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Abstract

Theoretical calculations based on density matrix formalism have been carried out for the non-selective excitation of the isotopes of plutonium for
triple resonance excitation scheme with λ1 = 420.77 nm, λ2 = 847.28 nm and λ3 = 767.53 nm. The effects of Doppler broadening, non-Lorentzian
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ineshape as well as time-dependent laser intensity profiles have all been incorporated. The threshold laser powers and bandwidths for the three
xcitation steps have been evaluated for non-selective excitation. The saturation behavior of the three excitation steps has been studied. The two-
imensional lineshape contour and its features have been investigated; while the reversal of peak asymmetry of two-step and two-photon excitation
eaks under these conditions is discussed. The isotopic bias between the resonant and off-resonant isotope under the optimized conditions is
bserved to be not more than 3%. Application of RIMS under these conditions for isotope ratio measurements is outlined.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The knowledge of transuranium elements (TUE) is essen-
ial to determine their origin in the environment. Plutonium
s the one of the most widespread elements among TUE and
ence its isotopic composition is very important. Plutonium is
eleased into the environment due to the fallout from nuclear
eapons tests, various kinds of accidents as well as leakages

rom nuclear power plants and reprocessing facilities. The deter-
ination of the isotopic composition allows an assignment of

he origin of the plutonium since each source shows a unique iso-
opic signature [1,2]. Therefore, determination of isotope ratios
nd concentration of plutonium at the ultra-trace level (fg/g) in
nvironmental samples is important as it leads to the source of
ontamination and for safeguard purposes.

Normally, radiometric methods are used for the analysis of
lutonium due to its simplicity and cost effective method of anal-
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ysis, however these methods are not free from disadvantages. For
example, �-spectroscopy of the long-lived isotopes 242Pu and
244Pu cannot be performed at ultra-trace levels. Furthermore,
the energy resolution of most �-detectors is not good enough to
distinguish between 239Pu/240Pu and 238Pu/241Am. 241Pu which
is a �-emitter, is not detectable by �-spectroscopy at all. Mass
spectrometric methods are more suitable to obtain isotope ratio
information as they are not dependent on the half-life or decay
mode of the isotope. Among them thermal ionization mass spec-
trometry (TIMS) and inductively coupled plasma-mass spec-
trometer (ICP-MS) are most commonly used [3–6]. Recently,
nano-volume flow injection double-focusing sector field induc-
tively coupled plasma mass spectrometer (nFI-ICP-SFMS) has
been used for the ultra-trace detection of 238U and 242Pu iso-
topes, wherein detection limits of 2.3 × 105 and 3.8 × 104 atoms
have been reported, respectively [7]. However, isobaric interfer-
ences and peak tailing due to abundance sensitivity limit the
potential of such techniques for the detection of 239Pu isotope.
Reduction of UH+ formation has been reported using D2O as sol-
vent in ICP-SFMS thus eliminating isobaric interferences for the
determination of 236U/238U isotope ratios [8]. Accelerator mass
387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2006.05.019
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spectrometry (AMS) has also been employed for the detection
of Pu isotopes and isotope ratio measurements in the environ-
mental samples [9]. The detection limits were reported as 1 fg
(for 239Pu). However, the prohibitively high cost of the equip-
ment limits its widespread use. All methods described above
require laborious sample preparation including matrix removal.
Laser-ablation inductively coupled plasma mass spectrometry
(LA–ICP-MS) was applied for direct analysis of Pu in soil and
sediment samples with a modified laser-ablation system pro-
viding high ablation rates coupled with a sector-field ICP-MS
resulting in detection limits as low as 300 fg for Pu isotopes in
soil samples [10]. Except for sample inhomogeneity no other
effects affecting measurement accuracy have been reported.

Resonance ionization mass spectrometry, on the other hand,
has matured as a technique for ultra-trace detection and isotope
ratio measurements [11–13]. However in this case, one has to
carefully choose the excitation scheme, powers of the excita-
tion lasers based on the analyte under consideration for efficient
excitation and ionization. Recently, Grüning et al. [14] have used
three-step excitation scheme for ultra-trace detection of Pu iso-
topes. They have achieved a detection limit of 2 × 106 atoms
of Pu for single isotope measurements using high-repetition
rate Nd:YAG pumped Ti:sapphire laser system, which allows
efficient ionization of the resonant isotope. However, in order
to carry out rapid isotope ratio measurement, it is necessary
to ionize all the constituent plutonium isotopes efficiently and
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Fig. 1. Schematic of triple resonance scheme.

In a multi-step excitation process, the optical isotopic selec-
tivity that can be achieved in a photo-excitation scheme is
dependent on the isotope shifts in various excitation transi-
tions, hyperfine structure, the dipole moments, the intensities of
the excitation lasers and decay rates of the transitions [15–17].
Accurate and detailed description of the lineshapes obtained in
multi-step resonance excitation processes with lasers cannot be
predicted with a rate equation model, as it does not include the
coherences established between the atomic states by the laser
light fields.

Let |1〉, |2〉, |3〉 and |4〉 be the ground, first, second and third
resonance states. Let �ω1, �ω2 and �ω3 be the energies of the
first, second and third resonance excitation transitions, respec-
tively (Fig. 1). The three resonance excitation transitions are
pumped by three different pulsed lasers having a phase diffu-
sion bandwidth of a few GHz. The first, second and third excited
states decay by a rate denoted by Γ 1, Γ 2 and Γ 3, respectively.

The electric fields of the lasers can be represented as:

Ei(t) = [εi(t)e
iωit + ε∗

i (t)e−iωit]ei (1)

where ei is the polarization vector and εi(t) is the amplitude of the
excitation laser. The interaction between the atom and laser field
in the dipole approximation is given by −µE(t) where µ is the
dipole operator. The density matrix equations for the closed four-
l
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ndiscriminately. Such condition cannot be achieved by arbi-
rary selection of the laser powers. However, by calculating the
xcitation lineshape for various excitation conditions, the opti-
um powers and bandwidth requirement of the excitation lasers

or non-selective ionization of all the isotopes can be identified.
he present work is motivated by the need to arrive at conditions

or indiscriminate excitation/ionization of all the plutonium iso-
opes thereby facilitating isotope ratio measurements.

For the present investigations, we have chosen a three-step
xcitation scheme which has been employed earlier for ultra-
race analysis of plutonium [14]. The obvious advantage with the
xcitation scheme is that the wavelengths are accessible using
he high-repetition rate solid state laser system which can be
asily operated in a normal analytical laboratory. Effect of var-
ous parameters such as laser powers, detuning and bandwidth
n the indiscriminate excitation of plutonium isotopes has been
tudied.

. Theoretical description of the density matrix
ormalism for three-step excitation

In the three-step excitation scheme (Fig. 1), the plutonium
sotopes from the [Rn] 5f6 7s2 (7F0) ground state are pumped into
he first excited state [Rn] 5f6 7s 7p (7D0

1) using the 420.77 nm
aser light from a DPSS pumped frequency doubled Ti:sapphire
aser. The atoms are then pumped into a higher level using the
47.26 nm laser light from another DPSS pumped Ti:sapphire
aser. The atoms are then pumped into a high lying Rydberg level
sing the 767.53 nm laser light from the third DPSS pumped
i:sapphire laser. These excited atoms are eventually ionized
sing an electric field.
evel atomic system for excitation into level |4〉 under the electric
ipole and rotating wave approximation have been derived. The
opulation dynamics in multi-step ladder excitation is described
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by the following density matrix equations:

ρ̇11 = i(Ω∗
1ρ21 − Ω1ρ12) + 2Γ1ρ22 (2)

ρ̇22 = i(Ω1ρ12 − Ω∗
1ρ21) + i(Ω∗

2ρ32 − Ω2ρ23)

+ 2Γ2ρ33 − 2(Γ1 + γ1)ρ22 (3)

ρ̇12 = i(∆1ρ12 − Ω2ρ13) + iΩ∗
1(ρ22 − ρ11) − (Γ1 + γ1)ρ12

(4)

ρ̇21 = −i(∆1ρ21 − Ω∗
2ρ31) − iΩ1(ρ22 − ρ11) − (Γ1 + γ1)ρ21

(5)

ρ̇33 = iΩ∗
3ρ43 − iΩ3ρ34 + i(Ω2ρ23 − Ω∗

2ρ32)

− 2(Γ2 + γ2)ρ33 + 2Γ3ρ44 (6)

ρ̇13 = [i(∆1 + ∆2)ρ13 + iΩ∗
1ρ23 − iΩ∗

2ρ12 − iΩ3ρ14]

− (Γ2 + γ2)ρ13 (7)

ρ̇31 = [−i(∆1 + ∆2)ρ31 − iΩ1ρ32 + iΩ2ρ21 + iΩ∗
3ρ41]

− (Γ2 + γ2)ρ31 (8)

ρ

ρ

ρ

ρ

ρ

ρ

ρ

ρ

ρ

ρjk represent the state population for |j〉 when j = k and the coher-
ence between states |j〉 and |k〉 when j �= k. Ω1, Ω2 and Ω3 are the
Rabi frequencies of the first, second and third resonance excita-
tion transitions, ∆1, ∆2 and ∆3 are the rest frame detunings of
the laser frequencies from the atomic resonance frequencies.

The Rabi frequencies of the three excitation steps can be
evaluated from the transition dipole matrix elements 〈a|r̂|b〉.
The transition dipole matrix elements can be expressed in terms
of spontaneous emission rate Anm.

|〈a|r̂|b〉|2 = 4.94 × 10−16λ3Anm (18)

where λ is the transition wavelength in nm and Anm is expressed
in s−1, while the dipole matrix element is in atomic units [18].

The effects of the laser spectral lineshape, which is assumed
to arise from phase fluctuations, are included in the terms,

2γL
β2

i

∆2
i + β2

i

, i = 1, 2, 3 (19)

In this phase diffusion model, the laser spectrum is Lorentzian
near the center with full width at half maximum (FWHM) γLi
(i = 1, 2, 3) and has a cutoff around �i (i = 1, 2, 3) [19]. For
detunings ∆i � βi (i = 1, 2, 3), these terms reduce to γLi, while
for ∆i � βi, the lasers appear to be monochromatic.

In realistic situations, an atom irradiated by a laser is usu-
ally found to be moving with respect to the frame in which
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˙23 = [i∆2ρ23 + iΩ1ρ13 − iΩ3ρ24] + iΩ∗
2(ρ33 − ρ22)

− (Γ1 + γ1 + Γ2 + γ2)ρ23 (9)

˙32 = −[i∆2ρ32 + iΩ∗
1ρ31 − iΩ∗

3ρ42] − iΩ2(ρ33 − ρ22)

− (Γ1 + γ1 + Γ2 + γ2)ρ32 (10)

˙44 = i(Ω3ρ34 − Ω∗
3ρ43) − 2(Γ3 + γ3)ρ44 (11)

˙14 = [i(∆1 + ∆2 + ∆3)ρ14 + iΩ∗
1ρ24 − iΩ∗

3ρ13]

− (Γ3 + γ3)ρ14 (12)

˙41 = [−i(∆1 + ∆2 + ∆3)ρ41 − iΩ1ρ42 + iΩ3ρ31]

− (Γ3 + γ3)ρ41 (13)

˙24 = [i(∆2 + ∆3)ρ24 + iΩ1ρ14 + iΩ∗
2ρ34 − iΩ∗

3ρ23]

− (Γ1 + γ1 + Γ3 + γ3)ρ24 (14)

˙42 = [−i(∆2 + ∆3)ρ42 − iΩ∗
1ρ41 − iΩ2ρ43 + iΩ3ρ32]

− (Γ1 + γ1 + Γ3 + γ3)ρ42 (15)

˙34 = [i∆3ρ34 + iΩ2ρ24] + i(Ω∗
3ρ44 − Ω∗

3ρ33)

− (Γ2 + γ2 + Γ3 + γ3)ρ34 (16)

˙43 = −[i∆3ρ43 + iΩ∗
2ρ42] − i(Ω3ρ44 − Ω3ρ33)

− (Γ2 + γ2 + Γ3 + γ3)ρ43 (17)
he frequency of the laser radiation is measured. A group of
uch atoms, in thermal equilibrium have a velocity distribution
escribed by the Boltzmann distribution. Thus, the velocity dis-
ribution parallel to the laser beam is of Gaussian distribution.
n atom moving with velocity “v” in the direction of irradiation

ees an additional detuning corresponding to ∆ = v × (ν/c) to
he first order in v/c, where ν is the frequency of the laser radi-
tion. The average population distribution is then given by an
ntegral over the individual populations weighted by the Gaus-
ian distribution. Thus,

j =
∫

W(vx)ρjj, where j = 1, 2, 3, 4 (20)

(vx) is the Doppler velocity distribution such that

(vx) = No

vo
√

π
exp

[
−

(
vx

vo

)2
]

(21)

here No is the atomic density and vo is equal to most probable
elocity.

The numerical integration of the coupled differential equa-
ions for the three-step excitation scheme was carried out for
aussian shaped temporal laser profiles with FWHM of ∼70 ns.
he three laser beams are considered to be co-propagating with
o temporal delay between the laser pulses. The numerical inte-
ration was carried out using adaptive step size fourth order
unge–Kutta method.

In the present investigations, we consider the atomiza-
ion temperature of plutonium as 1300 K. The corresponding
oppler broadening of ∼1.1 GHz is chosen for all the calcula-

ions.
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3. Results and discussion

Resonance ionization mass spectrometry has been used to
exploit the inherent selectivity in the excitation process arising
due to the isotope shifts and low bandwidth of lasers [20,21]
to achieve an optical isotopic selectivity of ∼1010 for sensitive
determination of rare 41Ca isotope in the presence of large excess
of the high abundant isotope. The selectivity is due to the finite
bandwidth of the excitation lasers and the isotope shift between
the constituent isotopes. In order to determine the isotope ratios
by RIMS, this inherent selectivity of the photo-excitation pro-
cess should be eliminated by indiscriminate excitation of all
the constituent isotopes. Thus, the corresponding isotopic ratio
is determined without much bias [22–24]. In the present case,
approaching such an idealistic condition is by no means a sim-
ple task considering the large isotope shifts of the plutonium
isotopes. The obvious choice for isotope ratio measurements
would be to use a very broadband laser, so that the entire spec-
tral width of all the isotopes is overlapped and all the isotopes
could be excited. However, the appropriate bandwidth of the
excitation lasers and powers is inherently dependent on the iso-
tope shifts among the constituent isotopes. Realistically, one can
only minimize the selectivity of the excitation scheme under
certain specific conditions with respect to the bandwidth and
powers of the excitation lasers. In principle, a priori arriving
at such conditions that yield non-selective ionization of various
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isotope of plutonium. Therefore, in order to achieve indiscrimi-
nate (non-selective) excitation of all the constituent isotopes, it
may be adequate to compare the excitation efficiency of 238Pu
with the excitation efficiency of the resonant 240Pu isotope.
Grüning et al. [14] have experimentally investigated an efficient
three-step excitation and ionization scheme for plutonium with
λ1 = 420.7 nm, λ2 = 847.28 nm and λ3 = 767.53 nm for isotope
selective ultra-trace analysis of plutonium as well as isotope
ratio measurements of plutonium isotopes. They have measured
the isotope shifts for the long-lived plutonium isotopes and have
also studied the saturation behavior for all the three excitation
steps. The saturation powers for the scheme investigated were
reported to be 2 mW, 30 mW and 400 mW, respectively.

The experimental set up of Grüning et al. [14] consisted of
three Nd:YAG pumped titanium–sapphire laser systems with
laser linewidth of about 4.2 GHz, 3 GHz and 3 GHz, respectively
for the three excitation steps. Initially, we have investigated the
excitation efficiency of the resonant 240Pu and off-resonant 238Pu
isotopes for the experimental conditions reported by Grüning et
al., considering powers of 1 mW, 17 mW and 600 mW, respec-
tively for the three excitation steps.

The excitation efficiency of plutonium isotopes is plotted
as a function of the second laser detuning from 240Pu reso-
nance (Fig. 3), while the first laser is set to the resonance of
240Pu isotope. From the plot, we observe that the excitation
efficiency of the off-resonant 238Pu isotope (∼0.01%) is sig-
n
r
t
u
o
i
l

i
b
e
s
k

F
t
a
p

sotopes is possible by calculating the excitation efficiency of
he upper level by density matrix formalism.

The isotope shifts of the plutonium isotopes for the first and
econd excitation transitions are plotted in Fig. 2. From the
ig. 2, it can be visualized that the frequency positions of the

sotopes lie very nearly along the two-photon line. The isotope
ying farthest from the resonance frequency of 240Pu is 238Pu
sotope. Therefore, for any given experimental conditions when
he lasers are tuned to the resonance of 240Pu isotope, excita-
ion efficiency of 238Pu is expected to be smaller than any other

ig. 2. Isotope shifts of various plutonium isotope relative to 240Pu isotope for
he first and second excitation transitions.
ificantly smaller compared to the excitation efficiency of the
esonant 240Pu isotope (∼1.8%). This plot indicates that, under
hese experimental conditions, certain amount of selectivity is
navoidable and hence, indiscriminate excitation and ionization
f all the isotopes of plutonium is not feasible. Therefore, the
sotope ratios can only be determined by sequentially tuning the
asers to the resonance frequencies of the constituent isotopes.

The degree of excitation of the off-resonant isotope can be
ncreased by the use of broadband lasers (spectral overlap) or
y increasing the power of the excitation lasers (power broad-
ning). When the power of the excitation laser is more than the
aturation power, the spectral lineshape gets broadened which is
nown as power broadening. In order to ensure comparable exci-

ig. 3. One-dimensional lineshape of Pu isotopes. First excitation laser is tuned
o the resonance of 240Pu. The bandwidth of excitation lasers are 4.2 GHz, 3 GHz
nd 3 GHz for first, second and third excitation steps, respectively and the average
owers are 1 mW, 17 mW and 600 mW at a repetition rate of 10 kHz.
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Fig. 4. One-dimensional lineshape of Pu isotopes. First excitation laser is tuned
to the resonance of 240Pu isotope. The bandwidth of excitation lasers are 4.2 GHz,
3 GHz and 3 GHz for the first, second and third excitation steps, respectively and
the average powers are 544 mW, 248 mW and 1138 mW at a repetition rate of
10 kHz.

tation efficiency of the off-resonant 238Pu isotope, the powers of
the lasers must be sufficient to cause power broadening. Excita-
tion efficiency of the resonant and off-resonant isotopes has been
evaluated for various excitation powers to identify the conditions
for non-selective excitation. We observe that ∼20% excitation
efficiency is achievable for the resonant isotope even at very low
powers of ∼50 mW for all the three excitation steps. However at
these powers, the degree of excitation of the off-resonant 238Pu
isotope is about 0.4%; which is still far below for non-selective
excitation. Excitation efficiency has been calculated by increas-
ing the powers of all the three excitation lasers up to 2 W.

It was found that though the excitation efficiency of ∼24%
for the resonant 240Pu isotope is achievable, the excitation effi-
ciency of the off-resonant 238Pu isotope is only ∼13% (Fig. 4).
Moreover, obtaining powers of ∼2 W for the first excitation laser
is difficult due to the loss during frequency doubling. In spite of
the appreciable increase in the laser powers, the excitation effi-
ciency of the off-resonant isotope could not be increased beyond
13%. It may be worthwhile to note that even at very high exci-
tation powers, the power broadening of the line profile is still
insufficient to cause comparable degree of excitation of the off-
resonant 238Pu isotope with respect to the resonant 240Pu isotope.
Though this is not entirely unexpected; this result is primarily
a manifestation of the large isotope shift of the first step. The
bandwidth of the excitation laser is not adequate to cause appre-
c 238
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Fig. 5. Saturation behavior for the excitation steps for 10 GHz bandwidth lasers.

behavior of the three excitation steps is very essential, in order to
estimate the influence of changes of the laser power on the excita-
tion efficiency of the resonant and the off-resonant isotope during
analytical measurements. The saturation powers for the exci-
tation steps have been evaluated, by calculating the excitation
efficiencies for various average powers and are plotted in Fig. 5.

The limiting value of the degree of excitation efficiency to
∼25% is an indication that saturation condition has been reached
and hence, any further increase in the laser powers shows only a
marginal change in the excitation efficiency. Since, non-selective
excitation for these bandwidth conditions is of interest, we have
also evaluated the excitation efficiency of the off-resonant iso-
tope for various powers. The optimum (threshold) powers are
then identified as those which yield an excitation efficiency of
∼20% for the off-resonant 238Pu isotope. The powers are found
to be 0.54 W, 0.25 W and 1.14 W, respectively. The excitation
efficiencies (Fig. 6) for the 238Pu and 240Pu isotopes are found
to be 20% and 23%, respectively, while this difference of ∼3%
should be acceptable for indiscriminate excitation. Even under
these conditions, one has to carefully set the powers of the exci-
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iable amount of excitation of the off-resonant isotope ( Pu)
n comparison to the excitation efficiency of the resonant isotope
240Pu). When the excitation lasers are tuned to 240Pu isotope,
he excitation efficiency of the off-resonant isotope is limited by
he bandwidth of the excitation lasers rather than the powers.
s mentioned earlier, under these bandwidth conditions indis-

riminate excitation is not feasible even at large powers. Hence
t can be concluded that a bandwidth of ∼3 GHz is insufficient
nd needs to be further increased.

Since the isotope shifts of 238Pu are about −7.2 GHz and
4.2 GHz in the first and second excitation steps, respectively,
bandwidth > 7 GHz may be required for the complete overlap
f the constituent isotopes. Therefore, the bandwidth of all the
xcitation lasers is set to be 10 GHz. Knowledge of the saturation
ig. 6. One-dimensional lineshape of Pu isotopes. First excitation laser is tuned
o the 240Pu resonance. The bandwidth of excitation lasers are 10 GHz, 10 GHz
nd 10 GHz for first, second and third excitation steps, respectively and the aver-
ge powers are 544 mW, 248 mW and 1138 mW at a repetition rate of 10 kHz.
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tation lasers; else it may not lead to indiscriminate excitation.
This can be illustrated by comparing the threshold conditions
for achieving 20% excitation of the resonant isotope and the
off-resonant isotope. Though an excitation efficiency of 20%
for the resonant isotope is feasible at much smaller powers of
300 mW, 50 mW and 150 mW for the first, second and third
steps, respectively, these values are not considered to be opti-
mum since the degree of excitation of the off-resonant isotope
is only 13%, leading to a significant bias in the excitation of the
off-resonant isotope. With increase in the laser powers, the off-
resonant isotope also falls into the power broadened width of the
transition; thereby comparable excitation efficiencies are feasi-
ble for both the resonant and off-resonant isotopes. In summary,
the calculations indicate that both the bandwidth and powers of
the excitation lasers have significant role for indiscriminate and
efficient excitation of all the isotopes.

The excitation efficiencies can be theoretically calculated by
simultaneously detuning the first and the second excitation lasers
from resonance, while keeping the third laser tuned to the res-
onance. Due to the smaller isotope shifts (<1 GHz) in the third
excitation transition, it is adequate to plot two-dimensional con-
tour of the excitation efficiency against the detuning of the first
and the second excitation lasers (Fig. 7). A couple of interest-
ing observations have been made. Firstly, the diagonal ridges
along the line �ν1 + �ν2 = 0 which are the signature of coherent-
two-photon excitation are totally absent. Secondly, the elliptical
s
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Fig. 8. Two-dimensional lineshape contour depicting the ρ44 for excitation
lasers with bandwidth of 3 GHz and for the experimental conditions of Grüning
et al. [14].

tation lasers. As mentioned earlier, the isotopes of plutonium
nearly fall along the diagonal two-photon ridge. The excitation
efficiency along the diagonal two-photon line is nearly invariant
up to the resonance frequency position of 238Pu isotope which
is a clear indication of the indiscriminate excitation of all the
isotopes under these excitation conditions when the lasers are
tuned to the resonance of 240Pu isotope.

The two-dimensional lineshape for the experimental con-
ditions reported by Grüning et al. [14] has also been plotted
(Fig. 8). In this contour, the diagonal ridges arising due to the
two-photon transition can be distinctly seen. Under these condi-
tions, the perpendicular ridges due to step-wise excitation around
�ν1 = 0 MHz and �ν2 = 0 MHz are dominating over the diago-
nal ridges. From the plot we observe reversal of asymmetry in
the peaks heights, i.e., the two-photon excitation is weaker than
the step-wise excitation. In general, when the excitation lasers
are monochromatic, a normal asymmetry is observed wherein
the two-photon peak dominates the two-step peak. Hence dis-
tinct diagonal ridge along the line �ν1 + �ν2 = 0 can be seen
in the two-dimensional lineshape contour. Further, the relative
strength of the coherent two-photon excitation peak and the
step-wise excitation peak is a complex function of the Rabi fre-
quencies (powers) of the two transitions, detuning and decay
rates of the corresponding levels involved, the bandwidth of the
excitation lasers and the Doppler broadening. Under the condi-
tions reported by Grüning et al. [14], the reversal of asymmetry
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hape of the contour is a reflection of the magnitude of the power
roadening along the two dimensions. The Rabi frequency of the
econd step is larger than that of the first step and hence the width
long this dimension is larger than the width along the dimen-
ion of the first excitation laser. The perpendicular ridges in the
imension of �ν1 = 0 MHz and �ν2 = 0 MHz arising because of
tep-wise excitation (|1〉 ω1−→ |2〉 ω2−→ |3〉, are broadened leading
o elliptical contours. The broadening of the perpendicular ridges
long both the detuning axes clearly indicates a strong two-step
xcitation. This is because of the dominating power broadening
n each excitation step and also the large bandwidth of the exci-

ig. 7. Two-dimensional lineshape contour depicting the ρ44 for excitation
asers with bandwidth of 10 GHz.
s observed which is solely attributed to the large bandwidth
f the excitation lasers. The large bandwidth of the excitation
asers causes appreciable excitation due to wings of the laser pro-
le even at detuned frequency conditions. As a result, reversal
f asymmetry occurs. Under these conditions, the off-resonant
sotopes which are along the two-photon excitation line are not
xcited appreciably, resulting in selective excitation. Therefore,
sotope ratios can be determined by sequential excitation. At

uch higher bandwidths and powers (Fig. 7), two-photon peak
erge with the step-wise excitation peak. Under these condi-

ions, excitation can only be described by step-wise excitation
esulting in the comparable excitation of the off-resonant iso-
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topes too, thereby, enhancing the probability for simultaneous
excitation of all plutonium isotopes.

4. Conclusions

The threshold powers and bandwidth of the excitation lasers
required for indiscriminate excitation of all the isotopes of plu-
tonium in a three-step resonance excitation scheme have been
identified by using density matrix formalism. The saturation
behavior of the three-excitation steps has been studied. Maxi-
mum excitation efficiency is found to be ∼23% for the resonant
isotope. Under these optimized conditions, the isotopic bias
between the resonant and the farthest lying off-resonant isotope
can be utmost ∼3%. The optimized powers for the indiscrimi-
nate excitation of all the plutonium isotopes have been found to
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