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Abstract

The first ionization potential of einsteinium (1P-,) was determined by resonance ionization mass spectroscopy (RIMS) using samples
with <10*? atoms of ***Es (T,,,=276 days). This method is based on the measurement of photoionization thresholds as a function of
applied electric field strength, followed by extrapolation to zero field strength to yield IP.. An atomic beam of Es was created by heating
a filament on which einsteinium was electrodeposited from an agueous solution onto a tantalum backing and covered with titanium metal.
Es atoms were ionized via a three-step excitation scheme, and the ions mass-selectively detected in a time-of-flight (TOF) mass
spectrometer. The excitation scheme used included a previously unknown Esl level at 32 924.9 cm™*. Furthermore, an autoionizing state
at 51 447.3 cm™* was also found. The first ionization potential of Es was determined to be 6.3676(5) &/ (=51 358(5) cm™*). [ 1998

Elsevier Science SA.
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1. Introduction

The first ionization potential is a fundamental physical
and chemical property of an element. Knowledge of the
ionization potentials of the heavier actinides can help in
understanding relativistic effects in these heavy elements,
which are expected as a result of the relativistic mass
increase of the inner electrons [1], and enables a test of
multiconfiguration Dirac—Fock calculations [2], a success
ful theoretical treatment for heavy multielectron atoms.

The most accurate experimental values for ionization
potentials are obtained by laser spectroscopic methods
[3,4]. We have developed a technique which allows such
measurements with samples of =10** atoms. More details
are given elsawhere [5,6].
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2. Production of ***Es and preparation of Es
filaments

2.1. Production and purification of “*’Es

The **'Es (T,,,=276 days, a-emitter) was synthesized
in the High Flux Isotope Reactor (HFIR) at the Oak Ridge
National Laboratory, as part of the US Department of
Energy’s transuranium elements production and research
program. Four fractions of mixed Es isotopes generated
during the Radiochemical Engineering Development Cen-
ter (REDC) processing campaign 69 (March '96) were
combined for recovery and purification of the remaining
*%Es, Gross a-counting and a«-pulse height analysis
showed that this composite feed material contained 279.1
ng **Es, 133.9 wug **°Cf and 1.6 pg **°Cf. Suspected
plutonium contamination was confirmed by «o-particle
analysis to consist of 5.1 wg ***Pu and 24.7 ug **°Pu. No
*3Es was detected by vy-spectroscopy, and al other -
emitting impurities were below minimum detectable limits.

Purification of this composite feed material was accom-
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plished by a cationic exchange column run with selective
elution using a-hydroxyisobutyric acid, followed by afinal
cationic cleanup column and concentration run, to isolate
the ***Es from the other transuranium elements and the
mono- and divalent metal impurities [7]. Analysis of the
final Es product showed the presence of 173.9 ng **'Es
with <0.002 ng **°Cf and <0.003 ng ***Bk per ng of
*%Es. No other transplutonium elements were detected.
The only ~y-emitter detected was ***Ce at a concentration
of 0.009 ng per ng ***Es.

An aliquot containing 57 ng “>"Es was drawn from this
final product solution in 6 M HCI and evaporated in the tip
of a leached quartz cone for shipment to the Institut fur
Kernchemie at the Universitdt Mainz, Germany.

254

2.2. Chemical preparation of filaments in Mainz

The ***Es residue was dissolved in 1 ml of 1 M HCI. An
aliquot containing ~10* atoms of ***Es was transferred
into an electrolytic cell filled with 4 ml of NH,Cl solution
(0.1 g NH,Cl ml™%; pH=1.8). The eingteinium was
electrodeposited onto a 50 pm thick tantalum backing foil
over a 3 mm spot by applying a current density of 4.5 A
cm ? for 90 min. After deposition the filament was
covered with a ~1 pm layer of titanium metal by sputter-
ing. The thickness of the titanium layer was determined by
measuring the energy loss of the a-particles in the cover-
ing layer and applying the Bethe—Bloch equation [8]. The
evaporation temperature of einsteinium as neutral atoms
from such filaments is as low as =630°C.

3. Experimental setup

The experimental setup for RIMS consists of three
tunable dye lasers pumped by two copper vapor lasers (6.5
kHz pulse repetition rate, 30 and 50 W average output
power, 30 ns pulse duration). The dye laser beams are
coupled into a quartz fiber and focused into the interaction
zone of a time-of-flight (TOF) mass spectrometer where
they cross the atomic beam of Es produced by resistive
heating of the filament. The ions produced are accelerated
by an electric field and mass-selectively detected by a
channel plate detector [9,10]. The wavelengths of the dye
lasers were determined with a pulsed wavemeter (ATOS,
Lambdameter) with a precision of AA/A=10""°. All wave-
lengths given here are in vacuum.

4. Measurements and results

The experimental technique is based on the determi-
nation of photoionization thresholds as a function of an
external electric field, followed by extrapolation to zero
electric field strength. According to the classical saddle
point model [11], the ionization threshold of an atom with
one highly excited electron located in an externa electric

field shows a linear dependence on the square root of the
applied electric field. In this experiment a highly excited
Esl level was populated by a two-step resonant excitation
scheme. The ionizing laser was scanned across the ioniza-
tion threshold in the presence of an applied electric field,
which aso served to accelerate the ions in the TOF
spectrometer. Electric field strengths varying from 25 to
270 V cm ' were applied. The ionization threshold is
indicated by a sudden onset of the ion signal at mass 254.

Using the first and second excitation level from data
published by Blaise and Wyart [12] for **°Es, and taking
into account the isotope shift between *>’Es and ***Es, an
initial excitation scheme was chosen with E;=17 803.5
cm ™t (A,=561.69 nm) and E,=33829.9 cm ' (A,=
623.97 nm). The third step was performed with A,~540
nm, leading nonresonantly to the continuum above the
theoretical ionization potential predicted previously [13].
Keeping the first and third excitation steps constant, the
second dye laser wavelength was scanned from 665.5 to
657.4 nm in order to find a second excitation level low
enough in energy that an additional photon of A, would not
be energetically sufficient to produce ionization. Thus, a
second excitation level at 32 924.9 cm™*, obtained with
A,=661.31 nm, was found suitable for the determination
of the ionization thresholds under different electric field
strengths. This excitation scheme is shown in Fig. 1. The
third excitation step was scanned between 545.5 and 543.1
nm under different electric field strengths. The shift of the
onset of the ion signal, which denotes the ionization
threshold, toward higher energy with decreasing electric
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Fig. 1. Excitation scheme used for the determination of the first ionization
potential of ***Es.
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Fig. 2. Photoionization thresholds (indicated by arrows) of ***Es under
five different electric field strengths.

field strength is illustrated in Fig. 2. The very low
background present below the ionization threshold is
attributed to nonresonant multiphoton ionization. The
ionization thresholds have been determined with a preci-
sion of =2 cm™*, including the uncertainties in wavelength
determination. The first ionization potential was obtained
by a linear least squares fit of the ionization thresholds
determined for various electric field strengths versus the
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Fig. 3. Plot of the ionization thresholds of ***Es versus the square root of
the applied electric field strength F. The ionization potential was obtained
by a linear extrapolation to zero field strength applying a least squares
weighted fit.

square root of the electric field strength and extrapolation
to zero field strength. This fit and the extrapolation are
shown in Fig. 3. The value for the ionization potential of
Es is IP.,=51 358(5) cm ' (=6.3676(5) &/). The error
considers the uncertainty from the least squares fit includ-
ing the weighted errors for the single data points plus the
uncertainty in the hyperfine splitting of the ground state of
the ***Es atom due to its nuclear spin 1=7 and eectronic
ground state J=15/2. Further investigations of the hy-
perfine splitting of the first excitation step will reduce the
error. By scanning the third excitation step above the
ionization potential, an autoionizing state at 51 447.3 cm™*
was aso found.
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