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We have measured An > 1 dielectronic-recombination cross sections for the heliumlike ions NiZ6+,
Mo***, and Ba®*. We observed the x rays emitted during dielectronic recombination by ions
in an electron-beam ion trap and obtained cross sections from a calibration based upon radiative
recombination. The results generally agree well with theoretical predictions.

PACS number(s): 34.80.Kw, 32.80.Hd, 52.25.Nr

I. INTRODUCTION

Dielectronic recombination, the resonant capture of
electrons by ions, is an important process in plasmas. It
strongly affects both the ionization balance of a plasma
and its emitted x-ray spectrum. It also serves as a valu-
able benchmark for atomic-physics calculations because
of its sensitivity to both the Auger and radiative decay
rates of doubly excited atomic states.

We have measured An > 1 dielectronic-recombination
cross sections in three heliumlike ions with a wide range
of atomic numbers: Ni26+ Mo4%%+, and Ba%¥*. The ions
were created, ionized, and trapped in an electron-beam
ion trap. We observed dielectronic recombination by de-
tecting the characteristic x rays emitted in the process,
using the photons emitted by radiative recombination to
calibrate the cross sections.

These measurements use an improved technique sim-
ilar to that used for our previously reported results on
Ni%6+ [1] and neonlike ions [2].

II. DIELECTRONIC-RECOMBINATION THEORY

Dielectronic recombination is the resonant capture of
a free electron by an ion via an intermediate doubly ex-
cited state. Schematic diagrams of some relevant atomic
processes are shown in Fig. 1. In the nonresonant process
of radiative recombination (RR), an ion captures an elec-
tron into a vacant bound state, emitting a photon with
an energy equal to the electron’s initial kinetic energy
plus the binding energy of its final atomic state:

RR: A% 4e™ — AW+ 4 4

If the recombination energy is equivalent to the excitation
energy of a doubly excited state in the recombined ion, a
nonradiative resonant time-reversed Auger process may
occur. This process leaves the ion in an intermediate
state with both the recombined electron and a previously
unexcited electron in excited states. The intermediate
doubly excited state will decay either radiatively or by
Auger emission. In the latter process, emission of an
Auger electron, the system usually goes back to the initial
energy state, in which case the entire process amounts to
resonant elastic scattering (RS):
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FIG. 1. Illustration of dielectronic recombination. (a) Ra-
diative recombination. A beam electron is captured into a
vacant orbital of an ion, and a photon is emitted. The en-
ergy of the photon E, is equal to the initial electron energy
E. plus the binding energy of the final state Es. (b) Dielec-
tronic recombination. If E; = E,, a beam electron may be
resonantly captured into a bound state while exciting another
electron already present in the ion (2). If the resulting doubly
excited intermediate state decays radiatively (3), the process
is dielectronic recombination. (c) Resonant excitation. The
resonant doubly excited state decays by Auger emission (3),
leaving the ion in an excited state, which subsequently radia-
tively decays (4).
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RS: A% fe” — [A@DHp , 49+ 4 o™,

If the Auger decay proceeds to a bound atomic state dif-
ferent from the initial state, the resulting excited state
will decay radiatively, resulting in resonant excitation

(RE):

RE: Aq+ +e — [A(q_1)+]** —_ [Aq—f-]* +e
— A% +e” 4.

If the doubly excited intermediate state decays radia-
tively to a bound state the process is known as dielec-
tronic recombination (DR):

DR: A9t e~ — [A(q—1)+]** — A@DF 4 pgy,

Dielectronic-recombination and resonant-excitation reso-
nances are usually labeled using the notation for the in-
verse Auger process; for example, the K LL dielectronic-
recombination resonance is one in which a continuum
electron is captured to the L shell, while a K-shell elec-
tron is excited to the L shell. An > 1 dielectronic-
recombination resonances are those for which the excited
bound electron changes principal quantum number.

The resonance strength for an isolated DR resonance
is expressed in terms of the Auger and radiative widths
of the doubly excited intermediate state:

Sq E/ cd—f(E)dE

_2m? Au(i—d) A (d—f) (1)
n kiz SAs+Y A

where i, d, and f refer to the initial, intermediate dou-
bly excited, and final states, respectively, A4(i — d) =
9d/29;Aa(d—1) is the width for inverse Auger capture to
the resonant state, A,.(d—f) is the partial width of state
d for radiative transition to state f, > A4 and ) A,
are the total Auger and radiative widths of the inter-
mediate state, g; and gq are the statistical weights for
the initial and intermediate states, and k; is the wave
number of the incident electron. The energy width of
An > 1 dielectronic-recombination resonances is gener-
ally so small compared to any instrumental resolution
that the resonances can be treated as § functions with
an area equal to Sg_. .

III. APPARATUS AND METHOD
A. The EBIT

We performed our measurements of dielectronic recom-
bination with the electron-beam ion trap (EBIT) at the
Lawrence Livermore National Laboratory. This device,
described in detail in previous papers [3,4], produces and
traps highly charged ions. The trap consists of a magnet-
ically compressed electron beam passing through a series
of three drift tubes. The space charge of the electron
beam traps the ions radially, while potentials applied to
the end drift tubes form the axial trap. The trap typi-
cally confines approximately 4x10* high-charge ions in a
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volume approximately 60 um in diameter and 2 cm long.
In addition to trapping the ions, the electron beam also
serves to ionize and excite them. A simplified schematic
of the trap is shown in Fig. 2, and a summary of EBIT
operating parameters is given in Table I.

The electron-beam energy in the trap is controlled
by the potential of the central drift tube. The EBIT
electron-gun cathode is at ground potential, so the
electron-beam energy in the central drift tube is equal
to the voltage applied to the drift tube minus the space-
charge potential of the beam. Since the ions in the trap
have very low kinetic energies, typically about 20q eV,
the electron-ion interaction energy is essentially equiv-
alent to the electron-beam energy. The beam electrons
have a narrow energy distribution, typically 50-70-eV full
width at half maximum (FWHM). The electron-ion inter-
action rate and plasma density are both sufficiently low
to ensure a negligible population of metastable atomic
states.

The energy imparted to the high-charge ions by the
electron-ion collisions heats the ions. We remove this en-
ergy by means of “evaporative cooling,” in which low-Z,
low-charge ions continuously escape from the trap, cool-
ing the high-charge ions [4]. This process results in long
trapping times for high-Z ions. For these measurements,
the low-Z ions were formed from neutral N2 gas injected
continuously into the trap. The cooling process concen-
trates high-Z contaminants in the trap, especially barium
(Z=56) evaporated from the cathode of the electron gun.
This effect limits useful trapping times for light ions. Ion-
trapping times in the EBIT range from a few seconds for
Z <22 to several hours for Z > 70.

The x rays emitted by the ions in the trap are viewed
at 90° to the electron-beam direction by a 200 mm?
x 1.0 cm thick hyperpure germanium (HPGe) detector
through a slot in the center drift tube. The detector was
located 17 cm from the center of the trap, thus covering
a solid angle of about 5.5x 104 of 47 sr.
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FIG. 2. The electron-beam ion trap (EBIT). Ions are
trapped radially in a high-current-density electron beam by
the space charge of the beam, and axially by voltage applied
to drift tubes. The electron beam traps, ionizes, and excites
the ions.
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TABLE I. EBIT operating parameters for the dielec-
tronic-recombination experiments.

Parameter Symbol Value
Beam energy Ep 4-30 keV
Beam current Ip 70-150 mA
Beam current density Je 2500-5000 A /cm?
Beam radius in trap B 30 pm
Trap length 2 cm
Visible trapped ions N, 4x10*

For the dielectronic-recombination measurements, low-
charge Ni and Mo ions were injected into the trap from
a metal-vapor vacuum-arc (MEVVA) source [5]; the Ba
ions were formed from neutral Ba atoms evaporated from
the cathode of the electron gun and ionized in the elec-
tron beam.

B. Data acquisition

A schematic diagram of the data-taking scheme for
dielectronic-recombination measurements is shown in
Fig. 3. After injection, we raised the drift-tube voltage
(and thus the electron-beam energy) from the value re-
quired for injection to an energy chosen to generate the
desired ionization-state distribution. For heliumlike ions,
this corresponds to an energy just below the ionization
threshold. After a delay to allow the ionization balance
to reach equilibrium, data acquisition commenced. Dur-
ing this phase, the beam energy swept linearly from the
ionization energy through the dielectronic-recombination
resonances and back. The beam energy stayed at the
ionization energy between sweeps to maintain the ion-
ization balance. The detection of an x ray during the
energy sweep triggered the data-acquisition electronics.
For each event, the system recorded the x-ray energy,
beam energy, and event time.
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Typical values for He-like Ni:
V, = lonization Energy (10 keV) t, = lonization time (80 ms)
Ve = Minimum Probe Energy (3 keV) te = Probe time (10 — 20 ms)
Vy = MEVVA Injection Voltage (8 kV) te = Cycle time (~10 s)

FIG. 3. Timing diagram for dielectronic-recombination
measurements with the EBIT. The ions are injected with
the drift tubes at the injection voltage Vas. The beam en-
ergy is then raised to generate the required ionization balance
by raising the drift-tube voltage to V;. After the ionization
balance has come to equilibrium, the beam energy is swept
through the dielectronic-recombination resonances and back
again. The number of sweeps per injection depends upon the
ions being investigated.

This “event-mode” data-acquisition scheme has several
advantages. First, the energy sweep may be performed
quickly to prevent significant ionization-state depletion
from recombination during the measurement. Second,
this method allows the sampling of a wide range of
electron-beam energies with the same ions, with no need
for internal normalization. Third, the method allows
simultaneous observation of all electron-ion interactions
that result in photon emission.

For these measurements, the energy sweeps were per-
formed in a few tens of msec. During the sweeps, the
electron-beam current was reduced from 150 to 70 mA
to decrease the beam energy width and to reduce re-
combination. The number of sweeps per injection var-
ied depending on the trapping time and data rate for
the ion species being studied. The sweep was gener-
ated by a HP 3314A programmable function generator.
This model provides programmable voltage vectors, as
opposed to point-to-point digital programmability, a fac-
tor important for these measurements. The beam en-
ergy was monitored by measuring the voltage across the
feedback resistor in the drift-tube high-voltage regula-
tor. The capacitance of the drift-tube structure resulted
in a delay between the measured voltage and the actual
drift-tube voltage. The linearity of the voltage sweep en-
sures that this time delay only results in a simple offset
from the true voltage, while a nonlinear sweep (such as
the stepping that occurs from a digitally programmable
wave-form generator) could result in a more complicated
effect and reduced energy resolution.

The ionization energies used for the Ni and Mo data
were just below the respective ionization energies for the
heliumlike ions (10 and 21 keV, respectively). However,
the maximum available drift-tube voltage in the EBIT
limited the energy range for the Ba data, so the ioniza-
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FIG. 4. Simplified schematic of the data-acquisition sys-
tem.
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tion energy was set to about 28 keV, and only the K LL
resonances were observed.

The data-acquisition system layout is shown in Fig. 4.
The voltages were digitized by 13-bit LeCroy 3512
analog-to-digital converters (ADC’s) and the time re-
ported by a DSP 2904 spincoder-timer with a resolu-
tion of 1.6 us. The values for each event were read
through a computer-aided measurement-and-control bus
(CAMAC) by a Hytec LP1431 list processor and saved in
local memory. This system provided a low fixed acquisi-
tion dead time of 30 us per event. At the end of an EBIT
timing cycle, during injection and initial ionization of a
new set of ions, the accumulated data were sent to a Dell
325 computer and stored. A test pulser generated an “in-
dex” event prior to each beam energy sweep, providing a
time fiducial and gain stabilization.

IV. ANALYSIS
A. Data

Typical raw data are shown as a scatter plot of x-ray
energy vs electron-beam energy in Fig. 5. Each process
responsible for emission of x rays produces a unique sig-
nature: bound-state-bound-state transitions form verti-
cal lines, radiative-recombination photons form angled
lines (since their energy equals the beam energy plus
the binding energy of the recombined state), and dielec-
tronic recombination and resonant excitation form in-
tense spots.

We generated excitation functions for x-ray emission
by applying cuts to the data, as illustrated in Fig. 5, se-
lecting the events of interest, and projecting these events
onto the beam energy axis. A diagonal window allows
selection of photons produced by radiative recombina-
tion to the n=2 shell, while a vertical window selects the
x rays from n=2-1 bound-state-bound-state transitions.
Excitation functions generated from these cuts are shown
in Fig. 6.

n=2-1cut - k= n=2 RR cut v A
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FIG. 5. Scatter plot of observed events for Mo*°t. z axis

is x-ray energy, and y axis is electron-beam energy. Different
electron-ion processes leave distinctive signatures in this plot.
The windows used for cuts to select data around the n=2-1
x-ray line and the n=2 radiative-recombination photons are
shown.
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FIG. 6. Excitation functions for different cuts of the
Mo?°* data. The radiative-recombination photons appear as
a continuum under the dielectronic-recombination resonances
in the n=2 radiative-recombination cut.

The small time delay between the actual beam energy
and the recorded energy prevented direct combination of
the data from the down-going and up-going portions of
the sweep. Instead, the down-going and up-going data
were compared to identify any effects from dead time or
ionization-balance changes during the sweep. No differ-
ence was observed between the down-going and up-going
excitation functions.

B. Ionization balance variation

During a single sweep of the electron-ion interac-
tion energy across a dielectronic-recombination resonance
with resonance strength S, the fraction of ions that re-
combine is

(2

where (je) is the effective current density and dE/dt is
energy sweep rate. The high sweep rates used in our
measurements permitted only minimal recombination, a
significant advantage over fixed-energy measurements. A
single ionization balance applies to the full range of inter-
action energies, making calibration of the cross-section
scale much less subject to systematic errors. Table II
shows the energy sweep rates and the maximum expected
recombination fractions, using theoretical dielectronic-
recombination resonance strengths and assuming a per-
fect ion-beam overlap. The listed values do not include
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TABLEII. Predicted recombination fractions during volt-
age sweeps across dielectronic resonances in one direction.
The Ba value is for the K LL resonances only.

Ni26+ M040+ B8.54+
Sweep rate -0.553 eV/us -1.18 eV/us -0.112 eV/us
—ANse/Nie 4.2% 1.2% 4.4%

the effects of ionization and radiative-recombination dur-
ing the sweep, but these effects can safely be ignored since
they are relatively small and largely cancel.

C. Dead-time corrections

The data-acquisition system dead time has a markedly
different effect for these data than that usually observed
in counting experiments. Each observed event casts a
“shadow” over the interaction energies immediately fol-
lowing it in the sweep. This effect was verified by an ex-
periment in which a test pulse was generated at a fixed
time in the energy sweep, and the resulting time gap in
otherwise random data measured. The dead-time correc-
tion for each electron energy in the data was computed
by integrating the observed data rate over the previous

2043

30 us, the (fixed) dead time of the data-acquisition sys-
tem. At the maximum event rate of 2000 sec™!, observed
in the Ni data, the dead-time correction amounted to
only about 6%.

D. Calibration of cross sections to radiative
recombination

We obtained the dielectronic-recombination cross sec-
tions by calibration to the radiative-recombination inten-
sity. The radiative-recombination cross sections can be
calculated to a theoretical accuracy better than about 3%
[6], and have been confirmed experimentally by measure-
ments of photoionization cross sections. The calibration
procedure consisted of fitting data from a cut around
the n=2 radiative-recombination photons. This cut in-
cluded x rays from several dielectronic-recombination res-
onances, including the n=2-1 x rays from the K LL reso-
nance, the n=3-1 x rays from the KL M resonance, etc.

The data were fitted to a function consisting of the
predicted relative dieiectronic-recombination resonance
strengths and predicted radiative-recombination cross
sections for each ionization state. The predicted ampli-
tude of the excitation function is given by

F(E) = ¢(E) C(E) S_ W, QJC’LIZ(Q__‘I’M LK st_.,; f%f_igoo) N

d.f

where W), is the fraction of the ions in ionization state g,
Sg4 is the dielectronic-recombination resonance strength
for resonance d, Ey is the resonance energy, E/ = Vpt —
Ey is the electron-ion interaction energy corrected for
the energy offset between the drift-tube voltage Vpt and
the beam energy, W is the electron-beam energy width,
P;_,£(90°) = 1 — Bg¢/2 is a factor that describes the
anisotropic distribution of the dielectronic-recombination
radiation in terms of an angular anisotropy factor B4
(7], dorr(g, E')/dQ? is the differential n=2 radiative-
recombination cross section at 90°, and €(E) is the de-
tector efficiency. C(E) is the calibration factor to trans-
form counts per channel into a differential cross section,
parametrized as

(222 )

r

and K is an independent amplitude factor for the dielec-
tronic recombination. K=1 implies that the observed
cross sections agree perfectly with the theoretical cross
sections. The fitted parameters are c;, c2, Wy, K, Ep,
and Wg.

Because of the small number of counts per channel in
the n=2 radiative recombination, we used the Poisson
maximum-likelihood estimator Z2 for the fits [8,9]. This
estimator ensures that the area of the fit is equal to the
area of the data, providing unbiased estimates of the fit
parameters, particularly (in this case) the cross-section
calibration.

In essence, the shape of the KLL dielectronic-
recombination resonances determined the estimate of the
ionization balance, because the resonances for the differ-

C(E)=c1(1+ coFE), (4) ent ionization states are resolved, while the magnitude of

TABLE III. Total theoretical dielectronic-recombination resonance strengths in cm? eV for he-

liumlike ions.

Resonance group Ni%6+ Mof0+ Ba®*+

KLL 6.72 x 1071° 4.53 x 1071° 3.15 x 107°

KLM 3.99 x 1071° 2.30 x 1071°

KLN 1.71 x 107%° 9.35 x 1072°

KLO 8.82 x 10720 4.65 x 10”20

KLn (n=6-14) 1.54 x 1071° 7.90 x 10~
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TABLE IV. Parameters from fits to the K LL resonances for the ion species studied.
Parameter Symbol Ni26+ Moo+ Ba®**
Estimator =2 383.0 363.2 334.9
Degrees of freedom 286 351 312
Beam energy width Wg 30.9 eV 27.1 eV 26.0 eV
Relative to theory K 0.8308 1.0177 1.0001
Heliumlike fraction AHe 89.56% 72.01% 30.11%
Lithiumlike fraction Ai; 6.75% 22.28% 42.99%
Berylliumlike fraction ABe 0.31% 4.41% 23.76%
Boronlike fraction Ap <.1% 1.30% 3.143%
T T T T T the radiative recombination determined the cross-section
500 (a) Ni?®* KLL Fit - scale. We used only data in the energy region around
the K LL resonances to determine the ionization balance
__ 400} b because these resonances provide the greatest sensitivity.
k] Although it may seem that using the shape of the KLL
€ 300} E excitation function to determine the K LL cross section
g is circular, the procedure is actually quite robust. It is
B 200 - immune to overall errors in the theoretical dielectronic-
© recombination resonance strengths; if they are all in error
100} - by a constant factor, the cross-section scale will be unaf-
fected. If the relative theoretical amplitudes of the res-
0 tuouctn 1 i caest onances are in error, then the cross-section scale will be
50 Elzectron Besa‘; Energy 5(|'fev) 58 affected, but this effect will be relatively small. The n=2
radiative-recombination cross sections do not vary dra-
250 T T T

1
% 12.0 12.5 13.0 13.5
Electron Beam Energy (keV)

54+

(c) Ba
KLL Fit
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w S [4,]
o o o

N
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FIG. 7. Fits to the KLL resonances in the n = 2
radiative-recombination cuts for (a) Ni, (b) Mo, and (c) Ba
ions. See Table IV for the relevant fit parameters.

matically with ionization state, making the cross-section
scale insensitive to errors in the ionization balance. Ad-
ditionally, the nonheliumlike fractions for the Ni and Mo
measurements were small, so any errors in the ionization
balance are proportionally smaller. For the Ba data, the
dielectronic-recombination resonances are well resolved
in electron energy, reducing the possibility of systematic
error.

The sensitivity to such errors was evaluated quantita-
tively for the Mo data. The relative theoretical KLL
resonance strengths used in the fit were modified by di-
viding every other resonance strength by a factor of 2.
The Mo data were then refit using these modified reso-
nance strengths and a cross-section scale obtained. The
resulting error in the cross-section scale was 4.9%.

The theoretical dielectronic-recombination resonance
strengths were calculated according to (1), with the de-
tailed Auger and radiative rates computed using a mul-
ticonfiguration Dirac-Fock code [10]. The resonances

TABLE V. Uncertainties in the cross-section scales.

Source of uncertainty Ni%6+ Moo+ Ba®t
Statistical 0.4% 2.3% 2.2%
DR theory 2.5% 2% 1.5%
RR theory 3% 3% 3%
RR contamination 1%

Recombination during sweep 2% 0.5% 2%
Total 8% 8% 8%
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were treated as 6 functions normalized to the energy-
averaged cross sections [11]. The computed total reso-
nance strengths for the observed resonance groups are
given in Table ITI. The anisotropic angular distributions
of the stabilizing radiation were included in the theoret-

T
KLL 26+

(a) Ni*®* RR Cut

soof (21

do/ dQ (b/sr)

.0 5.5 6.0 6.5 7.0 7.5 8.0
Electron Beam Energy (keV)

L T KLL ] Ll T T T T
250 o (b) Mo*°* RR Cut T

12 13 14 15 16 17 18
Electron Beam Energy (keV)

do/ dQ (b/sr)

- " ? K
21.5 22.0 22.5 23.0 23.5 24.0
Electron Beam Energy (keV)

FIG. 8. Observed excitation cross sections along the n=2
radiative-recombination line for (a) Ni, (b) Mo, and (c) Ba
ions. The cross sections given are for radiative stabilization
from the higher n electron, e.g., the n=2-1 transitions for the
KLL resonances, the n=3-1 transitions for the K LM reso-
nances, etc. The solid lines in these plots are the theoretical
resonance strengths for these transitions plus the radiative-
recombination cross sections convoluted with the ionization
balances and beam energy widths from the fits to the shapes
of the K LL resonances. The broken line in (c) includes only
the heliumlike ionization state.
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ical predictions of the experimental observations [7], so
our-results are presented as differential cross sections at
90°.

V. RESULTS

The fits around the K LL resonances for the three
ion species studied are shown in Fig. 7. The param-
eters of interest for these fits are given in Table IV.
Using the ionization balance and electron-beam energy
width from these fits, and cross-section scale parame-
ters derived from the radiative recombination at ener-
gies between dielectronic-recombination resonances, the
theoretical predictions were extrapolated along the n=2
radiative-recombination line and along the n=2-1 x-ray
line. The results are shown in Figs. 8 and 9. For the
n=2 radiative-recombination cut, the x rays included for
each resonance were those with energies approximately
equal to the n=2 radiative-recombination photons; thus,
for the K L L resonances the n=2-1 x rays were measured;
for the K LM resonances, the n=3-1 x rays, etc. For the
n=2-1 cut, only the n=2-1 x rays were included. As can
be seen from Fig. 5, these two branches make up most of
the dielectronic-recombination stabilizing radiation. Our
ability to separate the different stabilizing transitions re-

700 T T T T
26+
s0ol KLL (a) Ni 2-1 Cut |
_ 500} .
&
£
2 400 e
=]
3 300} KLM N
B < Direct
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T T T T T L
- 40
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200} ' -
&
£ 150 B -
G
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B 100 irect
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e Threshold
50} 3 %Eﬁ
0 L L

12 13 14 15
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FIG. 9. Observed excitation cross sections for n=2-1
x rays for (a) Ni and (b) Mo ions. The solid lines are the
theoretical dielectronic resonance strengths for n=2-1 transi-
tions transformed as described in Fig. 8.
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sults in a more stringent test of theoretical predictions
than does measurement of the total cross section at each
energy.

The uncertainty of the cross-section scale is made up of
several factors, summarized in Table V. The uncertainty
from the use of theoretical resonance strengths to obtain
the ionization balance was estimated from the effect of
using grossly incorrect relative resonance strengths, as
described above. The theoretical uncertainty in the cal-
culation of the differential radiative-recombination cross
sections is conservatively estimated at 3%. The Ni n=2
radiative recombination had a small contamination from
neonlike Ba n=3 radiative recombination. We deter-
mined its relative magnitude (about 4%) by fitting the
radiative-recombination lines in the x-ray spectrum ob-
tained at the ionization energy between voltage sweeps.

The Ni26+ cross sections are consistent with our earlier
measurements [1]; however, the theoretical predictions
in that paper assumed isotropic radiation. The agree-
ment between observation and the corrected theory for
the KLL resonances is now somewhat worse. However,
the agreement between the corrected theoretical predic-
tions and the other Ni%®* resonances, the Mo+ results,
and the Ba®#t results is excellent.

VI. SUMMARY

We have developed a useful and versatile method to
measure dielectronic-recombination cross sections, and
have used it to measure the An>1 cross sections for heli-
umlike ions. The results are in generally good agreement
with theoretical predictions. These results provide in-
formation unavailable from direct cross-section measure-
ments, because they allow separation of different x-ray
transitions from the same excited intermediate state.

The technique of sweeping the electron-beam energy
while recording individual x-ray events has a much
broader application. We plan to use it with a high-
resolution crystal spectrometer to resolve dielectronic-
recombination resonances to individual states. It may
also be used for the measurement of two-photon decays,
excited-state lifetimes, resonant excitation, and other
phenomena.
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