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Collisional rate coefficients for the iron ions Fe vm, Feix, and Fe xf
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Relative values of rate coefficients for excitation by electron collisions were determined experimentally for
various transitions in Fevru, Fe lx, and Fe x at two plasma conditions in a small 8-pinch. Collisional ionization
rates were also obtained for these ions. The maximum errors of the relative values of the excitation rate
coefficients are estimated to be ~30% to ~40% and those of the ionization rates to be a factor of 1.5. Iron
pentacarbonyl [Fe (CO),] was used as an impurity in hydrogen or helium gases. The electron temperature
and density were obtained from the analysis of scattered laser light. They were in the range 60-150 eV and
10' to 2 X 10' cm ', although this range was not available for each ion. The excitation rate coefficients were

calculated by the use of the Coulomb-Born approximation. Comparison with experiment is made within each
ion and also between ionization stages. A discrepancy in previous Coulomb-Born calculations is noted for the
case of Fe vill.

I. INTRODUCTION

The availability of hot plasmas in various labora-
tory devices makes possible the measurement of
collisional rate coefficients for highly ionized
atoms. Standard techniques have been developed
to interpret measured absolute intensities of ions
in terms of rate coefficients for excitation, and
the time histories of properly chosen lines in
terms of ionization rate coefficients. ' ' In the
present investigation we studied experimentally,
as well as theoretically, the ions of iron Fe VIII,
FeIX, and FeX. The rate coefficients for these
ions are of immediate astrophysical interest.
They are also important for the assessment of
radiative energy losses from impurities in con-
trolled-fusion plasmas. In the past few years the
spectra of these ions have been analyzed and the
transition probabilities for various transitions
have been theoretically calculated by various
workers. 4 '

In order to determine the absolute rate coef-
ficients for excitation, the concentration of the
ion in the ground state must be known. However,
the absolute concentration of the iron ions could
not be determined, as will be discussed in this
article. In the following experimental section,
therefore, we present only relative rate coeffi-
cients for excitation and compare them with theory
where possible. The theoretical excitation rate
coefficients are calculated in the Coulomb-Born
and in the g approximations.

II. DESCRIPTION OF THE EXPERIMENT

A. Apparatus

The plasma was generated in a 0-pinch machine
which was primarily built as a spectroscopic
source. The device itself and some of the diag-

nostic equipment have been described already
elsewhere. '

B. Introducing iron into the discharge tube

Iron, being a solid, presents some difficulty if
one wants to add it in small quantities to the initial
base gas in the discharge tube. Since the dis-
charge tube is always maintained at relatively low
pressures, i.e. , below 30 pm (the initial base pres-
sure without gas is 10 ' Torr), compounds of iron
could be used which vaporize at these pressures.
Ferrocene (FeC»HM) and iron pentacarbonyl
[Fe(CO), j are two such commercially available
compounds.

Ferrocene sublimates and has a vapor pressure
of 250 mTorr at a temperature of 27 'C. Iron
pentacarbonyl is a liquid with a vapor pressure of
20 Torr at 25 'C. The latter compound had been
used already elsewhere for adding iron into the
discharge tube of a O-pinch. '0

Since the first compound did not produce stable
and reproducible plasma conditions, the second
one was also used in our investigations. The vap-
ors of iron pentacarbonyl were drawn into a bottle
and mixed with a desired concentration of the base
gas. This premixed bottle was used to feed the
mixture into the discharge tube. A magnetic
stirrer maintained a uniform mixture of gases in
the bottle.

C. Discussion of the two plasma cases employed

Several plasma cases corresponding to different
filling pressures of hydrogen and helium with dif-
ferent concentrations of iron pentacarbonyl,
Fe(CO)„were examined in order to find stable
plasma conditions suitable for our spectroscopic
investigations. One main condition mas that the
intensities of the lines mould not show large fluc-
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tuations from shot to shot but would be rather
reproducible. From those studies the following
discharge conditions were found to yield very
stable and reproducible plasma conditions:

Case I: 23 mTorr H, with 0.15% Fe.
Case II: 20 mTorr He with 0.8% Fe.

In both cases, a reverse-bias magnetic field of
—600 0 was applied to the preheated plasma. The
time history of the Fe II line at 2599 A observed
in the preheater phase, and the time history of the
C V line at 2271 A during the main discharge,
served as monitors of the plasma conditions from
shot to shot. Both monitors viewed the plasma
in the midplane of the discharge coil.

The electron density and temperature were ob-
tained by the light-scattering technique as func-
tions of radius and time. In the 23-mTorr H, case,
the temperature and density were found to be
homogeneous to better than 10% after 1.4 psec
across a radius of 1 cm. In the 20-mTorr He
case, on the other hand, the plasma did not settle
to a steady plasma column over the confinement
time of our experiment, as oscillations were ob-
served in density until 3 p. sec after the beginning
of the discharge. This revealed that the radial
oscillations originating from the initial implosion
did not damp away until that time. The emitted
line intensities, however, were quite reproducible
and did not present any difficulties in the analysis.

D. Line-intensity measurements

The absolute intensities of the lines emitted
were measured with a 2-m grazing-incidence
monochromator (1200 lines/mm and a grazing-
incidence angle of 86') equipped with a photomulti-
plier and P-terphenyl as scintillator. The cal-
ibration was done using the branching-ratio tech-
nique as previously described. " However, the
procedure was i~proved by obtaining the line-
intensity ratios from plots of the corresponding
line intensities vs the added impurity concentra-
tion. The uncertainty of self-absorption was thus
eliminated.

Among all identified lines of the iron ions of
interest, the absolute intensities were measured
only for those transitions which were not blended
and whose background could be measured in the
vicinity of the line. It was not feasible to deter-
mine the background radiation by a measurement
without added iron, since the plasma conditions
were altered. For this reason, the plasma param-
eters (density, temperature, length of plasma
column) were obtained specifically for the dis-
charge conditions with iron pentacarbonyl added.
The length of the plasma column as a function of

time was obtained in each case by observing the
C V 2271-A line through equidistant holes along the
side of the coil. ' This effective length varies be-
tween 70 and 90% of the coil length.

From these line intensities it is possible to de-
rive the absolute rate coefficients if the ground-
state population of the ion is known. ' ' In pre-
vious experiments, ' " the element of interest was
added as an impurity to a base gas such as hydro-
gen. (Typically, the impurity had a partial pres-
sure of the order of 1% of the base gas pressure. )
In order to determine the number of impurity
atoms in the plasma state, it was assumed that
the various ions and electrons mix evenly during
the compression, and the relative abundance of
the elements would be the same as it was before
the discharge. Since each hydrogen molecule
yields two free electrons, a measurement of the
total electron density would give the total ion den-
sity of the impurity element. In the previous ex-
periments, the added impurity was a lighter ele-
ment of the periodic table (e.g. , He, 0, N, C, Ne,
etc. , the heaviest being Si), and the above assump-
tion proved to be justified. It was also found ex-
perimentally that in the case of gases not interact-
ing with the walls of the discharge tube the inten-
sity of the lines increased linearly with added
concentration, as long as it did not become too
large so as to influence the plasma conditions sig-
nif icantly.

However, the assumption of a constant mixing
ratio was found to be not valid anymore in the
case of heavier elements such as argon. " The
heavy argon atoms did not mix evenly with the hot
plasma, and the concentration of argon was less
than could be expected from the filling ratio.

Therefore, the estimation of the impurity con-
centration assuming a constant mixing ratio can-
not be used for heavy ions, although it will yield
an upper limit in those cases. Some other suitable
method is needed to determine the iron concen-
tration in the plasma. This is not easy, since
reliable values having an accuracy of 10% or better
are desired. Hence only relative excitation rates
were derived.

III ~ EXPERIMENTAL RESULTS

The average l.ine intensities as measured at the
time of signal peak are presented in columns 4 and
5 of Tables I, II, and III, in units of W/cm'sr for
the observable transitions of FeVIII, Fe IX, and
Fe X in the two plasma cases investigated. Each
value represents an average of at least ten re-
producible shots, and often such determination
was repeated two or three times.

The wavelength of the line and the details of the



1078 R. U. DATLA, M. BLAHA, AND H. - J. KUNZE 12

TABLE I. Fe v&tl line intensities in W/cm sr and plasma parameters.

Transition
gf

(present calculation) 23-mTorr H2 20-mTorr He

3p 5f F-3p 3d D
3p 4f F-2p 3d D
3p'3d'-3p'3d.

(F) D3(g- D3/g
PP j'Pw, Ds~, —

(P) Pg(2- D3(2
('»'F v2-'Dv2
PF ) 'F,&, 'Dv-

108
131.1

167.5
168.6
168.9
185.2
186.6

1.683
4,365

4.182
3.340
1.854
3,006
2.089

65
155

398
314
236
525
338

34
123

262
236
129
324
241

l (cm)
Ã (10'6 cm 3)

& (e~)
p
t (psec)
Tcv (eV)

20
1.25

95
46Vp

1.5
293

18.4
1.0

50
627o

1.4
152

~ Corrected for optical depth.
Reference transition.

transition are given in columns 2 and 1. When the
whole multiplet is measured, the average wave-
length is quoted.

The electron density and temperature at the
time (t) of peak intensity of each ion are given
at the bottom of each table. The relative concen-
tration P of each ion at this time was obtained
from a computer solution of the coupled rate equa-

tions governing the successive ionization stages. '
The experimentally determined electron density
and temperature were used as input.

The effect of self-absorption on the resonance
lines was corrected for theoretically, by using
the procedures described in detail in Refs. 13 and
14. For this correction the temperature of the
ions must be known, as well as the density of the

TABLE II. Fe lx line intensities inW/cm sr and plasma parameters.

Transition 23-mTorr H& 20-mTorr He

3p 4s P i-3p 8

3p '4f-3p'3d:
3D-~P

6 -3F

'G 4-'D3

3p 3d-3p
1 1so

Dg- So

l (cm)
N (10~6 cm )
~ (eV)

p
t (p, sec)
T'cv (eV)

105.21

111.9

114

115.4

116.8

171.1b

217.1

0 ~ 148
(Ref. 7)

3.79
(Ref. 7)

9.00
(Ref. 7)

1.97
(Ref. 7)

2.87
(Ref. 7)

3.72
(Refs. 8, 15)

0.006
(Ref. 15)

100

52

100

2745

20
1.2

95
37%

1.6
293

65

50.5

1394

144

18.4
1.0

50
50Vo

1.5
152

Corrected for optical depth,
Reference transition.
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ions in the ground state. A direct measurement
of this temperature was not possible, because
the ions formed in the main discharge did not have
strong lines in the visible-wavelength region whose
Doppler broadening could be easily measured. Ob-
servations on other impurity ions in O-pinches, on
the other hand, show that heavy ions usually have
temperatures of similar magnitude; we used,
therefore, the Doppler temperature of C V in the
calculation of the optical depth. This assumption
is supported by the observation that line profiles
of the FeX line at 365.6 A obtained end-on, for
example, did not indicate any broadening beyond
the instrumental profile, even for a slit width
of 30 p.m corresponding to 0.12 A. Also, the ion
temperature of oxygen ions observed end-on
agreed with the temperature of the C v ions mea-
sured side-on in the midplane of the coil.

The ground-state population of Fe VIII is esti-
mated from the measured emission coefficient
e of the 3d-4f transition. This line is selected
since its oscillator strength is so low that the line
is certainly optically thin. In order to obtain the
population of the lower level, the theoretical

(Coulomb-Born) excitation rate coefficient was
used. Since the populations of the excited states
are small compared to the population of the ground
state, one can safely assume that practically all
ions are in the ground state, and one obtains the
corresponding population of the ground states of
Fe O: and Fe X from the relative concentrations
P as quoted in Tables I-III. The corrections to
the intensities calculated according to Ref. 14
were found to be only a few percent for the plasma
case I, whereas in case II they were 40% for the
Fe]X line at 171.4 A and 199O for the Fe X line at
174.6 A; this larger correction is due to the higher
iron density and lower ion temperature. Higher
iron ion temperatures would reduce these cor-
rections.

Emission lines yield the ionization rate coeffi-
cients through a comparison of observed time
histories with computed ones. The coupled rate
equations were solved using the analytic form of
Ref. 3 for the ionization rate coefficients, taking
into account also the ionization from the next
inner subshell of each ion. In the case of FeVIII,
ionization from the 3P subshell is two times the

TABLE III. Fez, line intensities in W/cm sr and plasma parameters.

Transition
gf

Q,efs. 7, 8) 23-m Torr H2 20-mTorr He

94.0
96.1
97.1

100.0

102.0

101.4
102.8
104.3

139.9

174.6
177.2
190.02

365.6

3P 4s-3P .
2 2D5/2- P 3/2
2 2P3/2- P 3/2
P 3/2- P 3/2

3p 44f -3p'3d.
(3P )4F (3P )4D

('P)'C-('P)'F
('D)'~„/, -('D) „,
(P) G9)2 pP) F,(2-
( 8) 5/2-( S) 3/2
('D)' ~/2-('»'F 5/2

3p 44p -3p 43d:

(» F7/2-(» Ge/2

3P 43d-3P '
PP)'Ds)2 'P „, -
(P) P3/2- P3/2
( D) S&/2- P

3s 3p '-3p '.
2 2
~1/2 P 1/2

0.37
0.47
0.2

3.88

17.77

1.38
1.96
1.86

0,52

6.51
3.21
0.26

0.33
(Ref. 16)

99
109

61

95

22
7, 2

23

147

2047
1660
445

56
76
34

113

1074
633 ~

154

E (cm)
N (10'6 cm 3)
7' (ev)
p
t (psec)

cv (ev

20
1,2

142
41%

1 ' 9
293

18.4
1.4

95
55%
2.1

152

Corrected for optical depth.
Heference transition.



IOSO R. U. DATLA, M. BLAHA, AND H. -J. KUNZE 12

ionization from the outer 3d shell. In FeIX and
FeX, the inner 3s subshell contributes 20% and
16% of the outer 3P shell contribution, respec-
tively, to the total calculated ionization. In the
computations, the theoretical rate coefficient was
varied by a factor A until observed and computed
time histories agreed. This factor If = I„„/I,„„,„
is given in Table IV for the 23-mTorr case only,
since this plasma was more homogeneous, with
fewer and smaller radial oscillations in density and
temperature. A variation of It by 15% caused a
noticeable difference between computed and ob-
served time histories.

IV. CALCULATION OF COLLISIONAL EXCITATION

CROSS SECTIONS AND EXCITATION RATES

The relative rate coefficients of excitation ob-
tained from our measurements of resonance lines
of FeVIII, Feo", and Fex are compared with the-
oretical values in Table V.

For FeVIIl, all excitation cross sections were
calculated in the LS coupling scheme without re-
gard to any possible mixing of levels.

For FeIX and FeX, we took into account the
effects of mixing on the excitation cross sections
Q by using the f values of Fawcett et al. ,

' '

TABLE IV. Ratio R of experimental. to theoretical
ionization rate coefficients.

Ion
T, (eV)
range

T, (eV) at
ion peak

R
23-mTorr H2 case

Fevttt
Fetx
Fex

60—150
70-150
90-150

110
125
142

0.48
0.62
0.54

Cowan, "and Garstang, " in the formula

Q(aJ-a'J') =(8m/v 3)(E~E) 'f(aJ, a'J')gma', ,

where E and ~ are the electron energy and the
excitation energy (in rydbergs), respectively, and

g is the effective Gaunt factor which depends on E.
Values of g were taken either from Van Rege-
morter" (the results are referred to as g approxi-
mation) or from our Coulomb-Born (CB) calcula-
tions.

Besides the excitation rate coefficients given in
Table V, we have calculated cross sections and
rate coefficients for 28 other transitions in FeVII&,
Feo', and Fex. Details and results of this cal-
culation are given in Ref. 18.

The comparison of our collision strengths with

TABLE V. Relative rate coefficients of excitation.

Ion
ancl

Transition
Coulomb-

Expt g approx. Born approx.

Seaton-
Burgess
approx.

Coulomb-
g approx. Born approx.

Seaton-
Burgess
approx.

Fevttt
Bp 63d- Bp 65f
Bp 63d- Bp'4f

0.36
1

Bp 63d 2D Bp 53d 2 2D

3p Bd2D-3p 3& P 4.86
Bp63d2D 3p53d22p 8 p5

T1=95 eV
0.265 0.296

1 1
(6.12x 10 ' (6.7x 10 "

cm~/sec) cm /sec
1.79 3.73
2.17 4.56
2.45 5.4

0.206
1

(8.2x 10 10

cm'/sec)

0.23
1

3.05
4.14
6.76

T2=50 eV
0.218 0.25

1 1
(3.44x 10 (3,35x lp "

cm3/sec) cm3/sec)
2.18 4.82
2.56 5.87
3.02 7.5

0.17
1

(4.14x 1O-"
cm /sec)

Fetx
Bp So-Bp 4s P1
Bp 61S Bp 5M fP

3p61S -Bp53d~D,

3p P-3p 4s 2D5]2

Bp 2P-Bp44s 2P&&2

BP "P-BP44s 4P„,
3P P-3P Bd D@2

0.023
1

0.2

0.026
0.032
0.016
1

0.017
0.024
0.0097

1
(32.3 xlO "

cm~/sec)

0.004
0.006
0.003

1
(75.6x 1p-«

cm3/sec)

T1=95 eV
0.0146 0.0034

1 1
(gpx10 " (218x 10 "
cm~/sec) cm /sec)

0.0026 0.0028

T1=142 eV

0.029
1

0.131

0.028
0.042
0.017

1

T2=50 eV
0.0098 0.0019

1 1
(5g.gx lp-«(143x 10 "

cm /sec) cm /sec)
0.0028 0.0032

T2= 95 eV
0.0154 0.003
0.023 0.005
0.0089 0.002

1 1
(27.3 x 10 ' (69.3x 10-«

cm3/sec) cm'/sec)

3p ' 2P -3p 43d 2PS&2

3p' 'P-3p4M 2S~2
3p P -3s 3p S1g2

0.857
0.903
0.225

0.529
0.167
0.564

0.523
0.166
0.571

0.62
0.595
0.154

0,527
0.168
0.593

0.523
0.167
0.648
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values obtained by Czyzak and Krueger' shows in
several cases large discrepancies, caused mainly
by the difference in partial wave contributions
from l =7 at higher energies. Our partial collision
strengths change smoothly with l and do not show

any conspicuous peak at l =7, as do the values of
Czyzak and Krueger. The largest disagreement
is in the case of 4p-5s at E/~=4. 0, where our
value is 7.2 times smaller. Our collision strengths
for the 4P-5s and 3d 4f tra-nsitions compare much
more satisfactorily with the semiclassical approxi-
mation presented in the paper of Czyzak and
Krueger.

V. INTERPRETATION AND DISCUSSION

A, Excitation

Table V gives the relative rate coefficients of
excitation as obtained for the resonance lines in
FeVIII, Fels, and FeX. The results are given for
the two plasma cases separately, under the head-
ing of the respective electron temperature. In
each ion, one transition is used as reference, and
absolute theoretical rate coefficients are quoted
in parentheses for these transitions. Theoretical
ratios of the rate coefficients are given for the
effective Gaunt factor approximation of Van Rege-
morter" (g approximation), the CB approximation,
and, in the case of FeVIII, for Seaton's and
Burgess's semiclassical approximation taken from
Ref. 5.

The ground states of Fe~II and FeX are doublet
states. At the electron densities of our experi-
ment (=10"cm '), both levels are populated ac-
cording to their statistical weights, since colli-
sional transitions between the doublet states are
much stronger than the radiative transitions. The
critical electron density above which collisions
take over radiative decay of the upper level is
10' cm ' for FeVIII and about 10" cm ' for FeX
(Ref. 19). When transitions are possible to both
doublet levels of the ground term from an excited
state, and only one of these transitions was mea-
sured, the emission coefficient of the other com-
ponent was calculated using theoretical transition
probabilities; in this way, the average rate coef-
ficient from the total ground state was obtained.

In the case of FeVIII, the experimental values
are generally within +30% of our CB results. Us-
ing the gf values for the 3P'3d' configuration ob-
tained by considering term mixing, ' the agree-
ment of relative X-s for the 3p'3d-Sp'Sd' array
becomes +20%. However, when comparison is
made with the 3d-4f excitation, as is done in Table
V, the relative calculated values of X for 3p'3d'
are higher by a factor of -1.5 than measured val-
ues.

It can be seen further that the values for the
excitation rate coefficient given by the g approxi-
mation are close to the CB calculations for hn0
transitions, and are a factor &2 too low in An =0
transitions, as was observed before. ""'"

The ground state for FeI& is 3p''Sp The refer-
ence transition is between this ground state and
the level SP'3d 'P, . Only three transitions to the
ground state are measured. By comparing the
measured and theoretical ratios, we see that the
transition 3p' 'S,-3p'3d 'D, is on the average 55
times more frequent than expected from CB val-
ues. It is seen from Ref. 15 that there is negli-
gible mixing of 'P, and 'D, terms in this 3p'3d
configuration, and additional CB calculations with
exchange showed that the rates change at most by
20% due to exchange. There could be a population
mechanism of the 'D, state by a collisional cou-
pling with other fine-structure states and (or) by
the process of exchange collisions between singlets
and triplets. The discrepancy may also be due to
the process of cascading from higher levels and
the uncertainty of the gf value.

The excitation rate to Sp'4s'P, is 6.5 times
higher at 95 eV and 15 times higher at 50 eV than
expected from theory, as seen from Table V.
However, the cascading contribution from Sp'4p'S
to Sp'4s 'P, as calculated by the CB approximation
was equal in magnitude to direct excitation at both
temperatures. Similarly, the cascading contribu-
tion from SsSp'4s to Sp'4s Py was found to be 1.7
times higher at 95 eV and 1.5 times higher at 50
eV than the direct excitation. Hence, after includ-
ing the cascading, the experimental value is 2

times higher at 95 eV and 4 times higher at 50 eV
than expected theoretically. The remaining dis-
crepancy could be due to exchange collisions from
the ground state which are not considered in our
theoretical calculations.

In the case of FeX, we find that the levels of the
Sp'4s configuration are excited five to six times
more frequently than expected from the CB cal-
culations. One of the three observed transitions,
3p"P, ~,-Sp'4s 'P, ~„ is an inter combination line,
and for the calculation of the rate coefficient the
process of exchange could again be important.
The cascading contributions from the Sp44p and
SsSp'4s configurations to Sp44s levels were con-
sidered in I.S coupling by taking the proper branch-
ing ratios. The contribution from the Sp44p to
'P, ~, and 'D, ~, levels of SP'4s was found to be
about equal in magnitude to the direct excitation.
The contribution from SsSp'4s to these levels was
found to be negligibly small. Hence this discrep-
ancy between the experiment and theory would
still be by factors of 3 to 5.

Still discussing Table V, the better agreement
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TABLE VI. Comparison of relative photon fluxes be-
tween the present experiment and solar observations,

Ion Transiti. on

So1ar EUV
spectrum
Qef. 23) Present expt.

Fe vt11

Few

Fex

3d 2D-4f 2F

3p 83d 2D 3p 53d2 2D

3p 5M2 2P

-3p 53d2 ~F

3p "S-3p'3d 'P
-3p 4s P 1

3p 5 2P 3p 44s 2D5/2

-3p 44s 2P
3/2

-3p 4s Py24 4

-3p 43d 'D,&2

-3p 3d Pg2
-3p 3d Sg2

1
2.66
4.5
8.75

1
0.012

0.033
0.0335
0.015
1
0.58
0.34

95 eV
1
3.6
4.89
8.05

95 eV
1
0.029

142 eV
0.026
0.032
0.016
1
0.86
0.9

50 eV
1
3.05
4.16
6.7

50 eV
1
0.023

95 eV
0,028
0.042
0.017
1
0.62
0.6

between the experimental ratios and the values ob-
tained from the g approximation should be viewed
only as a coincidence. It is also interesting to note
that for this excitation to the Sp44s states, the
values from the g approximation are about four
to five times higher than the CB values. There-
fore in this An=1 case, CB values are smaller
than the values obtained from the g approximation.

The excitations to the 3s3p"S, /, and 3p'3d Sy/2
levels from the ground state 3p' 'P, are not at all
in agreement with theory. At the higher tempera-
ture SP'Sd Sj/2 is 5.4 times more excited than
expected, whereas 3sSP"S,/, is 2.6 times less
excited. The factors at the lower temperature
are 3.6 for 3P'3d 'Sy/2 excitation, and 4.2 for
3s3p"S, /2 excitation, and the deviations are in
the same direction as noted at the higher tempera-
ture. These discrepancies may be partly due to
configuration interaction, which is neglected in the
evaluation of the gf values. This has been recently
verified by Mason. " Also, there are several other
multiplet levels in the 3p 3d configuration, and all
these may be coupled collisionally. The process
of exchange could also be important.

The excitation from the ground state 3p"P to
3p 3d 'P, /, is in agreement with theory to within
+30-40%, when both plasma ca,ses are averaged.

In Table VI a comparison is made between the
experimental ratios and the similar ratios ob-
tained from the analysis of the solar EUV spec-
trum by Malinovsky and Heroux. " Interestingly
enough, the solar data give ratios which are within
+35%% of our experimental ratios, excepting the
3p 'S-3p 4s P, .excitation in FeIX and the 3p''P-
3p'3d'S, /, excitation in FeX, where the experi-
mental values are factors of 2 and 2 to 3 higher,

respectively. The lack of statistical population
of the fine-structure states of the ground term
in Fe X in the solar corona cannot explain this
particular deviation. In fact, the general agree-
ment seen in Table VI shows that the intensity
ratios are relatively insensitive to density effects.
Our experimental results in the case of FeX are
consistent with the report of Malinovsky and
Heroux ": Both components of the transition
Sp''P-Sp 3d 'S are found to be stronger by a factor
of 3 in comparison to their expected intensity.
Also, the lines of the multiplet 3p"P-Sp 4s'D and
Sp"P-3p 4s 'P are reported to have high inten-
sities. It seems that the latter deviation is a gen-
eral trendfor these high-Z iron ions, as such a
disagreement was also reported in the case of
FeXIV.

The experimental ratios for all the ions show
an increase of population with temperature for the
lower-lying levels, e.g. , 3p'3d''+, 3p'3d 'D„and
3s3p"S, /„when compared with high levels. This
may be due partly to a real effect, e.g. , cascad-
ing.

The error estimated in the absolute calibration
of the grazing-incidence spectrometer was 25%
in the wavelength region 90-150 A, 30/o in the
wavelength region 150-210 A, and 40% for wave-
lengths lying above 300 A. However, the error
in the relative calibration of the instrument was
less (10/o, 1)%, and 25% in the regions specified
above). The estimated deviation on each experi-
mental ratio in Table V is thus between 20 and
30'/o.

B. Ionization

The experimental values are compared with the
semiempirical formula of Ref. 3, taking into ac-
count, of course, also ionization from the next
inner subshell. This formula agrees to about 10%
with proposed rate coefficients of Lotz."

The effect of autoionization has been discussed
by several authprs fpr varjpus iron jpns.
Bely" concluded that the effect is considerable
for Fe Xvand FeXVI (factors of 3 and 6 times the
direct ionization), but that it would be very small
for lower-Z ions like FeIX and Fe".. The total
rate given by Bely27 for Fe IX is 7% lower, and for
Fe X 4.5% lower than our calculated value used in
Table IV. Jordan" noted that the autoionization
process is most important for isoelectronic se-
quences where there are many electrons in the
outer shell, e.g. , the NaI, Mgjt, CaI, and KI
sequences. Fe VIII is a potassium-like ion, ex-
cept that the outermost electron is in the Sd sub-
shell, unlike KI, where it is in the 4s subshell.
A theoretical estimate of autoionization is not



12 COLLISIONAL RATE COE FFICIENTS FOR THE IRON IONS. . . 1083

available for this ion from any of the references
above; however, from our experimental result
we can conclude that autoionization will not con-
tribute significantly to the total ionization of
Fe&III. As can be seen from Table IV, the ex-
perimental rate coefficients obtained for Fe VIII,
FeIX, a,nd FeX are 48%, 62%, and 54% of our
theoretical rates, respectively. The overall ac-
curacies of our experimental values are estimated
to be a factor of 1.5 or better.

In Ref. 3 it was found for Li-like and Be-like
ions, and in Ref. 12 for Na-like Ar7III, that the
experimental ionization rate coefficients were
also only 60% of the theoretical values, consistent
with the present results. However, the theoretical
ionization rate coefficients obtained recently by
Summers' in the ECIP approximation for Li-like
and Be-like ions are also about 50% of the values
obtained from the empirical formula of Ref. 3.
This indicates that the Lotz's empirical ionization
cross sections may be overestimated by a factor
of 2.

VI. SUMMARY

Excitation rate coefficients for FeVIII, FeIX,
and Fe X ions have been calculated theoretically
using the Coulomb-Born (CB) approximation, and
relative rates were obtained experimentally from
the absolute intensities of lines emitted by these
ions in well-diagnosed plasmas. The maximum
error in each experimental ratio is 30%-40%. A
discrepancy with CB calculations of Czyzak and
Krueger' in Fe VIII is most likely due to numerical
problems in their computer code. From the time
history of FeVIII, FeIX, and FeX, ionization rate
coefficients were deduced and found to be 50-60%
smaller than the theoretical estimates based on
the formula of Kunze' and the results of Bely."
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