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Abstract

The electron impact ionization cross section of Li-like Ba®* has been measured at
22 keV using an electron beam ion trap. The measurement makes use of a novel
technique, which is discusscd in detail. We find a value somewhat higher than predicted by
theory.
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I. Intreduction

Accurate knowledge of ionization, excitation, and recombination cross sections of
highly charged ions along an isoelectronic sequence are needed to check the scaling laws of
theoretical calculations. In this regime relativistic effects become important. Until
recently cross section measurements for ionization have been limited to medium charge
states using crossed beams (U10+) [1], theta pinches (Ti®*) [2], and tokamaks (Fe21+) [3].
However, with the advent of the Livermore electron beam ion trap (EBIT) very high
charge states up to U2+ can now be studied.

In the following we describe a measurement of the ionization cross section of Li-like
Ba53+, i.e. of the process 1s22s+ e —1s2+2e". This is the first measurement based on a new
technique that relies on x-ray observations and represents the highest charge state
jonization measurement to date. Barium was chosen in the study because it is readily
available as it evaporates from the electron gun. The technique will be applied in future
measurements to study the ionization cross section of several ions along the Li-like
isoelectronic sequence. ‘

I1. Description of Technique

EBIT was designed as an x-ray source [4,5]. Therefore, we have devised a technique
for measuring the electron impact ionization cross section of Li-like ions based on studying
the x-rays emitted from EBIT at 90° with respect to the electron beam. The measurement
scheme uses the fact that if the electron beam energy is set to the KLL dielectronic
resonance energy for He-like ions, dielectronic (DR) and radiative (RR) recombination of
He-like ions is to a good approximation balanced by ionization of Li-like ions. The scheme
is illustrated by the diagram in Figure 1. In this approximation, where we have neglected
charge exchange recombination (CX), the density ratio of the He and Li-like charge states
is approximately equal to the ratio of the cross sections for ionization and the sum of DR
and RR. As a result, an x-ray emitted following DR is a good indicator that an ionization
event has occured. Taking into account recombination due to RR, we can therefore
determine an ionization cross section by counting the n=2 to n=1 x-rays.

The general equation for the density ny, of ions in the He-like charge state in
steady-state is given by:

= Li He He He - :
dnye/dt = n.ve[oig, lnLi - OpR Nyt Orp o NHe - NpVogex “Npe = 0 (1)

where ng,v, is the electron density and velocity, Uani the tonization cross section of Li-like
ions, opr® the cross section of dielectronic recombination onto He-like ions, o the
cross section of radiative recombination onto He-like ions, UCXH° the cross section of
charge exchange with He-like ions, ng the ion charge density of charge state g, and ng,v, the
density and velocity of neutral background gas. Solving for Oion "

o

S



e

Tion™ = (npe/nL)loprTe + orre + (ngvo/neve)ocxtel. (2)

The x-ray intensities at 90° produced by DR onto He-like ions and RR onto Li-like ions can
be expressed as:

IprM(90°) = neveoprM(90°)ny, 3)
IRRY(90°) = neveorrH(90°)ny; 4)

Substituting these into Eq. (2), we get:

Gion = [IpRIE(90°)/IRrH(90%)]or R (90°)[oprHe/oprTE(90°)
+ orrMe/oprMe(90°) + (ngvo/neve)ocx ¢ /oprHE(90%9)].  (S5)

We note that the term opr¢/oprM®(90°) in Eq. (5) accounts for the possibility
that the DR x-ray intensity may be different at 90° from the 4= average. This factor arises
because the x-rays are polarized and are emitted anisotropically [6] due to the fact that the
atoms are excited by a unidirectional electron beam.
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Figure 1: Measurement scheme for Li-like Ba. By counting the x-
rays given off in the DR on He-like ions the ionization cross section
can be measured, provided RR and CX are accounted for.



III. Experimental Procedure

The RR and DR x-rays are measured with a solid-state germanium detector.
Typical results are shown in Fig. 2 for the RR x-rays and in Fig. 3 for DR x-ray data for Ba.

The sequence in which the spectra were taken is as follows: (1) We allow the Ba to
jonize to the He-like charge state and come to steady-state at the electron beam energy
equal to the DR resonanace energy, Epeam = Epr- (2) We change the electron beam
energy away from the DR resonance Ey.,, = Epr and measure RR x-rays onto He, Li, and
Be-like Ba for 20 ms, Fig. 2. Note that this time is short compared to the theoretical
ionization time of 200 ms for changing the charge balance. From this we determine the
relative abundance of He and Li-like Ba ions. (3) Finally, we switch the beam energy back
to the DR resonance Eg.,m = Epr and measure the DR x-rays, Fig 3. This penod takes 40
ms which is long compared to theoretical DR time of 14 ms.

~The RR x-ray signal, Igr(90°), shown in Fig. 2 contains contributions from He, Li,
and Be-like ions. The relative He, Li and Be-like ion densities are determined from a fit of
the RR data with known RR cross sections and photoionization energies. A 100-eV
detector resolution (gaussian width) is assumed in the fitting procedure. -
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Figure 2: Radiative recombination (RR) x-ray spectrum, Epeym =

21.2 keV. The RR x-rays onto the n = 2 shell are fitted to
determine a charge balance. The solid and dashed lines represent
the relative theoretical cross sections of RR onto the different

charge states.
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Figure 3: Dielectronic recombination (DR) x-ray spectrum, Epeam
= 224 keV. Then = 2to n = 1 feature contains a contribution
from x rays due to RR onto the n = 2 shell of Ba (hatched area).
Peak 1 is due to transition [(1s2p)1'2p3/72]5/2 - 137’2p3/2; Peak 2 is
due to transition [(1525)02p3/z]3/2 - 1572s.

Because opg > ORR, the DR x-ray signal in Fig. 3 is more intense than the RR
signal in Fig. 2. Ipr(90°), however, has contributions from x rays due to RR onto He, Li,
and Be-like ions due to the fact that at Epeym = Epg the DR x rays and RR x rays appear
in the same energy region. Because Epcum (Fig. 2) is approximately equal t0 Epeam (Fig.
3), RR is approximately the same in both spectra. Thus, we can determine Ipr'€(90°) by
subtracting the Igg(90°) signal in Fig. 2 from the Ipr(90°) signal in Fig. 3, IprH¢(90°) =
Ipr(90°) - Igr(90°). We checked the validity of this approach by comparing the x-ray
signal of RR onto the n=3 shell, which is seen in both the RR and DR x-ray spectra, and
verified that they are equal.

Substituting the experimental quantities into the theory expression in Eq. (5) we
obtain:

Tign = UDR<90°>-1RR<90°>/IRRU(90°>}aRRL‘<90°>[aDR“C/aDR“CW)
+ oppt/oprtTe0°) + (VOnO/Vcne)UCXHC/UDRHC(()OO)]- (6)

Thus, we can determine aionu from a measurement of Ipr(90°) by normalizing to
URRL‘(‘)O") and O’RRHC. The result is affected by CX, which we treat as a pertubation.
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IV. Results

The results for Li-like Ba are given in Table I for three energies corresponding to

‘the energies of the dielectronic resonances in He-like Ba. We use theoretical calculations

for orgl(90°) = 6.6 x 103 cm?, orrMC = 92 x 103 cm? [7), ocxH¢ = 2.3 x 1013 ¢m?
[8], oprT¢/oprH¢(90°) = 1.0, 1.0, 1.23 for the three DR resonance energies in order of
fficreasing energy [9], and v, n,, and vq are determined by the operating parameters of
EBIT. The only unknown in the equation is the neutral particle density ng, which is related
to the pressure of the background gas. This unknown determines the CX contribution and
is discussed in the following paragraph. The results with and without CX are compared to
theoretical values calculated by Reed using the distorted wave code of Zhang [10] and
Moores [11] and to the semiempirical Lotz formula [12]. We measure an ionization cross
section 1.8x theory without CX and 2.5x theory with CX. ‘

In order to determine the effect of CX, we have measured the x-ray signal at
energies away from the DR resonance. In this regime ionization is approximately balanced
by CX and RR. Knowing RR we can infer CX. Since the CX contribution does not change
as a function of Ey.,,,, we can use this to correct the DR data.

Table 1. Electron impact ionization cross section of Li-like Ba in units of 10! c¢m?,

* denotes sum of adjacent resonances. Energy in units of keV.

Experiment Theory
Energy no CX with CX Zhang  Moores Lotz
21.83 0.24 = 0.16 0.36 = 0.28 0.143 0.141 0.142
21.97 0.25 = 0.17 0.38 = 0.29 0.143 0.141 0.142
22.44* 0.25 £ 0.13 0.36 = 0.24 0.143 0.141 0.142

Because of the low resolution of the Ge detector there is a large uncertainty in the
determination of the charge balaice from the the RR data. The error bars are, therefore,
calculated assuming maximum possible variations in the charge states npy,, npj, and ng,.
For example, the lower limit is calculated by assuming that ny; = 100%, even though this
assumption is unphysical. Measurements are in progress to determine the charge balance
with improved accuracy.
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