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Abstract. Resonance ionization mass spectrometry (RIMS) has proven to be a powerful method for isotope
selective ultra-trace analysis of long-lived radioisotopes. For plutonium detection limits of 10® to 107 atoms
have been achieved for various types of samples. So far a three-step, three-color laser excitation scheme
was applied for efficient ionization. In this work, a two-photon transition from an excited state into a high-
lying autoionizing state, will be presented, yielding a similar overall efficiency as the three-step, three-color
ionization scheme. In this way, only two tunable lasers are needed, while the advantages of a three-step,
three-color excitation (high selectivity, good efficiency and low non-resonant background) are preserved.
The two-photon transition has been characterized with respect to saturation behavior and line width. The
three-step, two-color ionization is a possibility for an improved RIMS procedure.

PACS. 82.80.Ms Mass spectrometry (including SIMS, multiphoton ionization and resonance ionization
mass spectrometry, MALDI) — 32.80.Rm Multiphoton ionization and excitation to highly excited states

(e.g., Rydberg states) — 32.80.Dz Autoionization

1 Introduction

The detection and classification of long-lived plutonium
isotopes at the ultra-trace level (fg/g) is important due to
the release of plutonium into the environment. The main
plutonium sources are fallout of nuclear weapons tests,
various kinds of accidents as well as leakages from nuclear
power plants and reprocessing facilities. The determina-
tion of the isotope composition allows an assignment of the
origin of the plutonium since each source shows a unique
isotope signature [1,2]. Compared to radiometric meth-
ods, mostly used in plutonium analysis, RIMS does not
depend on the half-life or decay mode of the isotope. For
example, a-spectroscopy of the long-lived isotopes 24?Pu
and 2**Pu cannot be performed at ultra-trace levels. Fur-
thermore, the energy resolution of most a-detectors is
not good enough to distinguish between 239Pu/?*°Pu and
238py /24 Am. 241Pu, as a (-emitter, is not detectable by
a-spectroscopy at all.

The difference between RIMS and other mass spectro-
metric methods [3] is the resonant laser ionization process,
leading to a high selectivity. At least three photons of vis-
ible or near-infrared laser light are necessary to provide
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enough energy to overcome the ionization limit of pluto-
nium. A two-step ionization scheme using ultra-violet pho-
tons would induce a background from non-resonant ion-
ization of molecules present in the sample and thus in the
interaction region of the atomic beam and the laser light.
The result is a reduced detection limit. The three-step
excitation scheme with lower-energy photons avoids such
non-resonant background nearly completely and, more-
over, improves the selectivity via the additional transition.
By populating an autoionizing state or a Rydberg state
with subsequent field-ionization (Figs. 1b and 1c), the ion-
ization efficiency is improved by a factor 10—100 in com-
parison to non-resonant ionization into the continuum.
While extensive spectroscopic data on bound state
transitions of the plutonium atom are available [4,5], very
little is known on the spectra above the ionization limit,
which has been determined by means of resonance ion-
ization spectroscopy. In this context the work of Worden
et al. [6] on the analysis of Rydberg series should be men-
tioned, where also a number of autoionizing states and
some two-photon resonances have been reported, but were
not investigated in detail. In a more recent experiment [7]
two-photon transitions into autoionizing states have been
studied in nickel atoms. However, it should be noted, that
the laser intensities required for these measurements were
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Fig. 1. Multi-step ionization schemes for efficient resonance
ionization of plutonium. The most efficient excitation scheme
for RIMS used three resonant steps so far, with the 3rd step
leading to an autoionizing state (b) or to a Rydberg state, sub-
sequently ionized by an electrical field (c). A similar efficiency
can be achieved by a 2-photon transition into an autoionizing
state (a).

2—3 orders of magnitude higher than the intensities used
in this work.

An extensive study of autoionizing states for the appli-
cation in three-step excitation schemes [8] reveals several
strong two-photon transitions into autoionizing states.
This work presents an excitation scheme (Fig. la) with
a two-photon transition into an autoionizing state, yield-
ing ionization efficiencies of the same order of magnitude
as those of three-step schemes as used thus far for routine
measurements. In this way, the complexity of the laser
set-up and the tuning procedure is significantly reduced.
Furthermore, the background problems of a simple two-
step ionization process are avoided.

2 Experimental set-up

The RIMS apparatus (Fig. 2), used for the measure-
ment of environmental samples as well as for spectro-
scopic studies on actinides [9], consists of three tunable
titanium:sapphire lasers, pumped by a pulsed Nd:YAG
laser and a reflectron type time-of-flight mass spectrome-
ter (TOF) [10]. Additionally it is possible to overlap the
titanium:sapphire laser beams from the opposite side with
a tunable dye laser beam, obtained by a copper vapor
laser pumped dye laser. This allows various combinations
of the different laser systems and thus more flexibility for
spectroscopic experiments. A neutral atomic beam of the
analyte is evaporated from a resistively heated tantalum
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Fig. 2. Experimental set-up for RIMS. A pulsed laser system
using titanium:sapphire lasers as well as a dye laser can be com-
bined in various configurations. A reflectron type time-of-flight
mass spectrometer is used for mass selective ion detection.

foil. More details on the sample preparation process are
found in [11]. The atomic beam is intersected perpendic-
ularly by the laser beams, transported to the interaction
region via optical multi-mode fibers. The lasers are fo-
cused on the atomic beam with a typical beam diameter
of 3 mm. The ions, which are produced in the interaction
region are extracted by a pulsed electrical field. After a
TOF mass separation they are counted by micro-channel
plate detectors. With the ion reflector and a pulsed accel-
eration field a mass resolution of m/Am = 600 has been
achieved. For this arrangement an overall efficiency of ap-
proximately 10~% can be estimated [12], including neutral
atomization, thermal ground state population, spatial and
temporal overlap of the atomic beam and the laser beams,
transmission through TOF and detection efficiency.

Two laser systems have been used in this work. One
works with the three tunable titanium:sapphire lasers [10],
pumped by a high repetition rate 50 W Nd:YAG laser
(Clark ORC 1000). The other system uses a dye laser
(Lambda Physik FL2001), pumped by a 40 W copper
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vapor laser. In both systems a repetition rate of the pump
lasers of 7 kHz was applied. The pulse duration of the
titanium:sapphire lasers is 70 ns with pulse energies of
< 250 pJ. This corresponds to a maximum average out-
put power of 1.7 W. The tuning range is 750—880 nm or
375—440 nm, respectively, with frequency-doubling. The
dye laser covers the range of 520—850 nm and produces
similar pulse energies at higher intensities due to the pulse
duration of 20 ns.

The experiments to study autoionizing states, dis-
cussed shortly in Section 3, were performed with a syn-
thetic sample of 5 x 10'3 atoms of 2**Pu. The first and
the second excitation step were provided by the tita-
nium:sapphire lasers, whereas a dye laser was used to scan
for autoionizing states. A sample of 3 x 10! atoms of
244Py was used to characterize a two-photon transition
(Sect. 4). The well-known three-step excitation schemes
A1 = 420.77 nm, Ao = 808.29 nm, A3 = 790.28 nm
(Fig. 1b) and Ay = 420.77 nm, Ay = 847.26 nm, A3 =
767.53 nm (Fig. 1c) served as a reference on the ioniza-
tion efficiency.

3 Autoionizing states of plutonium

The efficiency and selectivity for multi-step excitation
is considerably improved by the ionization via nar-
row autoionizing or Rydberg states, applying laser sys-
tems with high repetition rates and moderate intensities
(10—100 kW /cm?). With the set-up described in Section 2
saturation factors of 1—3 can be obtained in three-step,
three-color ionization schemes for plutonium (Figs. 1b
and 1c).

Several extensive searches for autoionizing states in
plutonium have been performed with the aim to find
strong transitions which are accessible by laser systems
such as titanium:sapphire lasers, dye lasers or diode lasers.
The experimental procedure is as follows: after transfer-
ring the atom in two resonant steps to a highly excited
state it is ionized by a third laser, which can be scanned
over a wide frequency range, as is the case for the FL2001
dye laser.

Figure 3 shows four scans of the ionization laser, us-
ing different excitation energies for the second step Fs
into the excited state |2). Not all the tested excitation
schemes have shown good results in terms of ionization
efficiency. The density of autoionizing states has been low
and the spectra show mostly weak, broadband resonant
structures. But there appear also some strong narrowband
resonances in these scans (highlighted in Fig. 3). However,
those are not the result of a one-photon transition from
state |2) into an autoionizing state |3), but of a two-step,
one-color transition from state |1) (Fig. 1a), because they
do not disappear, if the laser light for the second step Fso
is switched off. Thus the spectra in Figure 3 represent
a mix of rather weak and broad three-step, three-color
and some strong and narrow three-step, two-color reso-
nance structures. One of the two-color resonances with the
two-photon transition energy of Fs, = 17174.02(2) cm™*
(A2p = 582.27 nm) was investigated in more detail.
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Fig. 3. Autoionizing states in plutonium. The scans of the
ionization laser in different three-step excitation schemes show
a number of resonances. However, some of those — indicated
by a different color — are the result of two-photon transitions
starting from the first exited state. Only the underlying broad-
band resonant structures are due to the three step ionization.

4 Two-photon transition in plutonium

The probability of a two-photon transition in an atomic
level system depends on the composite transition ma-
trix element A;¢ and the two-photon excitation inten-
sity Izp [13]. The total two-photon transition rate Wy;
is given by:

5.55
I'y;

Wii(vig = 2v2p) = |Aif|?13, (1)

Aifizw

h(vki —vap)

(2)

k

This is the special case for the resonance condition v;y =
2vgp. The dipole transition matrix elements (f|z|k) are
expressed in units of the Bohr radius ag, the energies hv
in Rydberg Ry and the laser intensities I, in W/cm?.
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Fig. 4. Schematic view of a two-photon transition |i) — |f)
with the energy 2hvs,. The transition rate is enhanced by in-
termediate states |k). In the special case of an ensemble of n
|k)-states with similar properties (absorption cross-section and
detuning) the two-photon transition rate Wy; is enhanced by
a factor of approximately n?.

I'y; is the homogeneous line width of the |i) — |f) tran-
sition. The value of A;; depends very much on the ab-
sorption cross-sections of the |[i) — |k) and |k) — |f)
transitions, where |k) are intermediate states (see Fig. 4).
If there are one or more intermediate states with tran-
sition frequencies v; close to the two-photon resonance
frequency vy, the two-photon transition rate can be en-
hanced so much that it is similar to those of one-photon
transitions.

The transition rate of the dipole transition matrix ele-
ments (n|z|m) in units of ap can be expressed in terms of
the spontaneous emission rate A, [14]:

|(n]zlm)|> = 4.94 x 1071 X\34,,,,,. (3)

The transition wavelength A is defined in nm and A, is
expressed in s~!. Equation (1) can also be written as a
transition strength

Vi = Wyi/13,, (4)

which can be simulated by choosing a plausible value
for A,p,. Those are not known for plutonium, but strong
transitions in atoms have very often Ay,,,-values of 108 s—1
or higher [15]. For example, the first excitation step of the
excitation schemes shown in Figure 1 (A\; = 420 nm) is
such a strong transition [16]. For uranium, as an actinide
element with spectroscopic properties similar to pluto-
nium, lifetimes of 50—100 ns (which correspond recipro-
cally to the sum of all A,,,) for high-lying valence states
have been reported [17]. Therefore A, = 107 s7! is a
reasonable estimate for the simulation of 7y;, shown in
Figure 5.

v#i depends strongly on the detuning of the intermedi-
ate state from the two-photon resonance Ay, = 582.27 nm
and varies about 10 orders of magnitude over a detun-
ing range of 5000 cm~!. It can increase significantly, if
there is more than one intermediate state |k) contributing
to Wy;. For example, a number of n intermediate states
|k) with comparable absorption cross-sections and a sim-
ilar detuning should enhance the two-photon transition
rate Wy; by a factor of approximately n?.
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Fig. 5. Simulation of the strength of a two-photon transition
Ynm (Eq. (4)) with A2, = 582.27 nm. An estimate, considering
the available laser intensity yields a range of approximately
4100 cm ™' (highlighted), where intermediate states, that con-
tribute substantially to the overall two-photon transition rate,
should be located.

The average laser fluence for the two-photon excitation
step, available during this experiment, was Iz, ~ 3 W/ cm?
(repetition rate 7 kHz, laser pulse width t,usc = 20 ns).
With the assumption Wy; ~ t;ullse it is possible to com-
bine these values with the estimate for 7;; and equa-
tion (4). This yields a range of approximately +100 cm~?
around hio,, where an intermediate state |k) should be
located in order to contribute substantially to the overall
two-photon transition rate (see Fig. 5).

However, a condition of the simple two-photon transi-
tion model is, that the gap between v9, and v4; has to be
substantially larger than the two-photon excitation line
width Avyy, [18]:

Vap| > Avgy. (5)

In our experiment the line width of the scanning dye laser
was Avp = 3.3 GHz. Taking into account that the laser
intensities do not cause extreme saturation broadening,
condition (5) holds, if the difference |vg; — v, is larger
than the laser bandwidth Avy,.

The two-photon transition in plutonium investigated
in this work (Fig. 1a) starts from the resonantly excited
bound state 5f%7s7p D¢ and leads to an autoionizing
state at E, ;. = 58113.86(3) cm~! above the ground state
56752 "Fy. Its transition strength is close to the strengths
of two efficient one-photon transitions to autoionizing
states in plutonium. The ionization efficiency of the two-
photon excitation scheme (A; = 420.77 nm; P; = 35 mW,
Agp = 582.27 nm; P, = 320 mW) (Fig. la) was di-
rectly compared with the efficiency of a three-step, three-
color excitation scheme (A; = 420.77 nm; P; = 35 mW,
Ao = 847.26 nm; Po = 770 mW, A3 = 767.53 nm; P; =
620 mW) (Fig. 1c) by alternating between the two ion-
ization paths and monitoring the ion signal at mass 244.
The comparison of the accumulated ion counts for each

Vi —
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Fig. 6. Three-step, two-color ionization of plutonium. A
scan of the ionization laser reveals an autoionizing state
with a measured line width of 7.7(3) GHz at E.; =
58113.86(3) cm™" above the 5f57s® “Fo ground state. Start-
ing from the 5f%7s7p “D¢ intermediate level at E; =
23657.82 cm~'. E,.;. is populated via a two-photon transition
(Fap = 17174.02(2) cm™1).

ionization path enabled the determination of the relative
ionization efficiency. A value for the ratio of efficiency of
0.29 has been found. Taking into account the overall de-
tection efficiency of the three-step, three-color excitation
(Fig. 1c) of e = 4 x 107° [10] an overall efficiency for the
two-photon excitation scheme of €5, > 107° results.

The measured line width of the two-photon transition,
which exhibits a Gaussian line form, is Avy, = 7.7(3) GHz
(Fig. 6). This is compatible with the laser line width of
3.3 GHz and the Doppler broadening of the atomic pluto-
nium beam of < 1 GHz. The conditions for Doppler-free
two-photon excitation are not fulfilled in this case, because
there are no counter-propagating light waves and the ex-
citation line width is larger than the Doppler-broadening.
The resonance enhancement factor, i.e. the ratio of the
signal intensity at the resonance peak to the non-resonant
background, for this transition is ~186. This is almost
one order of magnitude higher than the signal /background
ratios observed for autoionizing states in three-step, three
color configurations, where the laser light of the first (resp.
second) excitation step can contribute via non-resonant
ionization from the highest excited state to an increased
background. This is not possible in the three step, two-
color excitation scheme since there is no accessible inter-
mediate state from which non-resonant ionization could
occur.

We also examined the two-photon ionization efficiency
as a function of laser intensity. This measurement can be
compared with a saturation intensity measurement of a
one-photon transition from a second excited state into an
autoionizing state (A; = 420.77 nm, A2 = 808.29 nm,
A3 = 790.28 nm). Figure 7a shows — as expected from
the theory — a linear dependence on the laser intensity as
long as the saturation effects at higher laser powers are not
relevant. In contrast the two-photon transition (Fig. 7b)
shows a linear dependency to the square of the intensity.
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Fig. 7. Ion signal as a function of laser intensity. (a) The
A3 = 790.28 nm single-photon transition into an autoionizing
state shows a linear dependence on the laser intensity until sat-
uration effects become relevant at higher laser powers. (b) As
predicted by the theory the rate for a 2-photon transition is
proportional to the square of the laser intensity, indicated by
the higher slope in the logarithmic presentation.

This proves — according to (1) — that it is in fact a
two-photon transition and even though there has to be
a substantial resonance enhancement due to the proxim-
ity of intermediate states, condition (5) is fulfilled. Even
at the maximum laser intensity there are no saturation
effects observed.

5 Conclusion

A strong two-photon transition into an autoionizing state
has been found, specified and implemented in a three-step,
two-color excitation scheme for the resonance ionization of
plutonium. By comparison with a well established three-
step, three-color excitation scheme it is demonstrated,
that the ionization efficiency is similar and should be suffi-
cient for the application of this scheme in ultra-trace anal-
ysis of plutonium with RIMS. It is an important aspect
in the context of the ongoing development of a simplified
RIMS procedure.

The authors would like to thank the Bundesministerium
fiir Bildung und Forschung (06MZ962I) and the Stiftung
Rheinland-Pfalz fiir Innovation for financial support.
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