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X-ray spectrum of a laser-produced iron plasma*
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We present the analysis of the x-ray spectrum between 9.5 and 17.0 A of a laser-produced iron plasma.

Wavelengths and relative intensities for 96 lines are measured. For the strongest part of the spectrum, above

13 A, almost all of the observed lines are identified as radiation from Fe" ", Fe" "', and Fe"'" ions.

Measurements were made with a curved-crystal spectrograph. Calculations were full intermediate coupling,

Hartree-Fock with relativistic corrections. Coulomb-approximation oscillator strengths were used to help in

the line identification.

I. INTRODUCTION

The x-ray spectrum of an iron plasma has been
studied in the solar corona, ' ' in iron-spark and

plasma focus, in laboratory plasmas, ~" and in
laser -produced plasmas. '" The accurate mea-
surement and identication of spectral lines is im-
portant as a diagnostic tool for both astrophysical
and laboratory plasmas.

We present the measurement and analysis of the
x-ray spectrum between 9.5 and 11.0 A (approxi-
mately 1300- f00 eV} of a laser-produced iron
plasma. The plasma was created by a 100-J,
2-nsec, 1.06- p.m laser pulse focused to an area
of about 200 p, m diameter on a high-purity iron
target (approximately 10"W/cm'). " Almost all
of the intense lines observed between 13 and 17 A

are assigned to transitions arising in Fe
through Fe"' . These assignments represent a
number of new identifications, as well as assign-
ment of J values to many transitions previously
only partially identified. For the shorter wave-
lengths, the intensity of the observed lines is gen-
erally lower and, in addition, the number of close-
ly overlapping, calculated transitions is high.
Thus positive identification of these lines is im-
possible in most cases. Theoretical values for
the wavelengths in Fe ", Fe "', and Fe '
were obtained by performing Hartree-Fock" in-
termediate coupling calculations with relativistic
corrections. The calculated values agreed with
the data to within 0.25%.

The measured wavelengths and intensities of
the observed lines are presented. Good agree-
ment is obtained between the wavelengths of the
lines measured in the present work and various
previous observations in the region of overlapping
measurements. "'""'" The agreement are both

gratifying and interesting since, in general, the
nature of both the source and the instrumentation
were quite different. The experimental arrange-
ment is described in Sec. II.

The calculation of the wavelengths and oscillator
strengths are outlined in Sec. III. Several pre-
vious calculations of the wavelengths""'-''
have been similar in spirit to ours but, while in-
cluding intermediate coupling to some extent,
have LS quantum numbers to identify the transi-
tions. We find such strong intermediate coupling
that it is appropriate to specify only the single-
electron transition and the initial and final total
angular momentum. The breakdown of LS cou-
pling in Fe "' lines has been observed previously
in Ref. 14.

In order to aid in the complete identification of
the lines, we used oscillator strengths from the
Coulomb approximation. " Comparison with con-
figuration-mixing calculation pf Fex ' pscillatpr
strengths shows the Coulomb-approximation val-
ues to be accurate to a factor of 2 or 3.

II. EXPERIMENTAL. APPARATUS

The experimental data were obtained with a mul-
tichannel curved-crystal spectrograph designed
especially for pulsed source use. The plasma
source was produced at the Laser Facility of the
Battelle Memorial Institute. Incident radiation of
1.06 p.m was generated by a Q-switched neodymi-
um-glass laser system and focused on the surface
of a high-purity iron target. The time duration of
the main pulse was about 1.5 nsec, and the incident
energy was in the range 80 —100 J for most of the
irradiations. The spectrograph observed the x-
rays emitted at 90' to the incident laser beam,
with the targets oriented at 45 to the beam. Spec-
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FIG. l. Densitometer tracing of an iron-plasma spectrogram.

tra were recorded from several elements, but
only the iron data are presented here. A typical
densitometer tracing of an iron spectrogram is
shown in Fig. 1.

In the operational mode used in these experi-
ments three KAP (potassium acid phthlate) crys-
tals were mounted in the spectrograph, as shown
schematically in Fig. 2. The radiation is incident
upon the convex side of the crystals in a three-beam
pattern defined by the source and three aperture
slits at the entrance of the spectrograph. Each
crystal was bent along a, 20' arc with a radius of
12.7 crn. Thus each crystal covered an angular
range of Bragg scattering somewhat larger than
40' (twice the sum of the crystal are and diver-
gence angle of the incident radiation). The orien-
tation angle (n in Fig. 2) could be adjusted inde-
pendently for each crystal. Typically this was set
at 10' for one crystal, 20 for the second, and 30'
for the third. The dispersed radiation from each
crystal was incident upon a common x-ray film
(Kodak No-Screen) supported on a cylindrical frame
whose axis was coincident with the axis of rotation
of the crystals. Reference position marks were
imprinted on the film at four lateral positions and
at each 10 interval along the film by means of a
light probe inserted through holes in the frame.
These index marks provided a means of monitoring
for dimensional changes in the film and allowed
precise comparison of different films. The film
holders were mounted in the spectrograph on a
carriage that could be translated laterally with the
spectrograph evacuated. Thus several spectro-
grams could be recorded from each crystal on a
single film; the exact number depended upon sev-
eral geometric factors, including the spacing de-
sired between adjacent spectrograms. In a typical
situation, three or four spectrograms were easily
recorded with no overlap. To prevent "crosstalk"
among the three crystals, baffles were used that,
in effect, divide the spectrograph into three com-
partments.

The fundamental Bragg reflection condition cor-
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FIG. 2. Schematic presentation of the crystal and
cradle orientations.

reeted for refraction determines the true 28 angle
of scattering for a, given incident energy. The
position of a spectral line relative to the angular
index marks imprinted on a film yields directly
a quantity which may be defined as the apparent
scattering angle (28„). The relation between 20„
and 28 is a geometrical calculation involving the
source distance, the radius of the crystal, the
angular orientation of the crystal, the lateral dis-
placement (f in Fig. 2) of the crystal, and the ra-
dius of the film. Line-position data are recorded
as distance from one or more of the reference in-
dex marks located at 10' intervals along the film.
This information, together with the geometrical
parameters, was fed into a simple computer pro-
gram that calculated the true reflection angle and
from this the observed energy, taking account
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of the reflection order and the refraction effect at
the crystal. Position-energy calibration data have
been obtained using line radiation produced by a
low-energy x-ray generator using an aluminum
anode. In addition to the characteristic K radiation
of aluminum, copper K and L, tungsten L and M,
and silicon K radiation is emitted because of the
natural buildup of these contaminants on the anode
surface. A discontinuity in reflection of the con-
tinuum radiation at the K absorption edge of po-
tassium in the KAP crystal also provides a data
point. Although the Cu L radiation (929.'f eV) is
the lowest energy, higher-order reflections extend
the range of calibration. For example, the tenth-
order Cu Kn, line and the second-order Al Kn
line are at positions equivalent to 804.8 and 743.3
eV, respectively.

For the energy region encompassing the iron-
plasma data, five lines have been chosen as pri-
mary calibration points. These are Cu Kn, (sixth,
seventh, and tenth order), Cu Ln (first order},
and Al Ko. (second order) at the transition-energy
values listed by Bearden. " The energy values
observed with various crystal orientations and lat-
eral positions are in agreement with the true val-
ue, with an average deviation of about 0.02%,
which is consistent with the uncertainty in the
measurement of the line positions on the film.
These data establish the accuracy of the transitions
energies observed for the iron-plasma radiations
on a relative basis. The absolute values may not
be determined as accurately because of some un-
certainty in the alignment of the apparatus with the
laser target. However comparison with previous
high-resolution measurements"" shows no dif-
ferences greater than 0.02 A.

Calibration data have also been obtained to de-
termine the sensitivity of three components: the
transmission of the entrance window (0.3-gm
Parylene-N with 0.2 p, m of aluminum evaporated
on each side), the ref lectivity of the crystal, and
the response of the x-ray emulsion. These were
separately calibrated using fluorescent radiation
of various energies. When combined, these data
yield the relative sensitivity function shown in Fig.
3. The two discontinuities are due to the onset of
aluminum K absorption in the window and potas-
sium K absorption in the crystal.

III. LINE IDENTIFICATION

The objective of our theoretical study is the
spectral identification of the principal iron lines
observed. Toward this end we proceeded as in pre-
vious studies of high-temperature air opacity. ' '"

For each charge state of the ion a complete set
of L-S states is defined, and for each such state
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FIG. 3. Relative sensitivity of the spectrograph vs
energy of the radiation.

a numerical Hartree-Fock calculation is per-
formed —with relativistic corrections. An inter-
mediate-coupling calculation is then carried out,
based on the Hartree-Fock results, and our final
results for energy levels are obtained. Finally,
application of electric dipole selection rules to
the resulting intermediate-coupled states deter-
mined the spectra. The results we present here
are for five to ten electrons bound to an iron nu-
cleus (Z=26}.

The previous identifications' "of x-ray lines
in iron between 13 and 17 A show that the strongest
lines come from Fe ", Fe"v"', and Fe"'x; .e. ,
lines isoelectronic with Ne', F', and 0, respec-
tively. We used previous identifications and the
calculated oscillator strengths as a guide in selec-
ting the observed transitions from among the thou-
sands in the intermediate-coupling calculation.
The line identifications are listed in Table I along
with the observed lines and their measured inten-
sities.

The lines at shorter wavelengths generally had
lower intensities. The measured wavelengths and
intensities of the prominent lines are shown in
Table II. The calculations for Fe " ' show a
high density of closely spaced lines, making iden-
tification difficult. As noted in Table II, some of
these lines may be identifiable as originating from
more highly charged ionic states. A detailed model
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TABLE I. Prominent observed lines between 13 and 17 A compared to calculated wavelengths.
0

The measured intensities are normalized so that the strongest line at 15.00 A has intensity
equal to unity.

Charge
& (A) ~, „. ~,. (A) state

0.51
0.48
0.29
0.23
0.13
0.25

0 ~ 13
0.13
0.72
1.00

0.14
0.19
0.21

0.43

0.54
0.16
0.41

0.84

0.34
0.47

0.30
0.30
0.26
0.56
0.40
0, 14

0.18
0.22
0.36
0.29

0.26

0.29
0.83
0.36
0.25
0.25
0.29
0.29

17.04
16.76
16.00
15.86
15.82
15.61

15.48
15.44
15.25
15.00

14.73
14.69
14.66

14.57

14.52
14.44
14.41

14.25

14.14
14.11

13.94
13.93
13.88
13.81
13.79
13.76

13.73
13.70
13.69
13.66

13.57
13.51
13.45
13.42
13.40
13.36
13.31

17.06
16.79
16.01
15.88
15.84
15.61
15.61

15.45
15.27
15.01
14,77
14.77
14.76
14.68

14.59
14.58
14.56
14.55
1$.46
14.41
14.37
14.35
14.32
14.25
14.20
14.19
14.18
14.15
14.12
14.07
14.05

p4

13.93
13.92
13.86
13.81
13.78
13.75
13,75
13.75
13.72

13.69
13.66
13.66
13.64
13.58
13.58
13.50
13.48
13.42
13.41
13.36
13.28

XVII
XVII
xvrrr
XVIII
XVIII
XVIII
XVIII

XVII
XVII
XVII
XVIII
XVIII
XVIII
XVIII

XVIII
XVIII
XVIII
XVIII
xvrrr
XVIII
XVIII
XVIII
XVIII
XVIII
XVIII
XVIII
XVIII
XVIII
XVIII
XIX
XVIII
XIX
XIX
XIX
xvrr
XVII
XIX
XIX
XIX
XIX
XIX

XIX
XIX
XIX
XIX
XIX
XIX
XIX
XIX
XVIII
XVIII
XVIII
XIX

3s —2p
3s 2p
3s 2p
3s —2p
38 2p
3s 2p
3s 2p

M —2p
3d «2p
M' «2p
a3d «2p
3d 2p
3d 2p
3d 2p

3d 2p
3d 2p
3d «2p
3d —2p
3d —2p
3d 2p
M «2p

2p
M 2p
M 2p
3d «2p
3d «2p
3d 2p
M «2p
3d «2p
3d 2p
3d 2p
M «2p
3d «2p
3d 2p

3p 2s
3p 2$
3d —2p
M «2p
3d 2p
M «2p
M «2p

M 2p
3d 2p
M 2p
3d 2p
3d 2p
3d 2p
M «2p
3d 2p
3p «28
3p «2$
3p 28
3d «2p

1 0
1 0
3 3
2 2

3

3
2
3 3
2

1 0
1 0
1 —0
2 2

2 2
15 i

5

j.
2 5
3 5
2 2

I
2 3
3 3
2 2
t.
2 2
3 J

Q 3
2

l
2 2
l.

2
3

2
3
2

2 8
2 2
j 3
2 2

2 1
2 2

2 1
1 1
1 —0
1 0

2 «2
2 1

3 —2

1 0

2 1

3 «2
2 2

3«2
g I
2 2
t3 3

2
Q 8
2

0.06
0.04
0.01
0.01
0.02
0.03
0.02

0.56
1.89
0.26

0.08
0.74

0.95
0.14
1.05
0.14
0.87
0.21
0.30
0.89
0.39
0.12
0.52
0.87
0.59
0.10
0.17
0.75
0.63
0.65
0.29
0.1 5
0.13
0.77
0.65
0.20
0.29
P.27
1.04

0.72
P.lp
0.07
0.32
0.08
0.04
0.25
0.60
0.19
0.15
0.12
0.28

Ref. 8
Bef. 8

a, Ref. 1
Ref. 1
Bef. 14
Bef. 1

Ref. 8
Bef. 8
Ref. 8

a, Ref. 12
b, Refs. 9, 10

a, Ref. 10
b, Bef. 9
b, Bef. 1

a, Ref. 10

Ref. 10
Bef. 10
b, Bef. 9

c, Bef. 12
b, Bef. 10
Bef. 9

a, b, Bef. 9

Bef. 8
Bef. 8

Bef. 7

Bef. 7

Bef. 7

Bef. 13
Bef. 13
Bef. 7
e, Ref. 13

a, d„Bef. 12

b, Bef. 9
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TABLE I (co~ttinued)

A, „), (A)

Charge
state n'l' nl Footnotes

0.13
0.29
0.27
0 ~ 56
0.26

13.19
13.16
13.13
13.08
13.04

13.14

13 ~ 03

XVIII

XVIII

3p 2s

3P ~2s

1 3

l
2 2

0.06

0.16
d, Ref. 12
a, d, Ref. 7,
e, Ref. 13

Data suggest more than one transition.
Transition has been previously identified but either different or no J values are given.

'Previously identified as a transition in Fe"v~.
Previously identified as a transition in Fe"X.
Previously identified as a transition in Fe ~ .

Trans it ions in Fe near th is wavelength.

of the plasma would be required for firm identi-
fication of these lines.

A. State specification

States with K-shell vacancies have been ignored,
as have states with more than two electrons ex-
cited outside the L-shell. Thus the states we con-

sider may be described (Ref. 24)—in LS cou-
pling—

1s'2s*2p~[ 'L,]nl [ Lz];
x, y, S„and L, specify the "core state" and nl( Lz)
the "outer electron" (which may be 2p for ground-
state configurations). The complete set of core
states we have considered for eight-, . nine-, and
ten-electron systems is listed in Table III, with

0
TABLE II. Prominent observed wavelengths and intensities from 13 to 9.5 A. The intensities

are normalized as in Table I.

I A, (Aj Footnotes I A (A) Footnotes ~ (A) Footnotes

a, b, Bef. 9 0.17
b, Bef. 9 0.24

0.17
0.14
0.28
0.13
0.18

12.40 d, Ref. 7 0.27
12.38 0.19
12.32 a, d, Ref. 13 0.14
12.28 0.15
12.25 c, Ref. 8 0.09
12.23 0.22
12.19 a 0.12

0.07
0.11
0.09
0.09
0.09
0.15
0.07
0.09
0.07
0.12
0.10
0.10

0.26 12.97
0.22 12.93
0.29 12.91
0.29 12.88
0.25 12.84
0.29 12.81
0.22 12.76

b, Bef. 7

a, b, Ref. 9

a, b, Ref. 7

0.28 11.52 e, Ref. 120.25 12.49 a

0.25 11.43 e, Ref. 130 20 1245 a

0.17 12.42 0.14 11.41

0.17 12.70 p, 3p 12.12 c, Ref. 8

0.12 12.67 0 14 12 07 a
0.20 12.57 a 0.16 12.03
0.11 12.54 0.16 11.99
0.20 12.52 c, Ref. 13 0.14 11.96 a

e, Ref. 13
c, Ref. 12
c, Ref. 8
f

11.31
11.24
11.12
11.01
10.92
10.80 g, Ref. 24
10.76 c, Bef. 13
10.67
10.65 c, Ref. 13
10.62 a
10.56 a
10.43
10 35 a
10.17
10.14
10.05
10.03
9.98 a
9.83 d, Ref. 24

Data suggest more than one transition.
b Previously identified as a transition in Fe x-

Previously identified as a transition in Fe v".
Previously identified as a transition in Fe
Previously identified as a transition in Fe" "'.

0
Our calculations show 4p 2s, J; =1 —J~=p transition in Fe ' at 11.01 A.

~ Previously identified as a transition in Fe
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an identifying index y and the total number of LS
energy levels we have evaluated upon varying n

(—5), l(—2), S, andI

H, = p $;xp;+2eg, (r,.ixpivlc . jg y]g
'S;

(3c)

B. Energy levels (in LS coupling)

ieA
4

(2 )2 ~Pi ki 7 (3d)

H =H0+H„),

H„i = H, +H, +—H, +H~+H, =O(n'),
(2)

where H, is the usual nonrelativistic Hamiltonian
and

41
H, = — 3 2 ~p;)8m'c (3a)

1 e' 1 r, , ~ (r, , p,.}pi
i~j ij ij

(3b)

For the 678 states described in Table III non-
relativistic energies were evaluated using a Har-
tree-Fock computer code" modified to accelerate
convergence and automated to facilitate study of
such sequences of states as of interest here.

Clementi" has discussed relativistic corrections
for closed-shell atoms. Similar results may be
obtained for open atomic shells. Starting from
the Pauli approximation to the Breit equation, "
the atomic Hamiltonian is written

16m, v = - 1
H, = — p.

' ~ S; S,.5(r, i)+ —,

3(S; r,.„)(S,. r, , )
'

~
~

~

U

(3e)

o. is the fine-structure constant, ii = eh/2mc, and

(,.=z —'*
j~i ij

determines the electric field at the ith electron.
(The summations are taken over the N electrons
of the system. )

For Hartree-Fock orbitals standard methods
result in the following corresponding relativistic
energy corrections:

(i) E, = ——gq„[I,(v) —2l(l+ 1)I,(v)
V

+ l'(l+ 1}'I,(v)],

where q, is the occupancy of the vth orbital (v des-
ignating the n, l quantum numbers) and

Eight-electron systems (0 sequence)

&=1 1s 2s 2p ( $)nl(L~) (24
2 ('D) (72
3 ( P) (56
4 1s 2s2p ( P)nl( L~) (56
5 ( D) (72
6 ('$) (24

('P) (56
1s2 2p 5 (2P)nl(sL ~) (5

states)
states)
states)
states)
states)
states)
states)
states)

Nine-electron systems (F
y= 1 1s 2s 2p'('P)nl( I J)

2

('$)
4 1s 2s2p' ('P)nl( Lz)

('P)
6 1s 2P ('$)nl( Lz)

sequence)

(56 states)
(36 states)
(12 states)
(56 states)
(28 states)
(12 states)

Ten-electron systems (Ne sequence)

2

y = 1 1s 2s 2p ( P)nl( L&) (56 states)
2 1s 2s2p ( $)nl( LJ) ( 6 states)

TABLE III. Core specification of eight-, nine-, and
ten-electron systems and the number of L$ states eval-
uated for each.

I, (nl) —= dr [P„",(r)]',
0

co

I,(nl) = dr + P„",P„„ l & 0,
0

1I,(nl)-=dr —,P„', , l&0.
0

In obtaining these expressions, the Hartree-Fock
orbitals are written

(r ~nlm) = (1/r)P„, (r)Y, (r)

(ii) E, —= 0 for a product wave function. "
(iii) H, contains the spin-orbit interactions, and

may be rewritten"

~I 2

= HsQ —H3,

where the prime indicates that the summation is
restricted to open shells only. Evaluation of the
spin-orbit energy EsQ is described in Sec. IC be-
low. The spin-other-orbit energy E,' may be
evaluated using Ref. 28 [Eqs. (13) and (18)], and
is generally dominated by the same-shell terms,
for which Horie" has given expressions in terms
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TABLE IV. Total. relativistic energy of some eight-electron systems on an iron nucleus and

its elements.

Configuration

] s2 2 s2 sp4(3p)

(1s)2

(2s) 2

(2p)

Ef„(eV)

EH) = —28, 397 eV

—794, 0
—100.0

30.5

E, +E, (eV)

+ 642.0
63.7
0.08

~
rel (e V)

—152 0
36.3
30.5

Efe) = —219.0

1s 2s2p ( Q}

(1s)
2s

(2p)'

EH). = —28, 295 eV

-793.0
—50.6

37.8

642.0
32.1
0.10

—151.0
18.5
37.7

1s2 2p6(iS )

(1s)'
(2p)'

E„,-, = —28, 162 eV

642.0
0.12

—151.0
—45.0

E„,,) = —196.0

of orbital integrals provided by the Froese code."
In our results here we find this residual spin-oth-
er-orbit energy to be unimportant and have ac-
cordingly neglected it.

in terms of

f,(nl) —= Z[(1/r)P'„, ,]„„ l = 0 only,

),( l)= I ~ p'„„

1
f22(nl, n'l') = dr

o

(v) H, conte. ins two contributions, H, =H»+H».
E» is the spin-contact term,

(E„=
~
Q(q'„-a, )f,(v)+ q„q„,f„(v, v') ~,

and is generally combined directly with E~. E»
is the spin-dipole-dipole term and is nonvanishing
only between pairs of open shells. The same-
shell terms dominate, may be evaluated similarly
to H,'above, and are similarly small. In our re-
sults here the term E» has been ignored.

Thus we approximate the total relativistic ener-
gy by

&t.t = EaF + E,.) = &sr + (&i+&.+ &»),

E» being the nonrelativistic Hartree-Fock energy.

In Table IV we present the various elements of
Etl. (4), broken down by orbital, for a. few eight-
electron states. As we see, the relativistic ener-
gy per orbital is relatively insensitive to occupan-
cy and coupling, and the total is additive. The
orbital energies do vary slowly with the total num-
ber of bound electrons. In Table V we list approx-
imate orbital energies per electron, z„(f)f), for
five through ten electrons bound to an iron nucleus
such that the total relativistic correction may be
written in terms of the orbital occupation q„as

E ( q„e„
V

to within a few percent accuracy.

TABLE V. Number of allo~ved transitions.

& (electrons) L S coupling Intermediate coupling

603
1021
1068

661
167

9

1366
281

21

C. Intermediate coupling

As is well known, "intermediate-coupling cal-
culations are necessary for state identification of
ten-electron systems, even for the neutral spe-
cies Ne. With increasing nuclear charge, I.S cou-
pling is expected to become less and less appli-
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cable. Accordingly we have transformed our nu-
merical LS Hartree-Fock results to an interme-
diate coupling representation. Two energy contri-
butions which are nondiagonal in LS coupling have
been considered.

(i) The spin-orbit terms result from the nondi-
agonal matrix elements of Hso [Eq. (3c) above].
The numerical Hartree-Fock code evaluates the
usual spin-orbit parameters f» and f„, from the
computed radial orbitals. " Standard Racah alge-
bra techniques" allow expression of Hso matrix
elements in terms of these. We simply present
our results. In general,

Three oPen shells. For the form

(s[p"('PL, )]("L,)l('L, )
I

"
I
s[p"('stL,'}]("L,') l(' L',)),

the following equation holds:

~3 $31 (32 7

where

~1 ( I)S/t+S c/ 3[(22$ + I )(2$t + I )]1/2

1
p S, z

(5d)

I
E LJ $ l Sg LJ'

&3= &31+ &3.

where
L, L l

&„=~„(-I)'"'"'
L' I,'

( I )Sc+1/2+S

ScS z

x r("L,
I

p" "L,'),
S Sc 1

(5a)

r( ~ ' '
I
p"

I

"' ) = ( "
I
&6&"(p"}

I

"} is tabulated by
Racah (Tables X and XI of Ref. 33), and

l L L,
(-1)' "" ( 1)sc+&/s+S

l

S S,
X

C C C C pSI 1
(5b)

(b) for

( [p"("L.}]('L,)
I

~ ~ ~

I
I p"("L;)]('L;»,

the following equation holds:

~LLEW L' Lp ] 4 Sp+1/ 2+ S
[(2L+ 1)(2L'+ 1)]"' '

Sp S p

r(+L, Ip" I' L,')
S' S' 1

(5c)

J S L

( 1)s 'tl +/

1L~ S'

x [(2L+ 1)(2L'+ 1)(2$+ 1)(2$'+ L)]' 'g, (5).

Tzuo open shells (a) For.

(p"("I..)l('L, )
I

"
I
p"("L,')I('L,')),

the following equation holds:

and $„and $» are from Eqs. (5a.) and (5b) above.
(ii) Nondiagonal electric terms have been de-

scribed by Slater, "who tabulates expressions for
the regular coefficients. The necessary radial
integrals have been evaluated by averaging our
numerical Hartree-Fock results over the contri-
buting LS values. The variation of the individual
values about their average is generally less than
a few percent of their value, owing to the small
coupling dependence of the radial orbitals.

Given the energy matrix elements which are non-
diagonal in LS coupling, the energy matrix was
diagonalized numerically. Table VI contains some
examples of the results for eight-, nine-, and ten-
electron systems bound to an iron nucleus (Z = 26).
The total Hartree-Fock binding energy W„F of the
system and the relativistic correction W„, are
presented, as well as the successively more de-
tailed excitation energies E (eV): (i) E( L), Har-
tree-Fock excitation energy (with relativistic cor-
rections); (ii) E( Lz), the above with J splitting
treated by first-order perturbation theory; (iii)
EJ ', the corresponding energy resulting from the
intermediate-coupling calculation with only the
nondiagonal, spin-orbit interaction included; and

(iv) Ez"', the full intermediate-coupling energy,
including both electric and spin-orbit, nondiagonal
interactions.

It is apparent that the relativistic and interme-
diate-coupling energy shifts are of comparable
magnitude. As seen from comparison with data
(Tables I and II}, a, discrepancy between theory
and experiment of less than 0.25% is observed,
so the necessity of calculating such detailed effects
is apparent. For each ionization state, we have
included in Table VI examples of configurations
between which radiative transitions are observed,
and have indicated with an asterisk the excitation
energies corresponding to L -S forbidden transi-
tions. The observed spectrum is much richer
than would be predicted by LS coupling. Thus the
dominating reason for an intermediate-coupling
calculation is for spectral identification.
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TABLE VI. Some examples of the change in calculated spectrum when intermediate coupling
is included. (Excitation energies corresponding to &-S forbidden transitions are indicated by
an aster isk. )

Total energy (eV) Excitationenergy Inter mediate coupling
NH~ Q„,~

E( g) ~( ~ ) &(&) g(2)

Ne: 2p6( S)
2P5( P)3d

2s2P6(2S) 3P

0 0
0 1

1 1
0
1 1

-31 012
—30 193
—30 204
—30 128
-30 131

—226.8
-223.3

223.2
—213.5
—213.6

0
822.5
811.5
897.3
894.2

0
823.1
813.8
897.6
895.0

0 0
826.0 826.0~
812.1 812.1*
898.1 898.1
894.5 894.5*

2P'(2S)

2P4('D) 3d

1

1

a
12

2 11

2

3

-29 751
-29 751
-28 891
—28 891
—28 891
-28 890
—28 890
—28 890

—223.1
—223.1
-219.1
—219.0
—219.0
—219.Q

—219.0
—219.()

0 12.4
0 0

864.0 867.7
864.1 868.5
864.1 868.3
865.1 869.2
865.1 869.6
865.1 868.4

12.4
0

870.1
871.8
870.5
871.8
871.9
870.7

12.4
0

869.8
878.2
873.0
876.2
873.8
869.7 +

0: 2s 2p ( Pg)

2s2P'{'D) 3p( L~)

2 s2p4( 2D ) 3p( SJ

1 1
1 1
1 1

0 1
Q

0 3
1 1
1 1

1 1
1 2
1 2

1 2

1 3
1 3

—28 397
—28 397
—28 397
—27 424
—27 425
—27 429
—27 427
—27427
-27 427
-27 428
—27428
-27428
—27 432
—27 432

—218.9 Q

—218.9
-218.9 0
—204.5 987.5
—204.5 986.4
-204.5 982.4
—204.4 984.5
—204.4 984.5
—204.4 984.5
—204. 5 983.4
—2Q4, 5 983.4
—204.5 983.4
—204.5 979.4
—204.5 979.4

13.6
8.66
0

991.6
990.7
986.9
989.8
989.3
988.3
987.4
987.8
988.3
982.7
983.8

9.72
10.6

0
994.8
994.0
988.6
990.8
990.1
990.5
987.7
989.3
991.7
983.7
985.6

9.72
10.6

0
994.3*
991.5*
988.3*
990.9
993.2
996.3
987.8
989.1
991.6
984.0*
985.9*

D. Transition probabilities

Given the energy levels, wave functions, and in-
termediate-coupling amplitudes, application of the
farn. iliar electric dipole selection rules determines
the spectrum. The intermediate-coupling ampli-
tudes are the coefficients C~s of the expansion

where P~ is the intermediate-coupling wave func-
tion and the g» axe its constituent I.S wave func-
tions evaluated by our numerical Hartree-Fock
equation.

The numbers of lines obtained (with energy hm

& 700 eV) in strictly I,S coupling and in interme-
diate coupling are given in Table VII.

For each allowed transition found by this process
an f number is evaluated, according to"

g,f,&
———,'(I&u, ,/(R„)S(Z)o'„. ;

g,. is the statistical factor, k~„ is the transition

TABLE VII. Relativistic orbital energy corrections
(eV) for & electrons on an iron nucleus.

10

1s -76.7
2s -20.8

2P —8.8
3s —6.6
3P —3.4
3d —1.1

—76.6
-20.1
—8.6

6.0
3.1
0.98

-76.5
-19.3

8.1
5.8
2.8
0.85

—18.5
—7.5

5.5
2.6

—0.73

-75.9
—18.0
—7.3

5.0
2 ~ 3
0 ~ 62

—75.4
—17.6

7 ~ 2
—4.5

2.0
0.51

energy, 6t„= 13.6 eV is the Rydberg constant, S(Z) is
the result of the angle integrations, expressed as the
square of the sum over LS terms weighted by C~s'
or more succinctly by Cowan, "and o', , is the ra-
dial matrix element. In the results presented her e
the radial integral has been evaluated by the Cou-
lomb approximation" and not by integrating the
Hartree-Fock wave functions, so our f-number
values are accordingly less accurate but are suffi-
cient for our purposes here.
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IV. SUMMARY

The x-ray spectrum of a laser-produced Fe
plasma has been observed with a curved-crystal
spect;rograph between the wavelengths 9.5 and

0

17.0 A. Wavelengths and relative intensities have
been determined for 96 lines.

For the strongest part of the spectrum, above
13 A, almost all of the observed lines have been
identified as radiation from Fe ", Fe "', and
Fe ' ions. Full intermediate-coupling, Hartree-
Fock calculations with relativistic corrections
give calculated wavelengths which agree with
the experiment to within less than 0.25'/g. Because
of the strong intermediate coupling, transitions

are identified by the total angular momentum of the
initial and final states and by the single electron
transition.
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