND 6 BY LEE AND PRATT"S METHOD13

Partial Cross Section (Barns) (n = 10)

hv (keV) I = 0 I = 1 £ = 2 % = 3

0,

0,

0.

0.

0.

1.

2.

5.

10.

20.

50.

100.

200.

aB.E

.031a

.05

.1

2

.5

0

0

0

0

0

0

0

0

. = 4.9 eV.

7.

2.

5.

1.

1.

1.

2.

1.

2.

2.

1.

1.

1.

,24 +

57

50 +

12

20 +

94 +

78 -

80 -

07 -

30 -

25 -

30 -

70 -

4

3

2

1

0

1

2

3

4

5

6

6

2

3

5

2

2

2

6

3

1

.43 +

.13

.61 +

.24 +

.99 +

.73 -

.13 -

.56 -

.93 -

.83 -

4

3

2

1

0

1

3

4

5

4

1

1

1

3

1

7

.57

.32

.54

.37

.47

.66

.68

+ 4

+ 3

+ 2

- 0

- 1

- 3

2

6

4

2

2

5

.64 +

.09 +

.28 +

.06 +

.22 -

.42 -

4

3

2

1

1

3
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TABLE IV

SUMS OVER PARVIALLY FILLED SHELLS (n < 99) of RADIATIVE

RECOMBINATION COEFFICIENTS (cm3/s) FOR GOLD AMO CARBON IONS

kT

0

0

1

3

0

0

0

0

1

3

a i .

b I

(keV)

.1

.3

.0

.0

.01

.03

.1

.3

.0

.0

e . , Au + 3 i

e C+6

AU

6.69

5.50

4.13

2.18

+8

- 13

- 13

- 13

- 13

C I I I

8.05

3.40

1.19

4.17

1.15

3.15 •

7 + e -»•

+ e •*• C

- 13

- 13

- 13

- 14

- 14

- 15

A u + 3 6 .

+5

5

2

1

7

1.

5.

2.

7.

2.

5.

AU+16

.20 - 12

.90 - 12

.55 - 12

.70 - 13

C IV

.40 - 12

.79 - 13

,03 - 13

.12 - 14

.04 - 14

8 4 - 1 5

AU

1.90

9.05

3.88

1.65

C

3.17

1.43

5.66

2.24

7.18

2.25

+24

- 11

- 12

- 12

- 12

V

- 12

- 12

- 13

- 13

- 14

- 14

AU

5.27

2.40

9.51

3.74

C

5.40

2.52

1.03

4.23

1.41

4.49

+36a

- 11

- 11

- 12

- 12

vib

- 12

- 12

- 12

- 13

- 13

- 14
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TABLE V

COEFFICIENTS FOR FITS [EQ. (5) OF TEXT] GIVING

TEMPERATURE DEPENDENCE OF RECOMBINATION RATE COEFFICIENTS

(SUMMED OVER EMPTY AND PARTIALLY FILLED SHELLS) FOR (cm3/s) IONS, p = 15.

C III

C IV

C V

C VI

b l

11.61

20.49

72.06

140.8

b2

-3.040

-3.884

+0.7815

9.171

b3

•-3.091

-4.754

-19.52

-39.05

b4

-.3379

-.5863

-4.906

-10.99

TABLE VI

COEFFICIENTS FOR FITS [EQ. (5) OF TEXT] GIVING

TEMPERATURE DEPENDENCE OF RECOMBINATION RATE COEFFICIENTS

(SUMMED OVER EMPTY AND PARTIALLY FILLED SHELLS) (cm3/s) FOR Au IONS, p = 14.

Au -i

Au H

Au H

Au ^

r 8

H 16

r 24

i- 36

b l

39.51

152.9

384.2

941.9

b2

48.43

144.6

222.3

395.1

b3

14.98

42.97

26.72

-23.05

max. dev.

11.

2.4

1.4

1.2

16



100

Cll

.01 r

rrrT i i i ITTI i i i i i i m i l i MM I I I I t i i I %

o +o

o
o +

0 PEIEC (Fulll

+ PELEC {/•O.I ontya / 0 « l . / , "

O KARZAS/LATTER (Qipok Non-Rtlard)

+
O

1111 I I i l l hi i i I i I I I f 11 t I III!

KX) K> KT*
h» (KEV)

01

01

ooa

KT»

Fig. 1.
PELEC code results for bound-free Gaunt factor for a hydrogenic ion
(C VI, 6S and 6h) are compared with Karzas and Latter's^ nonretardation
dipole approximation results.
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Fig. 2.
Partial cross sections for photoionization of 0 III and 0 IV as given by
single-electron (PELEC code) and close-couplinglO models. For 0 III,
the close-coupling model results for 3P, ^D, and 'S configurations have
been averaged using the corresponding statistical weights.

Fig. 3.
Theoretical partial photoionization
cross sections for n = 1 and n = 3
shells of C III, calculated using PELEC.

Fig. 4.
Theoretical partial photoionization
cross sections for n = 10 shell of
C III, calculated using PELEC.
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Fig. 5.
Theoretical partial photoionization
cross sections for n = 2, 4, and 6
shells of Au+8, calculated using PELEC.
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Fig. 6.
Ratio of nonhydrogenic recombination
coefficients summed over partially
filled subshells to semiclassical
Kramers value for C ions (kT = 0.1 keV).
The Kramers values are based on hydro-
genic binding energies. "Ion stage"
refers to charge state after recombina-
tion.

Fig. 7.
Ratio of nonhydrogenic recombination
coefficients summed over partially
filled subshells to semiclassical
Kramers value for C ions (kT = 1 keV),

• I

Ion Stega
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Fig. 8.
Ratio of nonhydrogenic recombination coefficients (summed over
partially filled subshells to semiclassical Kramers value for
Au ions (kT = 0.1 keV).

+ 16 + 24 +32

Ion Sfoge

Fig. 9.
Ratio of nonhydrogenic recombination coefficients summed over partially filled
subshells to semiclassical Kramers value for Au ions (kT = 1 keV).
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Fig. 10.
Ratio of nonhydrogenic recombination
coefficients summed over partially
filled subshells to hydrogenic value
for C ions (kT = 0.1 keV).

Ion Slog*

Fig. 11.
Ratio of nonhydrogenic recombination
coefficients summed over partially
filled subshells to hydrogenic value
for C ions (kT = 1 keV).

X
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+8 +16 + 24

Ion Stoge

+32

Fig. 12.
Ratio of nonhydrogenic recombination coefficients summed over partially filled
subshells to hydrogenic value for Au ions (kT = 0.1 keV).

+16 +24
Ion Stage

+32

Fig. 13.
Ratio of nonhydrognic recombination coefficients summed over partially filled
subshells to hydrogenic value for Au ions (kT = 1 keV).
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Fig. 14.
Illustrates method for extrapolating
recombination coefficients to large
values of n.

1.4
'1.5 4.0 4.5 5.0 55 60 6.5 7.0 75

Log T <»K)

Fig. 16.
Radiative recombination rate coeffi-
cients summed over partially filled
subshells with n = 1 to 99 are compared
with Summers' "effective dielectronic-
collision rate coefficients"^ for
carbon plasma with Ne = 10

8/cm3. Also
shown are Summers' calculated ion pop-
ulations (dashed curves).

Fig. 15.
Sum of recombination coefficients for

Au (kT = 1.0 keV). a = 1.0,

by hypothesis. (an = Z anlL (T). Values

of a /ajjr for NQ < n < N-,, and N1 < n <
N2 are obtained by interpolation. (0)
N = 5, Ni = 10, N2 = 50; (+) No = 5S
N? = 10, N2 = 100; (A) No = 5, N] = 6,
N2 = 100.

.4
53.5 4.0 4.5 5.0 53 60 65 70 7.5

Log T <•«)

Fig. 17.
Radiative recombination rate coeffi-
cients summed over partially filled
subshells with n = 1 to 99 are compared
with Summers' "effective dielectronic-
collision rate coefficients" for carbon
plasma with Ne = 10T

2/cm3. Also shown
are Summers' calculated ion populations
(dashed curves).
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Fig. 18.
Radiative recombination rate coeffi-
cients summed over partially filled
subshells with n = 1 to 99 are compared
with Summers' "effective dielectronic-
collision rate coefficients" for carbon
plasma with Ne = 10

16/cm3. Also shown
are Summers' calculated ion populations
(dashed curves).
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