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Effective excitation method of a three-level medium in a selective photoionization
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A principle for the e%cient excitation of a three-level medium in a selective photoionization method
is examined. It is shown that with special detunings for a given set of the laser-atom interaction the
third-level population can be maximized. The expression of the optimal detunings is derived near the
two-photon resonance region. It is shown that if the optimal detuning method is applied to three-level
systems of Yb and Ca, the first-level populations are inverted to their corresponding third levels by about
100% and 86%, respectively. Application of this method to a Doppler-broadened medium is discussed
and it is found that the optimal detuning method with counterpropagating waves will be very effective
for selective ionization of wanted atoms.

PACS number(s): 32.80.Fb, 32.80.8x

I. INTRODUCTION

Selective photoionization by a multiphoton process has
been of interest in laser spectroscopic fields. As is well
known, differences in absorption spectra of isotopes are
the fundamental factors in the phenomenon, and the pro-
cess of photoionization consists of selective excitation of
a particular isotope and photoionization from the upper
excited level. However, the efficiency and the selectivity
of the process should be high for practical application.
Although up-to-date laser systems are well developed in
the realization of such processes, the appropriate condi-
tions to achieve high efficiency and selectivity usually
cannot be known directly without an optimization pro-
cess. Hence investigations for the optimization process
of laser action upon matter are considered to be very im-
portant. Such an investigation can be performed from
the theoretical point of view. In this paper, we will sug-
gest a principle for optimizing an excitation process of
three-level media which enables us to enhance the
efficiency of photoionization of wanted atoms in the
media, as well as to obtain high selectivity.

Since a selective photoionization is achieved through
the process of selective excitations followed by successive
ionization from the upper excited level, it can be realized
in two ways which have different excitation mechanisms.
The first way corresponds to an usual method such as a
dynamic photoionization of the medium, where all the
laser pulses are simultaneously coupled with the transi-
tion levels. This process can be optimized by controlling
the ratio of the parameters of the medium and the laser
fields. However, our previous numerical investigation
showed that the first way could not be effective [l]. In the
second way, the medium is first in the situation that the
wanted isotopes are fully populated at the third levels,
but other isotopes are empty there, and the photoioniza-
tion radiation pulse is subsequently switched on. In this
case the ionization efficiency can be high since the photo-

ionization pulse interacts with all the atoms to be ionized.
The above second way of ionization was suggested by
Diels [2], who provided only some results of two-level
systems. The method, besides a high ionization
efficiency, can enhance the selectivity of isotopes.

We applied the Diels idea to a three-level system, and
investigated the behavior of a three-level medium by
varying the laser frequencies in a region near two-photon
resonances, in which the Bloch equation was numerically
solved. Particularly in the three-level excitation scheme
compared with the two-level one, the ionization
coefficient can be enhanced by varying the laser frequen-
cies from the resonant transition ones. Resulting from
such a study, it was found that there can be detunings
which cause the population of the third level to be max-
imized for a given set of the medium-field interactions.
The detunings were found to be near two-photon reso-
nances and to depend on the energy density and the dura-
tion of the laser pulses as well as the dipole moments of
the first and the second transition. Here, we will examine
the principle of optimal detunings and suggest their ana-
lytic formulas in the case of a stationary electromagnetic
field, before applying the optimal-detuning method to a
real atomic medium.

II. DYNAMICS OF THE THREE-LEVEL ATOM

For the investigation of population dynamics of a
three-level atomic system as shown in Fig. 1, we use a
theoretical method which is based on the density-matrix
formalism. The dynamics of the medium is described by
a Liouville equation such that

where p is the density operator, f' the operator of the sys-
tem relaxation, 80 the Hamiltonian of the unperturbed
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FIG. 1. The photoionization scheme. V& and V& are Rabi
frequencies. 0& and Qz are the detunings of laser frequencies.
8 3 is the ionization loss rate. co &, co&, m3 are the laser frequen-
cies.
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Here, ul 2 3 and gi 23 are the in-phase and 90'-out-of-
phase components of the Inedium polarization, respec-
tively. nj is the jth-level population, and n+ is the ion
concentration. The Doppler broadening is described by
the velocity distribution function D ( U~ ). d, and d 2 are
the dipole transition matrices of the first and the second
transition, respectively. co2& and co32 are the resonant fre-
quencies of the first and the second transitions, respec-
tively. A; is the Einstein coefficient of the transitions, c
is the light velocity, and A is the Planck constant.

Let us consider the behavior of a three-level atom in a
stationary electromagnetic field without any relaxation.
Here, we are concerned with only a two-photon reso-
nance region. We get a solution of Eqs. (2)—(14) for such
an exact and sharp two-photon resonance as
Q=Qj= —Q2 with V&=V2&(Q. The solution can be
found as follows:

EJ(t)=e,e~(t)exp[i(co t —
PJ )]+ c.c.

can be derived without any difficulty [3]. Here, e„ej.(t),
to. , and P. are the unit vector of polarization, the ampli-
tude, the frequency, and the phase of the jth laser field,
respectively. That is, the set of equations is given by

system, and P' the operator describing the interaction
with the electromagnetic fields. Since we have considered
the interaction in a dipole approximation, the operator P'
is given by 0=dX''/A where the operator d corresponds
to the dipole moment of the three-level system. We as-
sume that the resonant laser field is a superposition of
three linearly polarized plane waves. The eigenfunctions
for the density-matrix elements can be written in the res-
onant approximation. Even though a rigorous description
of the three-step photoionization scheme requires a densi-
ty matrix of 4X4 dimensions, the description can be
simplified if we keep in mind that a photoionization pro-
cess from the third bound level can be incoherently
represented. It can be assumed in this case that the laser
radiation producing photoionization causes the three-
level medium to be only attenuated with a rate of
W3 tr3I3 /15c03 where I3 is the photoionization light in-

tensity, A'cu3 the photon energy, and o.
3 the photoioniza-

tion cross section. This assumption allows the density-
matrix formalism to be represented in a simple form of
3 X 3 dimensions, as the photoionization process can be
dealt with as one mechanism of system relaxation and it
can be described by a conventional kinetic equation of
balance.

The Bloch equation describing the interaction for the
Doppler-broadened three-level medium with a mono-
chromatic laser field such as

8
P» = —2$, Vi + A 2lP22at

r

(2)
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From Eq. (15), we can see that a similar behavior as that
of a two-level atom is revealed in the case of three-level
atoms, where the corresponding Rabi frequency is
( V i + V2 )/4Q.

Considering the behavior of p33 in the (Q„Q2) coordi-
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nates along a two-photon resonance line, we can see that
the amplitude of p33 becomes 1 under the condition of V&

equal to V2. Hence it is clear that at any intensity and
duration of laser pulses the three-level system can be con-
trolled to get a maximum population by varying the two-
photon detuning (Q). In such a case of Tll( Vl + V2 )/4Q
being equal to ~, the three-level system can be fully in-
verted. Here, To is half the duration time of a stationary
pulse. But in a real situation we cannot always satisfy the
requirement that V& is equal to V2. However, here we
will show that there are detunings which invert the
three-level medium, even when V, is not equal to V2.

Although the system expressed by Eqs. (2) —(14) has an
analytical solution on the condition mentioned below [3],
it will be very complicated for thorough analysis. So we
will approximate the system so that the solution can be
analyzed. On the condition of nearly two-photon reso-
nance such that Q=Q, = —Q2, if Q')&V, , V2, Eqs.
(2)—(14) can be written as

mation condition on the system is appropriate.
We consider such a condition that p33(t) is maximum.

We can see from Eqs. (25) and (26) that if the values of V,
and V2 are determined the detunings Q& and Q2 should
satisfy the condition that aTo=m. and simultaneously
Q&Q2a is minimum. Such a particular solution can be
given by the following two equations. That is,
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4Q, 4Q,

=0, (27)
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A simpler expression for the optimal detunings can be ob-
tained if we use new variables in the (Ql, Q2) plane. That
is, rotation of the coordinate axes by 45 transforms the
variables for the detunings as follows:

P33= kV»Bt

o= —Qlkl —V24

0=Qlu 1 + Vl (pl 1
—p22)+ V2u 3

0= —Q2(2+ V, $3,
Q2u2+ V2(P22 P33) Vl 3

(19)

(20)

(21)

(22)

y sin at/2
(Q p}2+ 2 (31)

where

where 5& and b2 are the parameters characterizing the
detunings at and away from the two-photon resonance,
respectively. Since we are concerned with a detuning re-
gion near the two-photon resonance, we can neglect b, z

compared with 6&. Then the expression for p33 becomes

—u3= —«1+Q243+ Vlk2 —V241 (23)

a
g3 (Ql+Q2)u3 Vlu2+ V2u 1Bt

(24)

In these equations we neglect derivatives such as Bu, IBt,
"dg, /Bt, Bu2/Bt, and B(2/Bt because they are much less
tllall Qlu 1 Q142 Q2u2 alld Q24. That is, their values are
of the order of 1/Q. Then the system permits a clear
analytical solution for a stationary electromagnetic field,
where V, and V2 are constant. The result can be used for
a detailed investigation of the excitation dynamics.

The expression for p33(t) is given by
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Resulting from the above Eqs. (31)—(34), it can be shown
that the optimal detunings are determined with the fol-
lowing relations:

where a is &o Vi V2
(35)
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In the case of a two-photon resonance such that
Q~ Q2 Q it can be shown that the solution is exactly
the same as Eq. (15). Hence we are sure that the approxi-

4hi+ Vi + V2
(36)

Consequently, Qi and Q2 have been defined for an op-
timal detuning. The homogeneous broadening width re-
lated to an excitation process can be obtained from Eqs.
(31)—(34). Really, if 52=p+y the amplitude of p33 be-
comes 0.5, so the homogeneous bandwidth is V, V2/2A&.
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Since the optimal value of 6, is given by Eq. (35), it is
easy to understand that the homogeneous bandwidth is
m. /&2To s '. Therefore, since the bandwidth of the exci-
tation process is very narrow, it is expected that the selec-
tivity of the excitation will be very high.

III. APPLICATIONS

Now we can choose some photoionization schemes for
the purpose of concrete examination of the above
optimal-detuning technique. First, we take a scheme
suitable for a selective photoionization of ' Yb. The
scheme is presented as 6'So (0 cm ') —+6 P, (17992
cm ')~( —'„—', )z ( 35192 cm ') [4]. The dipole moments
of the transitions are known to be d& =2.7X10 Cm
and dz=4. 3X10 ' Cm. The laser pulses are supposed
to be of square shape with the half duration time Tp
equal to 10 s and with energy density of 0.5 mJ/cm . In
this case, the Rabi frequencies for the first and the second
transitions V, and V2 are 1.76X10 and 2. 81X10 rad/s,
respectively. Using the formulas of Eqs. (35) and (36) we
get the optimal excitations when Qj =4741 MHz and
Q2= —4888 MHz. The population dynamics is shown in
Fig. 2, where the analytic result of Eq. (25) is denoted by
a thick solid curve, and the numerical one of Eqs.
(2)—(14) is represented by three thin solid curves. Com-
paring the results of the third-level population in the
figure, it can be seen that they are nearly the same al-
though the numerical curve is slightly shifted form the
center. Their maximum values are 99.98% and 97.10%,
respectively. Therefore it is revealed that the modified
system expressed by Eqs. (16) —(24) is appropriate for cal-
culations of the three-level medium near a two-photon
resonance region. In particular, since when detunings are
large it is very difficult to calculate Eqs. (2)—(14) numeri-
cally, the set of equations is very useful for easy and
quick calculations.

For the examination of atomic Ca, we consider the
well-known ladder configuration 4 'So ~4 P, ~5 S, .
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The dipole moments of the first and the second transi-
tions are known to be 0. 15X10 and 26. 5X10 Cm,
respectively. So the rate d2/d& is approximately equal to
187. The optimal detunings are found to be that
0& =18.89 GHz and Q2=14.98 GHz, and the maximum
population of the third level from Eq. (25) becomes 86%.
Hence it turns out that the detuning control is a very
efticient method for the optimization of the photoioniza-
tion process of a three-level medium.

Now consider an application of the method to a
Doppler-broadened medium. Particularly in the case of
collinear waves the situation is more complicated because
the detunings are expressed by
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FIG. 2. Atomic-level populations for a selective photoioniza-
tion scheme of Yb. The three thin solid curves represent the
numerical result, while the thick solid curve is the third-level
population obtained from the analytic expression. Square
pulses with the half duration time of 10 ns and the energy densi-
ty of 0.5 mJ/cm were used.
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FIG. 3. Doppler velocity distributions and atomic-level pop-
ulations. Gaussian-shaped pulses with a characteristic time of
10 ns and with the energy density of 0.5 mJ/cm were used. The
first and the second lasers were supposed to be counterpropagat-
ing, and the time delay of the third laser was 20 ns. The
Doppler velocity Uo was 312 m/s. 0

&

=6760 MHz and
02= —6863 MHz. The Doppler velocity distributions and the
atomic-level populations are presented in (a) and (b), respective-
ly. In (a), the thick solid curve is the initial distribution, and the
thin solid curve and the dashed one denote the results of the
first- and the third-level distributions after the laser-atom in-
teraction.
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Results of a numerical study for the inversion of a
three-level Doppler-broadened Yb medium are shown in
Figs. 3(a) and 3(b). The Doppler velocity U0=312 m/s
was used. We approximated the pulse of a real laser sys-
tem by a Gaussian-shaped one such as

In this case if we take optimal detunings for a moving
atom with U equal to 0, the detunings for other atoms
with nonzero Doppler velocity cannot be optimized as

Uy
Qi =Qi~' —CO2)

n =n'&' —~ Vy

2 2 32

Hence it is known that the optimal-detuning condition
cannot always be found for all atoms in a Doppler-
broadened medium. In the case of collinear waves, the
Doppler distribution function D(v ) will include a very
narrow gap such as

5Uy =
To(A, , +A2)v'2

where k& and A, 2 are the wavelengths of the first and the
second transition, respectively. For a transition by a
laser pulse in the visible spectrum of light and with a
characteristic time of 10 s, the width of the gap will be
approximately 30m/s. So the integral efficiency for all
atoms will not be high.

However, in the case of counterpropagating waves, we
can expect a better result because the Doppler shifts on
the first and th second transition are partly compensated.
The detuning from a two-photon resonance is

1 Uy

2(Vy ) =62 + —(&21 &32)
2 C

If the first and the second transition energies, i.e., co2&

and co32, are close to each other such that
( cop] co3$ )U /c « sr / To, then h2( U~ ) can be approxi-
mately b,2t' for all the atoms in a Doppler-broadened
medium. We should notice that this method is well
known in the atomic-spectroscopy technique, where a
Doppler-free line is permitted in transitions.

with the characteristic time To equal to 10 ns and the en-

ergy density Uo being 0.5 mJ/cm, the same for the three
laser pulses. Optimal detunings such as 0& =6760 MHz
and 02= —6863 MHz were chosen specially for these
pulse characteristics. The photoionization pulse was de-
layed by 20 ns. In Fig. 3(a) the Doppler velocity distribu-
tions before and after the laser pulse propagation are
shown. In Fig. 3(b) are shown the dynamics of level pop-
ulations and ion concentration. The photoionization
cross section cr3 was taken to be 6.7X10 ' cm [4].
Hence it is known that the optimal-detuning method with
counterpropagating waves will give us a relatively high
efficiency compared with the result for the case of col-
linear propagation.

IV. CONCI. USION

A principle for the effective excitation of a three-level
medium in selective photoionization has been examined,
and a formula for optimal detunings where almost all the
atomic population can be inverted into the third bound
level has been suggested in the case of a stationary field.
The formula depends on the parameters of the laser-atom
system. It is found that optimization of the excitation
process of a three-level medium with this formula will en-
able us to enhance the efficiency of photoionization of
wanted atoms in the medium as well as to obtain high
selectivity.

For the known photoionization schemes of Yb and Ca,
the maxima of third-level populations at the optimal de-
tunings have been obtained to be about 100%%uo and 86%%uo,

respectively Even in the case of a Doppler-broadened
atomic medium, it turns out that the optimal-detuning
process is suitable with counterpropagating waves. In
particular, some scheme of Yb has the possibility to yield
high efficiency in selective ionization of an isotope.
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