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Selective ionization using a narrow-linewidth laser to 
excite only specific isotopes, such as is used in the selec-
tive ionization of 235U [3], is not applicable for palladium 
as isotope frequency shifts are smaller than the Doppler-
broadened absorption linewidths [4]. Instead, we base our 
work on a technique first proposed by Balling and Wright 
[5] wherein optical selection rules forbid excitation of even-
mass number isotopes, but allow excitation of odd-mass 
number isotopes (105Pd and 107Pd) having non-zero nuclear 
spin. This is achieved using either two circularly polarized 
[6] (or orthogonal linearly polarized [7]) excitation lasers 
interacting with a stream of vaporized palladium, followed 
by a third ionizing laser. Ions are then separated from the 
vapor by an electric field, and non-radioactive isotopes 
remaining in the stream can be recycled, and odd-mass num-
ber isotopes (including radioactive 107Pd) can be processed 
by means such as nuclear transmutation [8].

This optical transition selection rule lends itself well to 
industrial scale-up, having notable advantages when com-
pared to competing methods. Specifically, commercial high 
power excitation lasers can be used, without the need for 
narrow spectral linewidth nor long-term frequency stability, 
as is required for Atomic Vapor Laser Isotope Separation 
(AVLIS) [9]. Secondly, yield production is not limited, as 
may be the case when scaling up resonant ionization mass 
spectrometry RIMS [10] processes. This later limitation we 
have directly observed when a moderately high number of 
ions (of order  1011) is produced in the interaction region and 
ion–ion Coulomb repulsive forces result in significant deg-
radation of mass resolution (by either accelerating electric 
or magnetic fields), to the point where isotope resolution by 
a narrow slit is impossible.

In previous work, we demonstrated the overall yield 
can be improved by tuning the third laser to autoionizing 
Rydberg states [11], where we used the JcK coupling scheme 

Abstract We present a novel two-step even–odd mass iso-
tope selective excitation and ionization scheme, potentially 
applicable in resource recycling and management of pal-
ladium occurring in high-level nuclear waste. In contrast 
to the conventional three-step selective ionization process, 
the two-step scheme utilizes transition selection rules to an 
autoionizing Rydberg state, rather than to an intermediate 
state, resulting in an increase in efficiency of over an order of 
magnitude while retaining excellent selectivity of >99.7%. 
The reduction in the number of excitation lasers required 
allows several technical simplifications and reduces costs 
should the process be developed for large-scale resource 
recycling operations.

1 Introduction

Palladium is a valuable metal in industry, and occurs as one 
of the fission products in nuclear power plant radioactive 
waste in quantities comparable to those available from natu-
ral reserves [1]. However, it is unable to be utilized due to 
the co-presence of the long lived (6.5 million years) isotope 
107Pd, comprising 17% of the total amount of palladium in 
the waste. It is imperative, in both economic and environ-
mental senses, to establish operations to selectively remove 
this radioactive isotope [2].
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[12] for assignment of energy levels, which is appropriate for 
Pd I. The ionization yield was then further improved using 
an alternative excitation pathway [13] of intermediate states 
having 2D3/2 core.

We present here a significantly novel scheme, whereby 
transition selection rules to the autoionizing Rydberg states 
are exploited, rather than those to an intermediate state, 
as illustrated in Fig. 1. In contrast to previously reported 
schemes via a 4d [14, 15], 5d [11], or 6s [13] intermediate 
state before the Rydberg state, this two-step selective ioniza-
tion scheme is via a 5p intermediate state.

Previous studies of two-photon excitation through a 5p 
state [10, 16] have resolved high-lying autoionizing ns and 
nd Rydberg states, although a comprehensive report (includ-
ing relative intensities and definitive identification) has not 
to-date been carried out. This information is vital in iden-
tifying the autoionizing state having the best combination 
of ionization efficiency and even–odd mass isotope selec-
tivity. We show the two-step technique exhibits excellent 
selectivity of over 99.7% in ionizing only odd-mass number 
isotopes.

2  Experiment

The apparatus used has been described in detail previously 
[7], and is only briefly summarized here, as shown schemati-
cally in Fig. 2. An electron bombardment source was used 
to heat a crucible of palladium to approximately 2000 K 

to produce vaporized palladium, collimated by a 20 mm 
diameter aperture which is charged with a positive potential 
to deflect ions produced in the vaporization away from the 
interaction region. For laboratory safety, preliminary experi-
ments used palladium samples with only naturally occurring 
isotopes (i.e., no 107Pd is present); however, as the selectivity 
scheme is expected to behave identically for both 105Pd and 
107Pd (both have nuclear spin of I = 5/2), we use the abun-
dance of 105Pd as a gauge of selectivity performance. The 
relative number of atoms present in the interaction region 
was measured using a deposition meter (Inficon STM-2 Thin 
Film Rate/Thickness Monitor) located above the interaction 
region.

Vaporized palladium and the lasers intersected in a field-
free volume, and ions produced from the interaction were 
accelerated by a voltage gradient (activated approximately 
2 μs after the interaction) from grids in Wiley–McLaren 
configuration [18]. Depending on the polarity of the accel-
eration grids, ions were directed either through a 1-meter 
time-of-flight tube and detected by a 2-stack microchannel 
plate (MCP), or to a Faraday Cup (FC) detector. The mass-
spectrometer had mass resolution (m/∆m) of 600, and was 
used to measure the degree of selectivity of odd-to-even 
mass number isotopes. The FC was used to determine the 
overall yield, both in terms of estimating the number of ions 
striking the detector shot-to-shot from the electrical signal, 
and also for long-term deposition (for later weighing and 
chemical analysis) upon a gold-plated slide forming the back 
plate of the FC. The FC was located as close as possible to 
the interaction region and had a large area, and, unlike the 
MCP, was able to capture all ions and was not saturated at 
high ion production rates.

An excimer laser (Lambda Physik Compex 103) pumps 
two dye lasers (Lambda Physik FL3002), producing syn-
chronous pulses of width of 20 ns and repetition rate 10 Hz. 
The first dye laser (using Coumarin 102 dye) is frequency 

Fig. 1  Even–odd mass isotope selective excitation schemes: A the 
conventional three-laser scheme using 2D5/2 core intermediate states 
with two lasers having circular (or linear orthogonal) polarized light; 
B three-laser scheme with isotope selectivity obtained via parallel 
polarized light using a 2D3/2 core intermediate states; C the two-step 
selective excitation scheme proposed in this work using either paral-
lel or perpendicular polarization using a 2D3/2 core intermediate state. 
Energies and level designations are from NIST Atomic Spectra Data-
base [17]

Fig. 2  Schematic showing the introduction of two co-propagating 
lasers to interact with palladium vapor. The voltage on grids (acti-
vated approximately 2  μs after the interaction) created an electric 
field in the interaction region that was able to be reversed, either to 
accelerate ions towards a Faraday Cup (FC) detector or Micro Chan-
nel Plate (MCP)
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doubled in a BBO crystal to produce the first excitation 
wavelength, which in the case of the two-step scheme is 
489.730 nm and frequency doubled to 244.865 nm, populat-
ing Pd atoms from the ground state to 4d9(2D3/2)5p [1/2]1. 
The second dye laser required two dyes (PTP and DMQ) 
to scan the range 334–379 nm. The second laser beam was 
combined with the first laser beam co-linearly, using a 
dichroic mirror. Wavelengths of both first and second step 
lasers were recorded during the experiment using a wavem-
eter (High Finesse: WS5 UV-II) having an absolute accuracy 
of 3 pm calibrated using an optogalvanic neon gas cell.

The lifetime of the first excited state is 5–7 ns [19]. If the 
two-laser pulses are not temporally synchronous, popula-
tion loss from the intermediate state leads to loss in the final 
yield. To ensure correct timing, the beam path for the second 
laser was modified and pulse arrival time was monitored on 
a high speed oscilloscope. Temporal synchronization was 
also important to minimize time evolution of magnetic sub-
states, which has a direct effect on isotope selectivity due to 
precession of the angular momentum around the magnetic 
field [20]. Therefore, minimal time delay between pulses 
will give maximum ionization and also maximum even–odd 
mass isotope selectivity.

The linear polarization of the second laser was controlled 
using a half-wave plate before the dichroic mirror to set it 
either perpendicular or parallel relative to the first basis-set-
ting laser. If the two lasers have parallel polarization, selec-
tion rules (∆mJ = 0) forbid excitation through the pathway 
J = 0 → 1 → 1 for even-mass number isotopes (having zero 
nuclear spin), yet is allowed for odd-mass number isotopes 
(having non-zero nuclear spin). Similarly, if the two lasers 
have perpendicular polarization (∆mJ = ±1), excitation is 
forbidden through the pathway J = 0 → 1 → 0 for even-
mass number isotopes, yet is allowed for odd-mass number 
isotopes.

3  Results and discussion

For the two-laser scheme via the 4d9(2D3/2) 5p[1/2]1 inter-
mediate state (C of Fig. 1), selection rules allow six auto-
ionizing Rydberg series (one having J = 0, three having 
J = 1, and two having J = 2). We note that even–odd 
mass isotope selective ionization is also possible via the 
4d95p[3/2]1 intermediate state (reached via a 247.7 nm 
first excitation laser). Transition rules for this intermediate 
state allows the aforementioned Rydberg series, and also 
an extra two Rydberg series having J = 2 (which are not 
even–odd mass isotope selective). The relative intensities 
of 4d95p[1/2]1 and 4d95p[3/2]1 are 1100 and 1700, respec-
tively [17], and given that the first laser power must be 
low enough not to result in detectable two-photon ioniza-
tion [7], the choice between these two intermediate states 

is arbitrary. For completeness, we identify the two extra 
Rydberg series accessible via the 4d95p[3/2]1 intermedi-
ate state, but for the remainder of the analysis we use the 
4d95p[1/2]1 intermediate state.

With the first laser wavelength fixed, the wavelength 
of the second step laser was stepped over the entire 
range (for both parallel and perpendicular polarization) 
between the two ionic ground states Pd II 4d9(2D5/2) and 
Pd II 4d9(2D3/2) to determine the ionization efficiency and 
isotope selectivity of each autoionizing state. The signal 
from the MCP was recorded on a high speed digital oscil-
loscope at each wavelength step, showing the arrival time 
of each isotope. As shown in Fig. 3, when the second laser 
wavelength excites the atom to a Rydberg state, a signifi-
cant increase in signal is observed due to auto-ionization. 
Additionally, we are able to distinguish which isotopes 
are ionized according to arrival time upon the MCP. The 
total signal at each wavelength step is summed to build 
up a map of the entire Rydberg series as shown in Fig. 4.

We deduce the total angular momenta J of each state 
from observation of isotope selectivity. Following this, the 
energies of the Rydberg series were fitted to the extended 
Ritz formula [21, 22] where we used the mass-corrected 
Rydberg constant of Pd I (109,736.75  cm−1). Ioniza-
tion potential of Pd II 4d9(2D3/2) and parameters δ0 and 
δ2 (the energy-dependent quantum defects that account 

Fig. 3  Time-of-flight spectrum using the two-step excitation scheme 
with 244.9  nm intermediate state. Upper graph is when the rela-
tive polarization between laser beams is parallel (∥), and only the 
odd mass isotope (105Pd) is ionized and observed at 15.4 μs for the 
9d[3/2]1 final state (and also weakly ionized for 9d[1/2]1). The state 
9d[3/2]2 shows no even–odd mass isotope selective ionization and 
all isotopes are observed. Lower graph is when relative polariza-
tion between laser beams is perpendicular (⊥) and all isotopes are 
observed for all final states
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for the shielding of the nucleus by the core electrons) 
were used as free fit parameters. The ionization poten-
tial of Pd II (4d9 2D3/2) was determined to be 70,780.67 
(23)  cm−1, where the uncertainty was dominated by 
the linewidth of the lasers and absolute accuracy of the 
wavemeter (0.002 nm). This result is comparable with 
literature values of 70,779.8(8)  cm−1 [14], 70,780.9 (10) 
 cm−1 [16], 70,780.38(8)  cm−1 [11], and 70,780.6(1)  cm−1 
[13]. Quantum defects resulting from the fit for each of 
the Rydberg series are listed in Table 1; residuals are less 
than 0.5 cm−1.

We determined the principal quantum number of each 
state by extrapolating the fit of the Rydberg series to lower 
lying levels and matching to identified levels [17]. We were 
able to definitively identify 7 (of the expected 8) as-yet unre-
ported ns and nd autoionizing Rydberg series converging 
to Pd II 4d9(2D3/2). The even–odd mass isotope selective 
state having the maximum signal from the FC detector is 
4d9(2D3/2)9d[3/2]1 at 68,537.93 (28)  cm−1, corresponding to 
a second laser wavelength of 361.023(3) nm when the inter-
mediate state is 4d9(2D3/2) 5p[1/2]1 reached by a 244.865(1) 
nm [17] first step laser. For this Rydberg state having J = 1, 
even–odd mass isotope selectivity is obtained when the rela-
tive polarization between first and second lasers is parallel. 
The selectivity ratio Pd

odd

Pdall
 was measured to be over 99.7%, as 

shown in Fig. 5. This high degree of even–odd mass isotope 
selectivity is obtained when the laser polarization is aligned 
parallel to the residual magnetic field in the chamber pro-
duced by the electron bombardment gun, to minimize mag-
netic sub-state evolution [20, 23]. When the polarizations of 
both excitation lasers are changed to be perpendicular to the 
residual magnetic field (maintaining parallel relative polari-
zation), even–odd mass isotope selectivity was observed to 
degrade to 92.6%.

Table 2 lists the relative signal strengths of the four 
highest yield Rydberg states, all of which belong to 

Fig. 4  Observed Rydberg spectrum using the two-step excitation 
scheme at perpendicular and parallel relative polarization. Top-most 
markers show positions of identified Rydberg series; ∥ 247.7  nm: 
parallel polarization between the lasers using 247.7  nm intermedi-
ate state, where one extra Rydberg series nd[5/2]2 is observed; ∥ 
244.9  nm: parallel polarization between the lasers using 244.9  nm 
intermediate state; ⊥ 244.9  nm: perpendicular polarization between 
the lasers using 244.9  nm intermediate state. Downward triangle 
ionic ground states of Pd II  4d9(2D3/2) and Pd II  4d9(2D5/2)

Table 1  Fitting coefficients (±one standard deviation) to the 
extended Ritz formula; δ0 and δ2 are the energy-dependent quantum 
defects

δ0 δ2

4d9(2D3/2)nd[1/2]0 1.944 (1) −0.27 (4)
4d9(2D3/2)ns[3/2]1 3.522 (1) −0.27 (5)
4d9(2D3/2)nd[1/2]1 2.022 (2) −0.26 (10)
4d9(2D3/2)nd[3/2]1 1.999 (1) −0.27 (2)
4d9(2D3/2)ns[3/2]2 3.514 (1) −0.24 (5)
4d9(2D3/2)nd[3/2]2 1.984 (1) −0.19 (2)
4d9(2D3/2)nd[5/2]2 2.000 (6) 0.08 (26)

(a)

(b)

Fig. 5  Photo-ionization signal from Faraday Cup detector show-
ing ionized isotopes using the two-laser scheme at the highest yield 
Rydberg state of 361.023  nm; a perpendicular polarization between 
the two excitation lasers, and all isotopes of Pd are ionized; b paral-
lel polarization between the two excitation lasers, and only odd-mass 
number isotopes are ionized. A logarithmic scale is used to display 
the residual even-mass number isotopes in the selective ionization 
scheme
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4d9(2D3/2)nd[3/2]1. A table listing the wavenumber of each 
peak assigned to the seven Rydberg series is available as 
supplementary material.

We compare the efficiency of each scheme shown in 
Fig. 1 by comparing the highest yield states of each and 
normalizing for laser fluence 

(

laser pulse energy

focal spot area

)

 and number of 

palladium atoms present in the interaction area as deter-
mined from the deposition meter located above the interac-
tion region. For the three-step scheme having 2D5/2 core 
intermediate states (scheme A of Fig. 1) the maximum yield 
is achieved with a final step laser wavelength of 730.89 nm 
[11], having an efficiency of 0.02 compared to the two-step 
excitation scheme (scheme C of Fig. 1). Similarly, for the 
three-step scheme with 2D3/2 core intermediate states 
(scheme B of Fig. 1) the optimal final step laser wavelength 
is 652.24 nm [13], resulting in an efficiency 0.13 compared 
to the two-step excitation scheme, the increase being due to 
the more efficient auto-ionization via states with 2D3/2 core 
(Fig. 6).

4  Conclusion

We have demonstrated the viability of the two-laser tech-
nique and highlighted its advantages over the conventional 
three-laser scheme, including: increased yield, reduced 
cost and complexity, and excellent even–odd mass isotope 
selectivity. We present definitive identification of seven 
previously unreported Rydberg series of palladium (four of 
which are even–odd mass isotope selective), converging to 
the ionization potential of Pd II 4d9(2D3/2) determined by 
fits to the extended Ritz formula to be 70,780.67(23)  cm−1. 
The most yield efficient even–odd mass isotope selective 
Rydberg state is 4d9(2D3/2)9d[3/2]1 at 68,537.93(28)  cm−1. 
Identification of the most efficient Rydberg state is an essen-
tial and timely step towards the development of large-scale 
palladium resource recycling and waste reduction projects.
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