
UCRL- JC-107742
PREPRINT

o

NOV0.1 fggl

Dielectronic Recombination Measurements ..................... . ....
i of Highly-Charged Helium-Like and Neon-Like

Ions Using an Electron Beam Ion Trap

Marilyn B. Schneider, David A. Knapp,
P. Beiersdorfer, Mau H. Chen, J.H. Scofield

C. L. Bennett, D. R. DeWitt, J. R. Henderson

Patricia Lee+, Morton A. Levine++, R. E. Marrs
and D. Schneider

+now at Georgia Institute of Technology
++Lawrence Berkeley Laboratory

This paper was prepared for submittal to

Conference proceedings of the APS Sth Topical
Conference on ATOMIC PROCESSES IN PLASMAS

August 25-29, 1991, Portland, Maine

This is a preprint of a paper intended for publication in a journal or proceedings. Since

changes may be made before publication, this preprint is made available with the
understanding that it will not be cited or reproduced without the permission of the
author.

- MASTEB
DISrt.._II3UTi©L: " "- -" '.i_.'.r?©Curv_:r_ i I_ _,_L_,w,,, _-,-



DISCI.AIMER
4

This document was prepared Lq au accountof work spoasomdby sn slieacyof the
United States Government. Neither the United States Government nor rbe University
of California nor any of _heiremployees,makes any warrant_ expressor implied, or
s.qsumesany lelisl liability or respomibi]ity for the accuracy, completene_ or useful-
messof any information, apparatus,product,or processdisclosed,or relpces_tstint
iLqusewould not infrinRe privately ownedriRhts. Referenceherein to any specific
commercialproducts,process,t_rservice by trade name,trademark, immufactwer,or
olherwise,doesnot mrily constituteor imply its endorsemeat,recommendation,
or favorinR by the United States Government or the University of Californ;-. The
views and opinions of authors expressed herein do not aecessarJly state or reflect
those of the United States Goverameut or the University d California. and _iutll
be used for advertisinR or product endorsement purposes.



UCRL-JC--1077 42

DE92 002163

DIELECTRONIC RECOMBINATION MEASUREMENTS OF HIGHLY-CHARGED HELIUMLIKE

AND NEONLIKE IONS USING AN ELECTRON BEAM ION TRAP*

Marilyn B. Schneider, David A. Knapp, P. Beiersdorfer, Mau H. Chen,
J.H. Scofield, C.L. Bennett, D.R. DeWitt, J.R. Henderson, Patricia

Lee+, Morton A. Levine++, R.E. Marrs, and D. Schneider

Lawrence Livermore National Laboratory, Livermore, CA 94550 USA

++Lawrence Berkeley Laboratory, Berkeley, CA 94720 USA

*Work performed under the auspices of the U.S. Deptartment of Energy by the
• o

Lawrence Livem_ore National Laboratory under contract number W-7405-Ehr_-48.

+now at Geoz_ia Institute of Technology, Atlanta, GA 30332 USA

ABSTRACT

The electron beam ion trap (EBIT) at LLNL is a unique device

designed to measure the interactions of electrons with highly-charged
ions. We describe three methods used at EBIT to directly measure the

dielectronic recombination (DR) process : (i) The intensity of the

stabilizing X rays is measured as a functiz._ of electron beam energy;

(2) The ions remaining in a particular ionization state are counted
after the electron beam has been held at a fixed electron energy for

a fixed time; and (3) High-resolution spectroscopy is used to resolve
individual DR satellite lines. In our discussions, we concentrate on

the KLL resonances of the heliumlike target ions (V21. to Ba54+), and

the LMM resonances of the neonlike target ions (Xe 44. to ThS0+) .

INTRODUCTION

Dielectronic recombination (DR) is an important process in

fusion plasmas, solar flares, and astrophysical systems because it

strongly influences the ionization balance and emitted x-ray spectra.
Measurements of DR in highly-charged ions are also of fundamental

interest because they can test multi-electron atomic physics models

in the high-Z, highly relativisitic limit. The EBIT machine I-3 at
LLNL is an ideal device in which to measure the DR resonances of

highly-charged ions 4-9. In this paper we report several complementary

techniques used to measure DR of heliumlike and neonlike target ions.

DR is the resonant capture of electrons by ions. An

intermediate state is formed when the energy gained by capturing an

electron from the continuum resonantly excites one of the bound

electrons. DR occurs when the ion, now with one less charge, decays

by emitting a photon.

_' The DR resonances can be seen with x-ray or particle techniques

J by measuring either the intensity of the DR X rays or the ion

abundance as a function of the interaction energy between the ion and

- the electron. We have previously used x-ray techniques to measure

the KLL DR resonances of heliumlike Ni 26+ 4-5 and Mo 40+ 5 target

ions and the LMM resonances of neonlike Au 69+ 6 target ions. We

summarize these results and also report new results for heliumlike

Ba 54+ and neonlike Xe 44+ and Th 80+ target ions. The cross sections

_ determined with the x-ray technique are normalized to those of
radiative recombination (RR), the nonresonant recombination of

electrons with ions. A particle technique has previously been used

to measure the abundance ratio, Arl6+/Ar 15+, of ions extracted from



an electron beam ion source, l0 In this case, the DR cross sections

were normalized to those of electron impact ionization. We also

measure ion abundances by using the EBIT machine as an ion source. 3

Using ion-extraction techniques, we have measured DR of hydrogenlike

Ar 17+ target ions 8 and, more recently, neonlike Xe 44+ target ions 9

We summarize the latter experiment here. The extraction data is not

normalized to obtain a cross section, but the relative strengths of

the resonances are measured with the highest electron energy

resolution yet from EBIT. We note that a process similar to DR has
also been measured in resonant transfer and excitation (RTE)

experiments where ions move through a gas target and interact with .

the target's electrons. The RTE equivalent of the KLL resonances of

m heli_like U 90+ onto H 2 was observed II.

We confine our attention in this paper to th_ KLL resonances of

heliumlike target ions and the LMM resonances of neonlike target

ions. These resonances are the strongest for the highly-charged ions

which we consider. As an example, the LMM resonances in neonlike

gold target ions are expected to have about 70% of the total DR

resonance strength.
We note that the LMM resonances in neonlike ions differ from

the KLL resonances in heliumlike ions in several ways: (a) the

energy threshold for ionization to a neonlike state is 2-3 times the

energy of the LMM resonances, whereas the threshold for ionization of

a heliumlike state is below the energy of the KLL resonances. This

means that extraction experiments on neonlike target ions cannot be
normalized to an ionization cross section. (b) the LMM resonance

strengths are at least an order of magnitude larger than the KLL

resonance strengths. This means that the LMM experiments must be
performed on a shorter timescale, because the number of neonlike ions

is quickly depeleted. (c) the LMM resonances of neonlike target ions
have 237 intermediate states whereas the KLL resonances of heli_nlike

target ions have only 16.
_

THE ELECTRON BEAM ION TRAP

The electron beam ion trap (EBIT) is a device specifically

designed to study the X rays produced by very-highly-charged ions

when they interact with free electrons I-2. The ions are available

for study because they are electostatically trapped for seconds to

hours in a narrow cylindrical region defined by biased electrodes in

the axial direction and by a high-current-density electron beam in

- the radial direction. The energy of the electron beam can be varied ,

reliably from 2 keV to about 40 keV with a typical energy spread of

50 eV FWHM. X rays from these interactions are observed at 90 ° to

the electron beam direction. Recently, EBIT was upgraded to allow

the ions to be extracted from the trap and magnetically analyzed by

charge-to-mass ratio. 3

DR OF NEONLIKE TARGET IONS USING THE "EVENT-MODE" X-RAY TECHNIQUE

Typically, the DR resonances are measured using an "event-mode"

data acquisition technique and a solid-state detector. A schematic

diagram of the EBIT voltages for an experiment on neonlike target

ions is illustrated in Fig. i. First the ions are dumped out of the

trap by turning off the electron beam and inverting the axial
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• potential. Then, the beam is turned on, the axial trap is restored,

and low-charged ions (q=+l to 4-4) are injected into EBIT. These ions

are successively ionized by the electron beam under conditions which

, maximize the ratio of neonlike ions to sodiumlike ions. This

requires a high beam current and an electron beam energy that is just
below the threshold for removing the 10th electro[*. Once the

ionization balance is established, the DR experiment is performed.

Die!ectronic recombination is a strong recombining process, so

setting the electron energy to the resonant energy would so6£ destroy

the ionization balance• The resonances are probed by reducing the

beam current and linearly ramping the energy of the electron beam

down from the ionization energy to an energy below that of the

dielectronic recombination resonances, and back up. The ionization

conditions are then restored to maintain the ionization balance. The

cycle is repeated about 200 times before the trap is again dumped.

Note that the time spent on resonance (typically 17 uS for a 3keV/mS

ramp) is too short to perturb the ionization balance at the reduced

. beam currents used.

X rays are observed during ramping with a solid-state Ge or

Si(Li) detector. When an X ray is detected, its photon energy, the

voltage used to accelerate the electron beam, and the time are

recorded• If the voltage ramp is linear, the data is automatically
normalized because the same amount of time is spent at each voltage.

The data from a typical run can be displayed as a scatter plot,

as shown in Fig. 2 for neonlike gold. X-ray spectra are horizontal

slices of this plot. Excitation functions (x-ray intensity versus

_ electron energy) are generated by projecting selected events onto the

electron beam energy axis. The DR excitation function of the data

which is analyzed is the sum, for each electron energy, of all RR X

rays to n=3 plus all n=3->2 DR X rays. Because the intermediate
state of the ion has two electrons in the n=3 shell but only one hole

in the n=2 core, there is only one n=3->2 X ray emitted for each

recombination. The excitation functions are shown in Fig. 3a,b,c for

the xenon, gold, and thorium, systems, respectively. As the target

=_ ion becomes more highly charged, individual DR resonances become
-J

easier to resolve because the spacing between the electron energy

levels increase. However, the ionization balance in EBIT worsens, as

--_ evidenced by an increase in the number of peaks in the thorium data

compared to the gold data. This is because the ionization cross

section of sodiumlike ions scale like I/Z 4 while the recombination

cross sections of neonlike ions are either approximately constant

= (radiative recombination) or scale like Z (charge exchange) so that

= the ratio of the numbe_ of neonlike ions to the number of sodiumlike

ions in EBIT, scales, at best, like I/Z 4

i
4
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Fig. 2 The data from a DR experiment on neonlike gold target ions

displayed in a scatter plot (middle figure) which maps x-ray

intensity on a greyscale versus x-ray energy (x-axis) and electron
beam energy (y-axis). X-ray excitation lines appear as vertical

bands; radiative recombination (RR) X rays appear in diagonal bands.

The high intensity peaks at the intersection of the excitation lines
and RR bands are the DR resonances. A horizontal cut through the

scatter plot gives an x-ray spectrum at a fixed electron energy.
This is illustrated in the top figure for the ionization energy of 18

keV. The n=3->2 x-ray excitation lines are identified. A vertical

cut along a fixed x-ray line gives a DR excitation function. The

figure on the left is a vertical cut through the brightest n =3->2 X-

ray line. The DR resonances are labeled. The strongest resonances
are the LMM resonances.

Note that a diagonal cut along an RR band gives a complementary

DR excitation function.
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beam resolution, they



were treated as _ functions normalized to the energy-averaged cross

sections as defined by Lagattuta and Hahn 15. The cross sections for

emission of X rays at 90 ° to the electron beam were expressed as

resonance strengths averaged in energy bins of 1 eV. A more complete

presentation of the techniques used is given in Ref. 13.
The theoretical fit to the Xe data required three target

ionization states, the Au data needed four states, but the Th data

requires at least six states (which were not yet available). The
results are shown in Fig. 3, along with the contribution of each

target ionization state. The shapes of the resonances for the Xe and
Au data are in very good agreement with theory. The part of the Th

data involving the neonlike target state is also in good agreement

with theory. The Gaussian FWHM of the electron energy was 30 eV for

the xenon data, 60 eV for the gold data, and 40 eV for the Th data.

The Au data has the poorest resolution because of noise on the high-

voltage power supply used to accelerate the electron beam in that

experiment. The Th data has slightly worse resolution than the Xe
data because it was obtained at a beam current of 50 mA, and the Xe

data was obtained with a 30 mA current.
To obtain an absolute cross section, the overlap of the ions

with the electron beam must be known. Because this is not possible,

the strength of the dielectronic recombination resonances were

normalized to that of radiative recombination. The normalization

factor, in counts per cross section, is obtained by dividing the

number of RR X rays at each electron energy by the detector

efficiency times the sum of the fraction of each ionization state

(obtained from the theoretical fit to the DR excitation function)
times its calculated radiative recombination cross section. The RR

cross sections for X rays emitted at 90 ° to the electron beam for

each ionization state were calculated using a relativistic distorted-

wave code. 14 Care was taken £o use only those regions of the RR

bands to n=3,4,5 which were uncontaminated by other processes.
About 20 out of 50 LMM DR resonances onto the neonlike ion, 40

out of 115 onto the sodiumlike ion, 20 out of 60 onto the

magnesiumlike ion, and 40 out of 160 onto the aluminumlike ion make

significant contributions to the DR cross sections for the Au and Th
data shown in Fig. 3. The dominant contribution is from high angular

momentum intermediate states with a 2p-13/2 core and at least one DR

electron in the 3d5/2 subshell.
The final measured total resonance strength for DR in neonlike

gold between 2.6 and 3.6 keV is 1.0 ± 0.15 x 10 -17 cm2-eV; the

theoretical value is 0.95 x 10 -17 cm2-eV. The principal source of

error comes from the uncertainty in the normalization factor.
We have also carefully examined the LMM resonances in neonlike

gold with intermediate states with 2p-Ii/2 and 2s-Ii/2 core

configurations. Figure 4 shows the data in this region compared to
the MCDF theory with the ionization balance, beam width, and

normalization factor from the data in Fig. 3b. A discrepancy was

found for the peak at 4.55 keV. The MCDF theory predicts this peak

to be composed of two neonlike DR resonances: 80% from an

intermediate state composed mainly of the (2p-ll/23P3/23d3/2)J=5/2

state and 20% from an intermediate state composed mainly of the

(2s-ll/23Sl/23d5/2)J=5/2 state. It is likely that the theory
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EXTRACTION EXPERIMENTS

We have also _

measured the DR

resonances of neonlike _ _ _ __ _o_ i

Xe 44+ using EBIT as an

ion source. 9 In these a - A

experiments, an
ionization balance is

first established, and ==_-= - " ' *'_
1.2 1.4 1.6 1.8 2.0

then the DR resonances

are probed by lowering Electron Energy (keV)
the beam current Fig. 5. Decay rate of the number of Xe 444 ions extracted

(typically to 5 mA) and versus probe electron energy. The smooth curve is
the MCDF theory for the DR resonance strengths convoluted

the beam energy (to a with an electron energy resolution of 16 eV FWHM.

probe energy ) for a

given probe time. The beam current is then turned off and the beam

energy increased to the fixed extraction energy. The ions are

extracted by pulsing the axial trap to invert it. Those ions with a

preseleqted charge are magnetically steered into a photomultiplier
tube and counted. Two to five dumps per probe condition are usually

performed, and then the probe energy or the probe time is changed. A

plot of the number of neonlike Xe 44+ ions versus probe energy shows a

large decrease in the number of Xe 44+ at its DR resonances. At each

. probe energy, the number of ions decreases exponentially with time
because the only process occuring is recombination, so the experiment

is repeated for several different probe times. For each probe

energy, the data at different probe times is used to find the

exponential decay rate. Fig. 5 showns the decay rate versus electron

energy. This decay rate is proportional to the sum of the different
recombination processes, dielectronic recombination, radiative

recombination, and charge exchange with background gases. The latter

two processes vary smoothly with energy, so the theoretical DR cross
sections are used to fit the data in Fig. 5 for a smooth background,

an electron energy resolution, and a scaling factor. The electron

energy resolution for the data in Fig. 5 is 16 eV FWHM, as compared
to the 30-eV FWHM for xenon data in Fig. 3a. The improved resolution

is due to the low beam current and low axial trapping voltage (~I0 V)

used. While these two factors reduce the number of ions in the beam
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ionization balance is poor). Figure 7 shows a typical x-ray spectrum

of V at an electron energy near the KLL resonances. The lithiumlike

satellite line positions were measured with an average accuracy of

0.2 n_, which is a resolution (AE/E or Ak/l ) of 8 x 10 -4..., The
lithiumlike satellite lines e, o, and p were seen for the first time

in such highly-charged ions.
We have added the von Hamos spectrometer to the event-mode data

acquisiton system. We have used this to study the DR resonances of

helium_ike Cr 22+ target ions. Figure 8 shows the scatter plot and an

x-ray spectrum at the KLL resonances. This technique preserves the

original ionization balance.

SUMMARY

In summary, we have discussed several techniques used to
measure DR resonances using an electron beam ion trap. The event-

mode x-ray technique with a solid state detector gives an electron

energy resolution of 50 eV FWHM, but poor x-ray energy resolution.
However, the DR resonance strength relative to that of radiative
recombination can be determined because the data acquisition process

is self-normalizing. The event-mode coupled to a von Hamos

spectrometer gives the same electron energy resolution but the

resonances are resolved to 8 x 10 -4 in x-ray energy. These x-ray

experiments benefit from high beam currents to improve the data rate.
The extraction technique, which uses EBIT as an ion source, allows

very high resolution in electron energy (16 eV FWHM) because it can
use a low beam current and low trapping voltage. Its disadvantage is

• the inability to normalize the resonance strengths.
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