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Measurement of level-specific dielectronic-recombination cross sections of heliumlike Fe XXV
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The strengths of individual 1s2121' resonances for dielectronic recombination of heliumlike iron are
measured on an electron-beam ion trap using high-resolution x-ray spectroscopy. An energy resolution
hE/E of better than 0.1% is achieved by monitoring the exit channel of the recombination process.
Dielectronic-resonance strengths are measured relative to the cross section for nonresonant radiative
electron capture of heliumlike Fe xxv, and an overall uncertainty of 20%%uo is achieved. Good agreement
with theory is found for the strongest resonances; however, less good agreement is found for the weaker
resonances. The results indicate that further theoretical and experimental efforts are necessary to reli-
ably use weak dielectronic satellite lines in plasma diagnostics.

PACS number(s): 34.80.Kw, 32.30.Rj, 52.70.La

I. INTRODUCTION

Dielectronic recombination is the resonant capture of a
free electron with the simultaneous excitation of a bound
electron into a doubly excited state followed by radiative
stabilization. For the 16 KLL resonances occurring in a
heliumlike ion, i.e., electron capture into the L shell and
concurrent excitation of a K-shell electron to the L shell,
this process can be written as

1s +e ~1s2121'~1s 21'+hv .

In hot, low-density plasmas, such as those found in the
sun or in magnetic-fusion devices, dielectronic recom-
bination is the dominant recombination mechanism of
highly charged ions and is decisive in determining the
charge balance [1]. The photons released in the radiative
stabilization of the doubly excited, autoionizing levels
populated in the resonant capture process produce a dis-
tinct signature in the x-ray spectra of few-electron, high-
Z ions [2,3]. The intensity of these so-called dielectronic
satellite lines may well exceed the intensity of characteris-
tic lines due to electron-impact excitation. Dielectronic
satellite line radiation has been observed in the x-ray
spectra of many highly charged heliumlike ions, particu-
larly the spectrum of heliumlike Fe XXV, which has been
studied extensively in tokamak and solar-Gare plasmas
[4—9]. Because of the resonance nature of dielectronic
recombination each satellite line samples a different,
discrete part of the electron-energy distribution. Thus
dielectronic satellite emission plays an important role in
the diagnostics of hot plasmas by providing a measure of
the electron temperature or by displaying the effects of a
non-Maxwellian electron distribution [10—12].

The recent advent of advanced facilities for the study
of atomic processes has allowed the study of dielectronic
processes in unprecedented detail. For example, cross
sections for dielectronic capture have been measured for
heliumlike Ar XVII using the Kansas State electron-beam
ion source [13,14] and for heliumlike Ni xxvtt and
molybdenum MoXLI with Livermore electron-beam ion
trap (EBIT) [15,16]. These measurements determined the

integrated KLL dielectronic-resonance strength. Indivi-
dual resonances were unresolved due to the energy spread
of the electron beam, which excited several resonances at
once, and no level-specific cross-section measurements
were made. Measurements that reveal more of the de-
tailed structure of dielectronic resonances have been
made for ions with lower charge. For example, term-
specific measurements have been made of hn =0 dielect-
ronic resonances of heliumlike 0 VII and C v with a pro-
totype electron cooler developed for the ASTRID storage
ring in Aarhus [17,18] and of An = 1 resonances of hydro-
genic OVIII with the electron cooler on the heavy-ion
Test Speicher Ring in Heidelberg [19]. The latter facility
also provided recent results for dielectronic resonances
involving the outershell electron in lithiumlike Cu XXvII
[20].

In this paper we report a measurement of the dominant
KLL dielectronic resonances of heliumlike Fe XXv on the
Livermore EBIT that is level specific. Unlike previous
experiments on EBIT that relied on the resolving power
of the electron beam to study dielectronic resonances
[15,16,21], the present measurement relies on the resolv-
ing power of a Bragg crystal spectrometer. By studying
the exit channel of the dielectronic-recombination pro-
cess, we can distinguish individual An =1 resonances
with a resolution equal to the resolving power of the
spectrometer, which in the present experiment is
E/DE=1500. By contrast, the 50-eV full width at half
maximum (FWHM) energy spread among beam electrons
limits the resolving power to E/BE=90. The utility of
high-resolution x-ray spectroscopy to study dielectronic
recombination has been demonstrated in an earlier EBIT
measurement of the dielectronic satellite spectra of heli-
umlike V xxII [22]. These measurements provided not
only details about the KLL resonances but also about res-
onances involving electron capture into the n =3, 4, 5
and 6 shells [22]. However, because the measurements
were not normalized, no cross sections were determined.

To normalize the present measurements and to deter-
mine the dielectronic resonance strengths, we rely on
EBIT's capability to switch the electron-beam energy by
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several kilovolts in less than one millisecond. Moreover,
we make use of the resolving power of the electron beam
to distinguish between various direct [23] and indirect
[24] excitation processes that lead to x-ray emission. The
normalization is accomplished by monitoring the intensi-
ty of the heliumlike transition 1s2p 'P, ~1s 'So, labeled
w in the notation of Gabriel [2], to ascertain the helium-
like ion abundance, and by relating the observed
dielectronic-resonance strengths to the cross section for
radiative electron capture.

This paper is organized in the following way. The
theoretical foundation that motivates the experimental
approach is explained in Sec. II. A description of the ex-
perimental setup is presented in Sec. III. In Sec. IV we
give an explanation of how we account for the angular
distribution of the x-ray emission from EBIT, which
arises because of the alignment of the ions in EBIT's elec-
tron beam, as well as for polarization-dependent
differences in crystal reflectivities. In Sec. V we make a
comparison between our measurements and theoretical
predictions. Concluding remarks are presented in Sec.
VI.

rate of radiative decay of upper level ~s ) to lower level

~f ); g, and g, are the statistical weights of the autoioniz-
ing level and of the ground state of the target ion, respec-
tively. The sum over f' extends over all levels lower than
~s ); the sum over

~j ) extends over all levels which are
populated by autoionization of level ~s ); m, is the elec-
tron mass; % and ao are the Rydberg energy and the
Bohr radius, respectively. Determining the satellite line
factor F2, which contains the satellite-specific parame-
ters,

AslAsf

g; yA.'~+yA„'/
f'

(6)

I,(EO)= nH, S,f(E,„Eo) . —
He s

and evaluating the constants, the resonance strength is
given by

S, =2.475X10 ' [F2(sec ')]/[E,„(eV)] cm eV . (7)

The observed satellite intensity can then be written

II. THEORETICAL CONSIDERATIONS The intensity of a line excited by electron impact of
heliumlike ions is given by

The intensity I, of a dielectronic satellite transition
from autoionizing level ~s ) to lower level ~f ) excited by
an electron beam is given by

Ital
= nHeo we

(9)

I, (EO)= f I f(E Eo)n„,o,—(E E,„)dE . —(2)

S, —:f o, (E E,„)dE, —

which can be expressed as

g, A,"A„'f

g; QAP+gA„'/' E,„
f'

me
' 1/2

(4)

(5)

A," is the autoionization rate for decay of upper level ~s )
to the ground state ~i ) of the recombing ion; A„'/ is the

Here j is the effective beam current density, e the electron
charge, and n H, the number of target ions in the helium-
like ionization stage. f (E Eo) describes th—e energy dis-
tribution of beam electrons, whose average kinetic energy
is Eo, and

f f (E Eo)dE =1 .— (3)

The energy distribution of EBIT's electron beam is nearly
Gaussian with a 50-eV FWHM spread; the shape of the
distribution, however, does not enter subsequent calcula-
tions. Making the assumption that there is negligible in-
terference between radiative and dielectronic recombina-
tion, which is likely to hold for iron [25,26], the energy-
dependent cross section for dielectronic recombination
o, (E E,„),occurring —at the resonance energy E,„, has
a Lorentzian shape with a natural width that is much less
than the electron-beam energy spread. The largest width
for the resonances observed in this work is less than 0.5
eV. Hence it is appropriate to use the resonance strength
S,

Here o is the cross section for electron-impact excita-
tion. It is assumed constant across the energy spread of
the electron beam. The dependence on the effective
current density and the number of heliumlike ions drops
out if we take the ratio of the intensity of a satellite line
and a line excited by electron impact:

I, (EO) S,f(E,„Eo)—
I 0

(10)

Equation (10) forms the basis for the measurements
presented in this paper. We determine the dielectronic
resonance strength of a given satellite transition by
measuring the dielectronic satellite intensities as a func-
tion of beam energy, normalizing each datum relative to
w measured at a fixed reference energy and integrating
the area under the resulting excitation function, 'i.e.,

I
~w ~RR

IRR
(12)

Here IRR is the measured x-ray intensity that stems from
the radiative capture of beam electrons into the n =2
shell of heliumlike ions, and o.RR is the theoretical cross
section for photon emission during the recombination
process. With this procedure we normalize S, to the

S, = f I dEO .
W

This method yields the dielectronic-resonance strength
relative to the cross section of w. Using the procedure
described by Marrs et al. in Ref. [23] we determine the
excitation cross section of w relative to that of radiative
recombination, i.e.,
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cross section for radiative recombination O.RR. Since ra-
diative recombination, the inverse of photoionization, in-
volves only one electron, electron-correlation effects do
not enter the calculations. Because of this, radiative-
recombination cross sections are deemed to be the most
accurate among the theoretical electron-ion collision
cross sections. The radiative-recombination cross sec-
tions we used are calculated using the Hartree-Slater
model [27,28]. Results from these calculations were com-
pared to a large number of experimental results and were
indeed found to agree with the experimental scatter for
the range of electron energies we are interested in [29].

ronic satellite line to that of w, we record a spectrum of
the heliumlike transitions for each satellite spectrum.
For this we alternate the electron beam between the ener-

gy at which the satellites are measured and the threshold
for electron-impact excitation for w. The time spent on
the latter energy is short (6 msec) to minimize the varia-

150— I

(a)
E = 4.55 keV

100—

III. EXPERIMENT

High-resolution x-ray measurements are made with
EBIT's von Hamos spectrometer [30], which observes x
rays in a plane of dispersion perpendicular to the electron
beam. A layout of the spectrometer is shown in Fig. 1.
The present measurements employed a 12 X 5-cm
LiF(200) crystal bent to a radius of curvature R =30 cm,
which provided a spectral resolving power A, /AA, =1500
at a nominal Bragg angle of about 27. 5 .

In Fig. 2 we show x-ray spectra produced at four
different beam energies. The first three spectra illustrate
the change in the relative intensities of various dielect-
ronic satellite lines as the beam energy is scanned across
the resonance energies. The fourth spectrum was ob-
tained 60 eV above the threshold energy for electron-
impact excitation of the heliumlike resonance line and
shows the location of the four heliumlike transitions w, x,
y, and z. At the latter electron-energy dielectronic reso-
nances do not contribute to line excitation, and the lines
seen are produced solely by electron collisions.

In order to normalize the intensity of a given dielect-
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FIG. 1. Schematic diagram of the Livermore electron-beam
ion trap and layout of the high-resolution von Hamos spectrom-
eter. The electron-beam direction is out of the page. The von

Hamos geometry focuses x rays in the vertical, nondispersive
plane utilizing a cylindrically bent crystal. The source-to-
crystal distance equals the crystal-to-detector distance. The
spectrometer is filled with helium gas to reduce absorption of x

rays by air. The solid-state detector is used to relate the x-ray
flux produced by electron-impact excitation or dielectronic
recombination to that produced by radiative recombination.
LN denotes liquid-nitrogen-cooled and LHe denotes liquid-
helium-cooled surfaces.

FIG. 2. Spectra of K-shell emission lines from heliumlike,
lithiumlike, and berylliumlike iron recorded at different electron
beam energies: (a) Eb„=4.55 keV; (b) Eb„=4.61 keV; (c)
Eb„=4.68 keV; (d) Eb„=6.76 keV. The first three energies
sample different parts of the KLL dielectronic resonances, and
all lines are excited by dielectronic recombination. The latter
energy is 60 eV above the threshold for electron-impact excita-
tion of the heliumlike K-shell levels. This energy region is free
of resonances, and all lines seen are excited directly by electron
collisions. Transitions in lithiumlike iron are labeled in accor-
dance with the key used in Table I. The heliumlike transitions
are labeled w, x, y, and z and represent the transitions from

upper levels 1s2p 'P„1s2p P2, 1s2p Pl, and 1s2p Sl to the
'So ground state, respectively.
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tion in the charge balance. To assess the variation, we
have constructed a time-dependent ionization and recom-
bination model using theoretical cross sections for ioniza-
tion, radiative, charge-exchange, and dielectronic recom-
bination. The results of this calculation are summarized
in Fig. 3, which shows the heliumlike ion abundance dur-
ing the impact-excitation phase, i.e., the time the beam
energy is set to measure w, relative to the heliumlike ion
abundance during the recombination phase, i.e., the time
dielectronic satellite spectra are observed. The model
predicts that the heliumlike ion density is somewhat
larger during the impact-excitation phase than during the
recombination phase. This is particularly the case when
the beam energy during the dielectronic-recombination
phase is set to the strong resonances associated with sa-
tellites k and j (cf. Fig. 3). By normalizing the satellite
intensities to that of w we thus overestimate the helium-
like ion density. Our model predicts this overestimation
to be no larger than 10% when averaged over the beam
energies used to determine the dielectronic-resonance
strength of a particular satellite transition. To account
for this overestimation, we have adjusted the measured
intensities of w that enter the determination of the reso-
nance strengths [cf. Eq. (11)]by the amounts predicted by
our model. This adjustment has the effect of increasing
the resultant resonance strengths by no more than 10%
and adds a systematic uncertainty of no more than 6% to
the determination of the resonance strengths. This is less
than the uncertainty resulting from changes in the over-
lap of the heliumlike ions with the electron beam during
the impact-excitation and dielectronic-recombination
phases of the measurement. The change in this ion-beam
overlap is estimated to lie between 5% and 20%, result-

2.5

2.0—
(a)

1.5—

ing in a 15% uncertainty in the inferred resonance
strengths.

The variation of the relative intensities of several satel-
lite lines with beam energy is shown in Fig. 4. The reso-
nance nature of the dielectronic-recombination process is
clearly evident in Fig. 4(a), which shows the variation of
the intensity of dielectronic satellite p. This satellite line
is produced by capture into the 1s2s level and subse-
quent two-electron one-photon radiative decay to the
lower level ls 2p, &2 [22,31]. The energy of the resonance
is the lowest of any resonance of the heliumlike ion (cf.
Table I and Fig. 3), and the line is situated in a spectral
region well resolved from other satellite lines (cf. Fig. 2).
Fitting a Gaussian function to its intensity variation we
determine the energy spread in the electron beam to be
50-eV FWHM. The fit also provides us with the integrat-
ed relative line intensity for determining the resonance
strength.

Satellites t and m were not resolved by our spectrome-
ter. The calculations of Vainshtein and Safronova [32]
predict their positions to be 1.8562 and 1.8565 A, respec-
tively, and a spectrometer with a resolving power
A. /bi, =6200, four times the resolving power of our in-
strument, would be required to resolve these lines. The
lines are produced, however, by resonances that lie 67 eV
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FIG. 3. Predicted abundance of heliumlike iron during the
electron-impact excitation phase of the measurement relative to
the heliumlike-ion abundance during the dielectronic-
recombination phase. Also shown are the locations and the rel-
ative strengths of the dielectronic-recombination resonances as-
sociated with the excitation of a given set of satellite lines as cal-
culated by Chen in Ref. [41]. The abundances of heliumlike
iron are equal during the direct-excitation and dielectronic-
recombination phase except near the two strong resonances as-
sociated with satellites I, k, and j, where the relative abundance
is predicted to differ as much as 10%.

4.5 4.6 4.7
Electron energy (keV)

4.8

FIG. 4. Variation of the dielectronic satellite intensity with
beam energy. The satellite intensities are normalized to the
heliumlike resonance line w and are fitted with Gaussian profiles
whose width corresponds to the energy spread of the electron
beam. (a) Intensity variation of satellite p, excited by a dielect-
ronic resonance at 4553 eV; (b) intensity variation of satellites t,
s, and m, excited by resonances at 4631, 4633, and 4698 eV, re-
spectively. The beam energy spread is sufficiently small (50-eV
FWHM) to allow separation of the contribution from m.
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S*= +~IobsdE
Iobs s 0 (13)

apart, slightly more than the spread in beam energy. A
scan across their respective resonance energies does
indeed reveal separate peaks, as Fig. 4(b) shows. Conse-
quently, we can determine the integrated intensities for t
and m separately. (That of t also contains a contribution
from satellite s. This contribution, however, is small, as
indicated in Table I.) Using similar procedures we deter-
mine the individual integrated intensities of most prom-
inent dielectronic satellite lines. Apart from satellite t,
which blends with the weak line s, the only other blended
lines are k, which blends with a, and j, which blends with
l.

Multiplication of the observed integrated relative satel-
lite line intensity with cr gives the unadjusted resonance
strength S,*,

Here 0-„ is determined from measurements made with a
solid-state detector, in accordance with Eq. (12). The
measured values of S,* are given in Table II. We call
these the unadjusted resonance strengths because the x-
ray emission from interactions of ions with an electron
beam is, in general, polarized [33]. S is not identical to
the resonance strength S defined in Eq. (11) without tak-
ing into account the effects of polarization on the line in-
tensities. A detailed discussion of the effects of polariza-
tion is given in the next section.

IV. EFFECTS OF POLARIZATION

Before comparing the experimental results with theory
we need to account for the fact that radiation from EBIT
is in general linearly polarized and anisotropic. Clear evi-
dence for the polarized nature of line radiation from
EBIT was given recently by Henderson et al. , who ob-

TABLE I. Atomic data for the dielectronic satellite transitions 1s 2l-1s21' in lithiumlike Fe '+. Transitions are labeled in the no-

tation of Gabriel [2]. E,„ is the dielectronic resonance energy in eV; I' is the degree of linear polarization calculated by Inal and Du-
bau in Ref. [35]; G(s/x) is the calculated crystal response factor [cf. Eq. (19)] for a particular satellite transition relative to the
response to the heliumlike transition w, whose polarization is assumed to be +60%; S is the dielectronic resonance strength in units
of 10 cm' eV; negative numbers in brackets indicate powers of 10. The wavelength k of each transition is given in angstroms.

Key Transition E,„(eV) k(A)' P G(s/w) Sa Sb Sc S

(1s2p3/2 )3/2~1s 2p3/2

(1s2p]/2 )3/2~1s 2p]/,

(1s2p]/22p3/2 )]/2~1s 2p3/2
2

(1s2p]/22p3/2)]/2~1s 2p]/2

(1s2p] /22p3/2 )5/2~ 1s '2p 3/2

(ls2p]/22p3/2 )3/2 ls 2p3/2

(1s2p]/q2p3/q )3/q 1s'2p]

(1s2p ]/2 )]/2~1s'2p3/p

(1s2p]/& )]/2~1s'2p]/&

(1s2p 3/2 )5/2~1s 2p3/p

(1s2p]/22p3/2)3/2 1s'2p]/2

(1s2p]/22p3/2)3/p~ ls 2p3/2
2

(1s2p3/z )]/z 1s 2p3/2

(1s2p 3/p ) ] /$ ~ ls 2p] /&

(1s2s )]/2~1s 2p3/2

(1s2s )]/2~1s 2p]/z

{1s2s2P3/2)3/2~1s 2s]/z

{1s2s2p]/2 )]/z~ ls 2s]/z

{1s2s2p3/Q )3/2~1s 2s]/&

(1s2s2p3/2)]/2~1s 2s]/2

(1s2s2p]/~ )3/2~1s 2s, /2

(1s2s2p]/2 ),/2~1s'2s]/,

4677.0

4677.0

4658.6

4658.6

4639.0

4632.9

4632.9

4624.6

4624.6

4664. 1

4658. 1

4658.1

4697.7

4697.7

4553.4

4553.4

4615.3

4604.9

4633.2

4631.2

4570. 1

4566.3

1.8617

1.8573

1.8667

1.8623

1.8721

1.8738

1.8694

1.8761

1.8717

1.8654

1.8625

1.8669

1.8562

1.8519

1.8963

1.8918

1.8605

1.8630

1.8557

1.8565

1.8732

1.8743

—3
4

—3

4

0.14

1.00

0.68

0.68

0.93

0.14

1.00

0.68

0.68

0.93

1.00

0.14

0.68

0.68

0.68

0.68

1.00

0.68

1.00

0.68

1.00

0.68

8.11

0.11

0.02

0.07

0.20

4.5[—4]

1.8[—4]

0.04

29.15

19.60

2.32

2.91

0.13

0.84

0.85

3.13

0.15

6.35

0.17

0.03

6.40

0.13

0.02

0.07

4.28

0.26

4.0[—3]

2.1[—4]

0.02

27.22

18.60

1.79

2.56

0.09

0.91

0.92

0.02

3.62

0.90

5.83

0.02

0.02

6.24

0.08

0.04

0.13

4.12

0.09

4.1[—4]

1.0[—4]

0.02

26.27

17.27

2.44

0.12

0.82

0.80

4.45

0.67

5.28

0.04

0.01

6.88

0.09

0.03

0.08

4.32

0.16

5.6[—4]

1.0[—4]

0.03

26.90

17.53

2.22

2.41

0.1 1

0.94

0.91

2.0[—3]

3.68

0.24

5.77

0.15

2.9[—3]

'Vainshtein and Safronova, Ref. [32].
Bely-Dubau, et al. , Ref. [40].

'Chen, Ref. [41].
Nilsen, Ref. [42].
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TABLE II. Comparison of measured dielectronic-resonance
strengths with theoretical values. S* represents the observed
resonance strength in units of 10 cm eV, uncorrected for the
crystal response and angular distribution. R is defined as the ra-
tio of the theoretical resonance strength given in Table I and the
measured resonance strength adjusted by the crystal response
factor G(s/w) from Table I, i.e., R =SG(s/w)/S*. The es-

timated absolute uncertainty in the experimental values, includ-

ing the spectrometer response factor, is about 20%; the relative
uncertainty is about 13%.

Key

i(+l)
k(+a)

m

T

t(+s)
0

3.63
24.06
21.23

1.52
3.42
3.65
0.48
0.50

R'

1.23
1.15
0.98
1.31
0.62
1.22
1.20
1.16

R

1.10
1.06
0.93
1.14
0.72
1.33
1.29
1.26

R'

1.06
1.03
0.86
1.10
0.89
1.17
1.16
1.10

1.11
1.05
0.87
1.08
0.73
1.14
1.34
1.25

'Value of S based on atomic data from Vainshtein and Safrono-
va, Ref. [32].
Value of S based on atomic data from, Bely-Dubau et al. , Ref.

[40].
'Value of S based on atomic data from Chen, Ref. [41].
Value of S based on atomic data from Nilsen, Ref. [42].

served the K-shell emission of heliumlike Scxtx [34].
The effect of polarization needs to be accounted for in the
evaluation of lines excited both by dielectronic electron
capture and by electron impact. Polarization affects our
measurement in two ways. First, because of the anisotro-
py in the line emission the x-ray intensity I (90') observed
along the spectrometer axis at 90' to the beam direction
differs from the 4n.-averaged intensity (I ). Second, the
analyzing crystal in the spectrometer acts as a polarizer
and preferentially reflects x rays polarized parallel to the
beam direction.

For electric dipole radiation, i.e., for the type of radia-
tion we are concerned with in this measurement, the rela-
tionship between the x-ray emission observed perpendicu-
lar to the beam I(90') and its space-averaged value (I ) is
[33]

I(90')= (I) . (14)

III+Ii =I(90') . (16)

The x-ray intensity I' ' observed with our crystal spec-
trometer differs from I(90 ), however, because the crystal
reflects the two field components differently. Defining f

~~

and f~ as the integrated crystal reflectivities for x rays

P is the linear polarization, defined as the fractional
difference between the intensity of light with electric-field
vector parallel to the beam direction I~~ and the intensity
of light with electric-field vector perpendicular I~:

I —IjP=
Iii+Ii

where

Using Eqs. (14)—(17) the intensity ratio of two observed
lines can be related to their 4m.-averaged values via the
expression

Iobs (I )
Iobs 2 (I )

(18)

where we have defined a relative spectrometer response
factor 6 that accounts for the dependence of the crystal
reflectivity on linear polarization as well as for the anisot-
ropy of each line,

fll(1+P, )+fj (I P, ) 3——P
2 f, (1+P )+f (1 P) 3—P, —

Once we have determined the spectrometer response fac-
tor we can determine the dielectronic resonance strength
S, of a particular satellite s from the observed resonance
strength S,*, defined in Eq. (13),by writing

S, =S,' 6 S
(20)

In the present experiment we have not measured the line
polarization and angular distribution, or the crystal
reflectivities, but we use instead theoretical values for
these quantities.

For spin-zero target ions the polarization and angular
distribution of the dielectronic-recombination x rays are
given by angular momentum coupling coeScients and de-
pend only on the spin of the resonance level ~s ) and of
the lower level

~f ) populated in the radiative stabiliza-
tion, as discussed recently by Inal and Dubau [35]. An
overview of the linear polarization of each satellite transi-
tion is given in Table I. In an earlier paper Inal and Du-
bau discussed the polarization of the heliumlike transi-
tions excited by electron impact [36]. The degree of po-
larization of collisionally excited lines varies as a function
of electron energy. Inal and Dubau calculate P =58.4%
for the iron w line at threshold [36]. Similarly, using the
values of the magnetic sublevel populations calculated by
Zhang, Sampson, and Clark [37],we determine P =60%
for the beam energy (6.76 keV) at which we measure w.
Finally, to account for the crystal response to polarized
radiation we rely on the results of Gullikson [38], who
has made detailed calculations of the integrated crystal
reflectivities for linearly polarized x rays. Combining the
information on line polarization and crystal reflectivities,
we have calculated the spectrometer response to each sa-
tellite line s relative to that of m. A summary of the
values of G (s /w) is given in Table II. Note that G (s/w)
does not exceed unity. This is because the spectrometer
preferentially records positively polarized x rays and the
polarization of none of the satellite lines exceeds that of
W.

It is important to stress that 6 does not vary strongly
with changes in either P, fj, or fl. For example, a 10%
uncertainty in the crystal response translates into a 3.3%

polarized parallel and perpendicular to the plane of
dispersion, I' ' is given by

(17)
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uncertainty for the value of G(w/s), if s is unpolarized.
The uncertainty is smaller if s is positively polarized; but
it is somewhat larger if s is negatively polarized. Similar-
ly, a change in P by 10% results in a 4.2% change in G.
The uncertainty in our theoretical estimates of the line
polarization is well below this value. However, the EBIT
electron beam has a transverse temperature, which has
the effect of spreading the incident electron direction, and
thus of reducing the degree of polarization of the emitted
radiation. Furthermore, a rigid rotor motion of the beam
adds to the transverse motion. As a result, the polariza-
tion may be reduced by 0.5 —1.5% from our estimated
value, adding an estimated 1% to the uncertainty in G.

V. COMPARISON WITH THEORY

A large body of theoretical data exists pertaining to the
dielectronic satellite emission of Fexxrv. The data in-
clude rates for radiative decay and autoionization of the
doubly excited lithiumlike levels along with transition en-
ergies, which we can use to calculate the resonance
strength, Eq. (7). In the following we compare our mea-
sured resonance strengths to the values we derived from
the atomic-data calculations of Vainshtein and Safronova
[32], Bely-Dubau et al. [39,40], Chen [41], and Nilsen
[42]. A summary of the derived resonance strengths is
given in Table I. Here we list the resonance strengths as-
sociated with each of the 22 dipole-allowed x-ray transi-
tions originating from one of 15 autoionizing levels popu-
lated by a KLL resonance and terminating in one of the
three ground-state levels of the lithiumlike ion. The reso-
nance strength of the autoionizing level 1s2s2p P, &2,

which cannot decay by dipole-allowed transitions but de-
cays instead by an electric quadrupole transition, is not
listed.

Inspection of Table I shows close agreement among the
various theoretical calculations for the strong resonances
associated with transitions j and k. Less close agreement
among the various theoretical results is found for satellite
transitions associated with resonances with intermediate
strengths. For example, the spread in the calculated res-
onance strength leading to satellite r is 40%, that associ-
ated with a is 30%. Even larger variations are found for
the smallest resonances; the predictions for satellite s
vary by a factor of 6, that for satellite u by a factor of 8,
and that for q by a factor of more than 60.

Our measurements are sensitive enough to test reso-
nances as small as 5 X 10 ' cm eV, e.g. , the resonances
that produce the satellite transitions o and p. A compar-
ison between the resonance strengths observed in our ex-
periment and the various theoretical predictions is made
in Table II, which lists the ratio of each predicted value
to our observed resonance strength associated with each
observed dielectronic transition,

R =S,G
s
LO

S,* .

Here we multiply the predicted strength by the spectrom-
eter response factor G(s/w); for resonances unresolved
in the measurement the numerator is the sum over each

contributing resonance multiplied by the predicted
response factor.

Perfect agreement between theory and experiment cor-
responds to R =1. The absolute uncertainty of the ex-
perimental value, including the spectrometer response
factor, is about 20% and is dominated by uncertainties in
the relative change of the ion-beam overlap between the
dielectronic-recombination and the direct-excitation
phases of the measurement. As a result, only values of R
smaller than 0.80 or larger than 1.20 fall outside the error
limits. Consequently, the data are in good agreement
with all calculations for the resonance strengths associat-
ed with j and k. This is important because these two res-
onances overwhelmingly dominate the total dielectronic-
recombination strength of the KLL resonances. Previous
experiments, which measured the total strength of the
KLL resonance, also agreed with theory within a
10—15 % error limit [13—16]. However, there are several
values of R that fall outside the errors limits pointing to
disagreements with theory. For example, the value for
satellite r calculated with the resonance strength predict-
ed by Vainshtein and Safronova [32] is only 0.62, indicat-
ing that the predicted resonance strength is too small; the
value of 1.31 for satellite m, which indicates a resonance
strength predicted too large by the calculations of
Vainshtein and Safronova [32]; as well as the values for o
and p, whose resonance strengths are predicted too large
by the calculations of Bely-Dubau et al. [40] and Nilsen
[42].

While the absolute error of our measurements is about
20%, the relative error limits are only about 13%. Thus
we can better assess the relative accuracy of predictions.
Inspection of Table II shows, for example, that most cal-
culations underestimate the size of r relative to that of j.
Overall, we find best agreement between our measure-
ments and the calculations of Chen [41], who has used a
multiconfigurational Dirac-Fock approach; our data
differ most from the calculations of Vainshtein and Safro-
nova [32], who have used a Z-expansion method.

VI. CONCLUSION

We have presented level-specific measurements of the
strengths of 1s2l2l' dielectronic resonances in iron by
studying the exit channel in the recombination process
with high-resolution x-ray spectroscopy. The resolution
that we have attained with this method is about 4.5 eV, a
resolving power of AE/E =0.1% This betters the resolu-
tion of 54 eV achieved [15,16] by using EBIT's electron
beam to resolve the resonances of heliumlike nickel and
the 19-eV resolution achieved more recently [43] by using
ion-extraction techniques to study the dielectronic reso-
nances of hydrogenlike argon.

Theoretical predictions for the strong dielectronic reso-
nances are in good mutual agreement, and our measure-
ments affirm the accuracy of these predictions. Less
agreement exists among theoretical predictions for the
size of intermediate-strength resonances. Our measure-
ments distinguish between several of these predictions.
Overall, our measurements agree best with the calcula-
tions of Chen [41], who uses a multiconfiguration Dirac-
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Fock approach.
The theoretical values for the weakest dielectronic res-

onances vary tremendously. The accuracy of the calcula-
tion of their resonance strengths depends sensitively on
the accuracy of the wave functions constructed for deter-
mining weak radiative or Auger rates. The present mea-
surements are not sensitive enough to test the accuracy of
the various approaches used in the calculations of the
weakest resonances. Recent experiments, however, have
shown that some of the weakest resonances, such as that
producing satellite u, can be observed with high-
resolution x-ray spectroscopy [31]. Future measurements
tailored specifically to determine the strengths of the
weakest resonances will undoubtedly distinguish among
the widely diverging theoretical predictions. Such mea-
surements, together with further theoretical efforts, are
undoubtedly needed to improve the reliability of the
determinations of plasma parameters from the intensity

of the dielectronic satellite emission associated with
weak- or intermediate-strength resonances.
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