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Effects of the laser parameters on the determination of the Sn isotope ratio
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The effects of laser parameters such as intensity, wavelength, and bandwidth on the determination of
the Sn isotope ratio are analyzed numerically with density-matrix equations. The bandwidth of the laser
is taken into account by the chaotic-field model. We consider the isotopes of Sn that consist of the even-
mass isotopes with no nuclear spin and the odd-mass isotopes with a nuclear spin of A/2. In the scheme
in which a first laser excites atoms to an intermediate state and a second laser ionizes them, the exciting-
laser intensity has greater influence on the isotope ratio than the ionizing-laser intensity regardless of the
laser bandwidth. As regards the laser bandwidth, a comparison is made between the broad bandwidth
that overlaps all intermediate levels of the isotopes and the narrow bandwidth that is small enough to ex-
cite only the intermediate level of the even-mass isotopes. The even-mass isotopes whose intermediate
level is on resonance are more ionized than the odd-mass isotopes when the intensity of the broadband
exciting laser is small, while the odd-mass isotopes are more ionized when the intensity of the narrow-
band exciting laser is large. The isotope ratio is sensitive to the exciting-laser wavelength even when the
laser bandwidth is broad.

PACS number(s): 32.80.Rm, 42.50.Lc

I. INTRODUCTION

Resonance-ionization mass spectrometry (RIMS) has
many applications, such as spectroscopy of high-lying
Rydberg states, isotope separation, analysis of trace ele-
ments, and determination of isotope ratio [1—6]. RIMS
has a great advantage in removing isobaric interferences,
because atoms can be element- or isotope- selectively ion-
ized and only desirable elements or isotopes of interest
can be introduced into a mass analyzer.

On the other hand, to determine the isotope ratio of
trace elements with RIMS, all isotopes need to be ionized
to the same degree; it has been shown experimentally [7]
and theoretically [8,9] that the ionization of each isotope
is dependent on laser-atom parameters even when the
laser bandwidth is large enough to overlap all hyperfine
splittings and isotope shifts. In fact, Refs. [8,9] point out
that the isotope ratio is dependent on the laser intensity,
while all hyperfine levels are excited by a broadband
laser. They showed the dependency of the fractional ra-
tio P=(P' P)I0.5(P'+P—) on the laser intensity, where
P and P' stand for isotope probabilities of even- and odd-
mass isotopes, respectively, for the cases of the single-
laser scheme [8] and the doubly resonant ionization
scheme [9].

Other than laser intensity, bandwidth and detuning
should also affect the fractional ratio. We have experi-
mentally investigated influences of other laser parameters
on the determination of isotopic abundances of ytterbium
[10]. Reference [10] suggests that laser-beam polariza-
tions and applied electric fields also have effects on the
fractional ratio on the condition of a simple ionization
scheme such as J=0—+J'=I—+ continuum.

In this paper, we attempt to incorporate the laser pa-
rameters which have been found to be influential in the
determination of P. In previous studies [8,9], effects of
laser bandwidth are taken into account by applying the

phase-diffusion model. We employ the chaotic-field mod-
el since it is suitable for pulsed-dye lasers [11]. The com-
parison between two models has been made in many pa-
pers [12—14]. They show that the chaotic-field model is
less effective than the phase-diffusion model in saturating
a single- or multiphoton transition.

Effects of laser line shape are also important, especially
for a far-off-resonance region [15—17] because the far
wing of a Lorentzian line shape falls off very slowly while
a realistic laser line shape resembles a Gaussian which
drops much faster than a Lorentzian. However, we cal-
culate the ionization probability of the even- and odd-
mass isotopes using the chaotic-field model with the
Lorentzian line shape for simplicity of calculation.

II. THEORY

We consider as an example Sn, whose atomic parame-
ters are calculated in Ref. [8]. The energy diagram of Sn
is shown in Fig. 1. The ground state of Sn is
0) =5p Po. The even-mass isotopes of Sn (I =0) have

an intermediate level of value 34 914 cm ', whose
configuration is ~1) =5p6s P;. Because of the nuclear
spin (I=—,'), the odd-mass isotopes of Sn are split into
two hyperfine levels. The energy difference of the two
hyperfine levels is 0.26 cm '. In ~IJFM~) representa-
tion, the configuration of the ground state is

~ —,
' 0 —,

'
—,
' ),

and those of the intermediate states are ~1') =
~
—,
' 1 —,

'
—,
' )

and ~2' ) =
~
—,
' 1—,'—,' ), respectively.

The atoms are assumed to be irradiated simultaneously
by two independent lasers for exciting and ionizing the
atoms. The exciting laser is tuned to the resonance fre-
quency of the even-mass isotopes. To take into account
the bandwidth of a laser, we assume that both laser fields
are described as chaotic fields whose characteristics are in
detail written in [18,19].

1050-2947/93/48(6)/4588(6)/$06. 00 48 4588 1993 The American Physical Society



48 EFFECTS OF THE LASER PARAMETERS ON THE. . . 4589

Applying the rotating-wave approximation to Bloch equations of the system, we obtain the following density-matrix
equations [19,20]:
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with n, m =0, 1,2, . . . denoting the correlation order of
each laser. The Rabi frequencies which appear in the
above equations are defined as follows: P(t)=1 —o00 —cr„. (12)

The ionization probability of the even-mass isotopes is
defined as

&,, =2m-'p, , & IEI'&'" .

The population of each level is given by

(10) That of the odd-mass isotopes is also defined as

P'(t)=1 00 00 00 (13)

(~ ) 00 The atomic parameters of Sn that we will use in the fol-
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FIG. 2. Fractional ratio of ionization probability as a func-
tion of laser intensity. The intensity of the ionizing laser is iden-
tical to that of the exciting laser. The schemes of the exciting-
and the ionizing-laser bandwidth are shown in the figure.

Energy level of Sn

FIG. 1. Resonance-ionization scheme of Sn calculated in this
study.
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III. RESULTS AND DISCUSSIONS

Figure 2 shows the dependency of p on the intensity
for four combinations of the exciting- and ionizing-laser
bandwidth. In this figure P is calculated on the condition
of identical intensities of the exciting and ionizing lasers.
This figure shows that the bandwidth of the ionizing laser
does not have an effect on P compared with that of the
exciting laser. The bandwidth term plays a role similar

which have been obtained by Lambropoulos and Lyras in
Ref. [8]. The parameter I denotes a laser intensity whose
unit is W/cm . We employ a pulse of duration Tz =10
nsec and the profile of the pulse that is linearly increasing
during 0.1 TL, constant to O. S TL, and linearly decreasing
to zero [8]. With regard to the laser bandwidth, we adopt
0.04 cm ' [full width at half maximum (FWHM)] as the
narrow bandwidth and 0.4 cm ' (FWHM) as the broad
bandwidth.

to a decay term in the equations. In the scheme studied
here, however, the atoms are assumed to be ionized to
continuum, which gives rise to no effect on the fractional
ratio. Excited with the narrow-bandwidth laser, the
even- and odd-mass isotopes are well separated at the in-
tensity between 10 —10 W/cm, whereas above 10
W/cm the difference of p between the narrow- and
broad-excitation lasers becomes very small, which means
that the bandwidth of either excitation or ionization has
little effect on p at large intensity. Above 10 W/cm, p
is nearly equal to zero because both P and P' approach
unity. For the sake of simplicity, we take the broad
bandwidth (0.4 cm ') as the bandwidth of the ionizing
laser in the rest of this paper.

To investigate the effect of the exciting-laser band-
width, we show the time evolution of the population of
the even- and the odd-mass isotopes at 10 W/cm, where
the difference of p between the even- and the odd-mass
isotopes is apparent. In Fig. 3(a) the exciting-laser band-
width is so small that population inversion occurs at
T=1 nsec, which is a coherent phenomenon. On the
other hand, the populations of the even-mass isotopes do
not oscillate and saturate to 0.5 in Fig. 3(b). The satura-
tion time of Fig. 3(b) takes more time than that of Fig.
3(a), which means ionization occurs more easily in Fig.
3(a) than in Fig. 3(b). With regard to the odd-mass iso-
topes, Fig. 3(c) shows that each intermediate level is pop-
ulated at about 20%, while in Fig. 3(d), i2 ) is approxi-
mately 40%%uo and

i

1') is 30%%uo. The population of i2') is
always larger than that of

i

1') because AO2 is larger than
QQ$& ~

We plot the time evolution of the ionization probability
of the even- and odd-mass isotopes in Figs. 4(a) and 4(b).
These figures show that the ionization probability is of
the order of 10, which cannot be observed in Fig. 2.
With the narrow-bandwidth laser, the even-mass isotopes
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FIG. 3. Time evolution of the populations with the exciting-
and ionizing-laser intensity at 10 W/cm . (a) The population
of the even-mass isotopes with the narrow-band laser. (b) The
population of the even-mass isotopes with the broadband laser.
(c) The population of the odd-mass isotopes with the narrow-
band laser. (d) The population of the odd-mass isotopes with
the broadband laser. The notations such as ~0), ~1), ~1'), and
~2') are indicated in Fig. 1.

are more ionized, as shown in Fig. 4(a), while the ioniza-
tion probability of the odd-mass isotopes exceeds that of
the even-mass isotopes at 4 nsec in Fig. 4(b). The result
of Fig. 4(a) implies that the laser configuration can be uti-
lized for laser-isotope separation, while Fig. 4(b) shows
that if laser bandwidth is broad enough to overlap all
hyp ermine structures the odd-mass isotopes would be
more ionized than the even-mass isotopes, even though
the even-mass isotopes are excited as resonance. The ion-
ization probability of the odd-mass isotopes is greater
than that of the even-mass isotopes after 4 nsec, because
the total population of the intermediate levels of the
odd-mass isotopes is about 60% at the time, while that of
ihe even-mass isotopes is about 50%. This saturation
makes the inversion of the ionization probability.

We compare the time evolution of the population of
the even- and odd-mass isotopes at 10 W/cm where the
exciting-laser bandwidth does not make any difFerence to
P. In Fig. 5(a) a more rapid Rabi oscillation is observed
than in Fig. 5(b), because of the coherence of the narrow
bandwidth. The population difFerence of the population
between the ground level and the intermediate levels of
the odd-mass isotopes in Fig. 5(d) is smaller than in Fig.
5(c), because the intermediate levels in Fig. 5(d) are more
excited by the broad bandwidth that overlaps them.

We also plot the time evolution of the fractional ratio P
at 10 W/cm and 10 W/cm with the narrow- [Fig. 6(a)]
and the broad- [Fig. 6(b)] bandwidth exciting laser. In
Fig. 6(a), the even-mass isotopes are selectively ionized at
10 W/cm, whereas the odd-mass isotopes are more ion-
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FIG. 4. Time evolution of the ionization probability with the
exciting- and ionizing-laser intensity at 10 W/cm (a) with the
narrow-band laser and (b) with the broadband laser.

FIG. 5. Time evolution of the population with the exciting-
and ionizing laser intensity at 10 W/cm . (a) The population
of the even-mass isotopes with the narrow-band laser. (b) The
population of the odd-mass isotopes with the narrow-band laser.
(c) The population of the even-mass isotopes with the broad-
band laser. (d) The population of the odd-mass isotopes with
the broadband laser.
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FIG. 6. Time evolution of fractional ratio with the exciting-
and ionizing-laser intensity at 10 W/cm and 10 W/cm (a)
with the narrow-band laser and (b) with the broadband laser.

FIG. 7. Fractional ratio as a function of the exciting-laser in-
tensity. The intensity indicated in the figure is the ionizing-laser
intensity (a) with the narrow-band laser and (b) with the broad-
band laser.

ized all times at 10 W/cm because of the saturation of
all levels. However P increases to above zero even at 10
W/cm in Fig 6(b). These figures show that the time
dependency of p at 10 W/cm is the same with the nar-
row bandwidth as with the broad one. But at 10 W/cm
the diff'erence of p between the narrow and the broad
bandwidths is apparent. In other words, the pulse form
plays an important role on the time evolution of the pop-
ulation. Although the case at 10 W/cm has a max-
imum, that at 10 W/cm has a minimum at about the
same time.

We show the fractional ratio P as a function of the
exciting- and ionizing-laser intensity in Fig. 7(a). This
figure shows that there is little dependence on ionizing-
laser intensity, although p varies with exciting-laser in-
tensity. With a small intensity of the exciting laser, p( 0,
because the even-mass isotopes are resonant and the in-
tensity that excites the odd isotopes is very small. But as
the exciting-laser intensity increases, the fractional ratio
cannot ignore the intensity that overlaps the levels of the
odd-mass isotopes, especially when the ionizing-laser in-
tensity is small. When the intensity is large, the atoms
are ionized as soon as they are excited.

On the other hand, Fig. 7(b) shows that the dependen-
cy on the laser intensity is smaller than that of the case
excited by the narrow-bandwidth laser. As in Fig. 7(a),
the fractional ratio in Fig. 7(b) keeps constant in the
range between 10 and 10 W/cm, and decreases rapidly

to zero. Figure 7(b) shows that the dependency of the
fractional ratio on the ionizing-laser intensity is almost
the same in the range between 10 and 10 W/cm of the
exciting-laser intensity.

At the exciting-laser intensity of 10 W/cm, the frac-
tional ratio is below zero for both narrow and broad
bandwidths. This shows that the odd-mass isotopes are
not so excited as the even-mass isotopes. Figures 7(a) and
7(b) show that the fractional ratios vary rapidly with the
exciting-laser intensity between 10 and 10 W/cm be-
cause the intermediate levels are not saturated.

In Fig. 8 we show the dependency of the exciting-laser
wavelength on the fractional ratio at various exciting-
laser intensities, with an ionizing-laser intensity of 10
W/cm . Figure 8(a) shows that between 10 and 10
W/cm the fractional ratio is not so sensitive to the wave-
length of the exciting laser, except that clear resonance of
the even- and odd-mass isotopes is observed at the
exciting-laser intensity of 10 W/cm . This figure sug-
gests that the exciting-laser intensity has to be fixed to
about 10 W/cm in order to separate the even and odd-
mass isotopes.

When the bandwidth of the exciting laser is broad [Fig.
8(b)], the resonance is not so clear. It has a little depen-
dence on the wavelength, especially with the exciting-
laser intensity of 10 W/cm .
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the ionizing-laser intensity. This is because the ionization
is the transition from the bound state to the continuum
state, but the excitation is from bound state to bound
state. When the exciting-laser bandwidth is narrow, only
the even-mass isotopes that are on resonance are ionized
at the intensity between 10 —10 W/cm . This
configuration could be utilized for the isotope separation.
At the intensity between 10 —10 W/cm, the odd-mass
isotopes are more ionized than the even ones, because the
intensity on the hyperfine levels of the odd-mass isotopes
is so large that the hyperfine interaction plays an impor-
tant role on the laser-atom interaction. As the exciting-
laser intensity increases to 10 W/cm, the fractional ra-
tio P approaches zero because the ionization probabilities
of both even- and odd-mass isotopes go to unity. On the
other hand, when the exciting-laser bandwidth is large,
the odd-mass isotopes are to some degree ionized at even

3 210 W/cm . The dependence on the exciting-laser inten-
sity has the same tendency as that with the narrow-
bandwidth laser, on condition that the laser intensity is

5 2over 10 W/cm, and the fractional ratio P goes to zero as
the intensity increases.

With regard to the exciting-laser wavelength, as the
exciting-laser intensity increases, the selectivity de-
creases, even when the exciting-laser bandwidth is nar-
row enough to excite only the even-mass isotopes which
are on resonance. In this system the even-mass isotopes
are ionized approximately equally at the intensity 10

2W/cm of the narrow-bandwidth laser. However, the
fractional ratio is sensitive to the exciting-laser wave-
length, even when the exciting-laser bandwidth is broad
with the small intensity.

IV. CONCLUSION

We have investigated the effects of the laser parameters
on the fractional ratio of the ionization probability of the
even- and odd-mass isotopes of Sn. The fractional ratio P
is more dependent on the exciting-laser intensity than on
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