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Selective ionization of Ba and Sr isotopes based on a two-photon interference effect
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We show that the zero- and nonzero-nuclear-spin isotopes of Ba and Sr can be excited and ion-
ized at different rates by sequential absorption of radiation from two pulsed laser beams. The selec-
tive excitation takes place in a J =0«-J =1«-J =0 energy-level scheme (where J is the electronic
angular momentum), which, depending on the relative polarization of the laser beams, gives totally
destructive interference in the absorption rate to the upper J =0 state of a zero-nuclear-spin atom,
or a finite but time-dependent rate for population of the upper state for an atom with nonzero nu-
clear spin. A theoretical explanation of the effect shows the alignment of the nuclear spin as well as
the population of the upper state to be time dependent. Isotope ratios were measured in Ba and Sr
as a function of laser polarization and delay time, and compared with theory.

I. INTRODUCTION

In a simple J=0«-J=1«J=0 energy-level scheme,
the rate of nonresonant two-photon absorption (i.e., with
the first photon off resonance with the J=1«J =0 tran-
sition) can become zero as a result of a quantum-
mechanical interference effect.! When the electric vec-
tors of two linearly polarized light beams are expressed as
coherent superpositions of 0" and o~ beams, two path-
ways with probability amplitudes 7, and ?, for popula-
tion of the upper state exist, as shown in Fig. 1. When
the electric vectors of the two light beams are parallel,
the signs and amplitudes of 7, and 7, are identical, so
the interference is constructive and the population rate of
the upper state is finite; when the light-beam polariza-
tions are orthogonal, a phase shift of 7 is introduced into
the relative probability amplitude resulting in completely
destructive interference with a population transfer rate to
the final state of zero. This effect was recently observed
in Sr where the degree of destructive interference was
measured as a function of the angle between two linearly
polarized laser beams by monitoring the population of
the 7s 'S state.?

On first inspection it is natural to conclude that or-
thogonally polarized laser beams could be used to popu-
late selectively the upper 'S state of atoms with nonzero
nuclear spin through nonresonant excitation of a
1S« !P!S sequence. That is, isotopes with no nuclear
spin have energy-level schemes as shown in Fig. 1(a) and
would not be excited in a nonresonant two-photon pro-
cess owing to the interference effect. Isotopes with a nu-
clear spin I of 1, for instance, would be excited through
pathways such as those shown in Fig. 1(a), but additional
pathways, such as ?; shown in Fig. 1(b), where interfer-
ence cannot take place, would always be present, so that
irrespective of the light-beam polarizations, two-photon
absorption would always occur.

Since absorption of a third photon from either of the
two laser beams can ionize the excited atom, a clear
discrimination against zero-nuclear-spin isotopes in the
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ion current should be observed as the relative polariza-
tion of the two laser beams is rotated through angles
from parallel to perpendicular. Surprisingly, experiments
with '®Ba and '’’Ba irradiated with 8-ns-long dye-laser
pulses showed no statistically significant variation in the
ratio of the ion currents from these two isotopes as the
relative polarization of the radiation beams was varied —
the presence of excitation paths such as ?; did not alter
the isotope ratio.

In retrospect, the explanation for this behavior is ele-
mentary. The initiation of the first laser beam produces a
““virtual state” that is a coherent superposition of coupled
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FIG. 1. (a) Energy-level diagram for a two-photon transition
in a J=0«-J =1«-J =0 system. For nonresonant multiphoton
absorption, the first light beam is detuned a small amount A in
frequency from resonance with the first excited state. The ar-
rows indicate absorption through the two paths: 7, represents
the probabilty amplitude for absorption of a ¢~ photon from
the first beam, and a o photon from the second beam. (b)
Energy-level diagram for an atom with nuclear spin /=1. Ab-
sorption of two ¢~ photons is possible leading to population of
the upper state irrespective of the relative polarization of the ra-
diation beams.
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angular momentum states. The time evolution of these
states, governed by the magnitude of the hyperfine split-
tings, is sufficiently slow compared with the virtual-state
lifetime that the flow of probability amplitude into states
that can be excited by the second laser beam is negligible.
Thus, the hyperfine interaction in the nonzero spin iso-
topes appears to be nonoperative or ‘“frozen” on
the time scale of the experiment as set by the magnitude
of the detuning of the first laser beam from resonance.

As we show below, selective excitation of nonzero spin
isotopes is possible using pulsed lasers provided the first
laser is tuned to resonance with the first excited state and
the state is allowed to evolve in time before the second
laser is fired. Section II gives a theoretical explanation of
the effect using the state multipole formalism. The calcu-
lations shown the monopole and quadrupole moments of
the excited-state population to evolve as the delay time
between the pulses is varied. Section III describes
atomic-beam experiments with Ba and Sr atoms that
show selective ionization of the odd atomic masses of
these elements. Finally, Sec. IV shows how time evolu-
tion of coherently excited states can affect other multi-
photon processes.

II. THEORY

A complete theory of the sequential two-photon excita-
tion of an excited J =0 atomic state through a resonant
J =0<J =1+J =0 sequence is given here using statisti-
cal tensors (state multipoles) to describe the angular
momentum distribution in each state. Since the
mathematics of this description gives little insight into
the nature of the evolution of the states, a brief example
of how the discrimination takes place is given for a nu-
clear spin I =1 atom.

Consider first an isotope with no nuclear spin. The
first laser beam whose electric vector is parallel to the x
axis excites the atom to a state ¢, _ (¢) (referred to here
as the excited state) given by

¢,=lm=\%<|1—1>—|11)>e’“/2, ()

where ¢ is the time after excitation, I is the decay rate of
the J=1 state, which is a coherent superposition of two
|JM, ) states, where M, is the magnetic quantum num-
ber, and where the z axis has been taken as the axis of
quantization. The transition probability to the final state
is proportional to P (t) given by

P(1)=1{00|e,- D]y, —())]?, )

where €, is the polarization vector of the second laser and
D is the electric dipole operator. The quantity €,-D can
be written in a spherical basis as

D=3 (—1%,D_, (3)
q9

according to the usual definitions® of these quantities, so
that P(t) becomes

P(1)=1](00/€'?,D _,[11)—(00|€2,D ,,|1—1)|% """,
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2
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which for €, parallel to the y axis (€= —i/V 2) can easi-
ly be shown to equal zero.

Consider an atom with nuclear spin 7 =4. Excitation
of the [00)|I=1, M;=1) state (in a basis set that is a
product of electronic and nuclear wave functions, where
M, is the magnetic quantum number for the nuclear spin)
by the same x-polarized light beam (where the laser band-
width is large compared with the hyperfine splitting),
gives the J =1 state in an uncoupled basis as
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This state can be expressed in a coupled basis set |[FM )
where its time evolution in the Schrddinger picture is
given as
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where w;,, and o/, are the energies of the F=3 and | hyperfine state divided by #, respectively. This wave function

can then be rewritten in the uncoupled basis as
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which together with Eq. (2) gives P(t). The absorption
rate in the weak-field limit becomes

Awt
2

P(t)=ie_r’sin2 , (8)

where Aw=w;,,—®,,,. Calculation of the excitation
rate from the |00)[1—1) sublevel of the ground state
gives an identical expression that is added to Eq. (8) to
give the total population rate of the final state. It is thus
evident that a nonzero probability for excitation of the
final state can be obtained by suitable delay of the second
laser relative to the first and that selective excitation of
spin-1 isotopes possible. A transition probability depen-
dent on time delay as is shown below is a general proper-
ty of systems with finite nuclear spin. In addition, mul-
tipole moments of the nuclear angular momentum of the
final state with rank 2 or less can be created by absorp-
tion of two photons.

Consider the description of the above problem* in
terms of density matrices® of the ground state p?, excited
state p° and final state p/. The ground state is described
by a single, rank zero term.® The time evolution of the
upper states is described by the rate equations for the
density matrices that include the effects of radiative de-

e 1 +E +k+I A Af
pP=5 3 (=1 e el {1 Dj0)?
k’Q»PvP'yFe,Fe'
( ko) 1 1 k
X{1=p;1p’lkq F, F I

where (1—p;1p’|kq) is a Clebsch-Gordan coefficient, the quantity in braces is a 6—j symbol, and w,

cay and hyperfine coupling.” Immediately after firing of
the first laser, the excited-state density matrix can be
written as

1 p+d 41 A, Ao 1
pr==F (—1) "¢ Ttele ! ———e———
3% TV @I+ eI+ )

X|{J,||D|IJ, ) I?
X Ty, (J I ) Too(JgJ )Ty (Je ) TooII)
9)

where I is the nuclear-spin quantum number, J is the to-
tal electronic-angular-momentum quantum number of
the state indicated by the subscript, T, is a tensor

operator of rank K (see Refs. 8-10), ep‘ is an component
of the polarization vector of the exciting radiation ex-
pressed in a spherical basis (p takes on values of =1 and
0) for the first laser beam and (J,||D||J, ) is a reduced
matrix element. Next, the tensor operators are recoupled
so that p® is expressed in a coupled basis (where
F=1+J); the hyperfine operator is then diagonal and the
time dependence of p°® can be calculated. This gives p° as
a function of the time ¢ after firing of the first laser as

V/(2F, +1)(2F. +1)

Tyg(F.Fe ',
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(iw -t
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frequency corresponding to the energy difference between the states F, and F,. To determine the effect of the second
laser beam, Eq. (10) is first expressed in the uncoupled basis, operated on by the electric dipole operator for the second
laser beam, and integrated to give the density matrix pf , which is expressed as a function of ¢, the time between firing of
the two lasers. The density matrix of the final state is

p+p"+F,+k—k'+Q'+I

V3 (=1
27 2U+1

pl(t)= S
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[
The summation is over values of the polarization indices §-10
that describe the light beams the hyperfine states F,, k
and K which range from O to 2, k' which ranges from 0
to 27, and the magnetic quantum numbers Q, @', and ¢’
which take on values determined by the total angular-

momentum quantum number.
It can be seen that Eq. (11) describes a sum over tensor
operators T.,.(1I) of the form

pl(t)= ;(T,f,q,umTk.q.(u) : (12)
q
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FIG. 2. Ratio of the '**Ba to '*’Ba populations in the final
state calculated from Eq. (11) as a function of the delay time be-
tween the two lasers and their relative (linear) polarization. The
lifetime of the J=1 excited state is taken as 8.37 ns. The
hyperfine energy level scheme (Ref. 12) for the J=1 excited
state of *’Ba is shown in the inset.

The time-dependent state multipoles ¢ T,:.q,(II )) are
found from Eq. (11) as coefficients of the tensor operators
Ty (II). The rank of the state multipoles of the nuclear
angular momentum in the final state according to Eq. (11)
ranges from O to 2I. From Eq. (11) the monopole mo-
ments (populations) of the final state can be calculated for
13¥Ba and '*’Ba as a function of delay time between the
two lasers and as a function of the angle between the laser
polarization vectors. Under the assumption that the ion-
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FIG. 3. Ratio of *®Sr to ¥’Sr populations in the final state as a
function of laser delay time and relative polarization. The excit-
ed state lifetime is taken as 4.77 ns. The hyperfine energy level
scheme (Ref. 12) of the ¥’Sr excited state is shown in the inset.
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FIG. 4. Production of a nuclear quadrupole moment in the
final J =0 state of '¥’Ba as a function of delay time for two laser
beams polarized along the x axis. The upper trace is
(T;z(%%)) and the lower trace is (T5(22)) in dimensionless
units.

ization signal is proportional to the final state popula-
tion,'! a time-dependent isotope ratio can be calculated.
Such plots are given in Figs. 2 and 3 for two isotopes of
Ba and Sr. The insets in each figure shows the hyperfine
structure of the intermediate excited state for '*’Ba and
87Sr.12 The variation in intensity of the isotope ratios fol-
lows as a consequence of the existence of three hyperfine
states that give rise to several frequency components in
the final state population that add in phase or out of
phase as a function of time.

The production of a nuclear quadrupole moment in a
final state can be seen as a function of the delay time be-
tween the two lasers in Figs. 4(a) and 4(b) where the ¢’ =0
and 2 components of the second-rank tensor T,,.(II) are
plotted for '*'Ba (with I =3).

III. EXPERIMENTAL RESULTS

Experimental measurements of isotope ratios in atomic
beams of Ba and Sr were made by averaging the ion
current from a quadrupole mass spectrometer (Extrel,
Inc. Model No. 4-162-8-125) in a boxcar averager (EGG-
PAR, Inc., Model No. 162/64). The laser beams were
directed (unfocussed) into the ionizer region of the mass
spectrometer, the resulting ions were then focussed and
accelerated into the mass filter. The dye lasers were
pumped by harmonics of a Nd:YAG laser that operated
at 10 Hz (YAG denotes yttrium aluminum garnet). As is
shown in Fig. S, an optical delay was inserted into the
path of the second dye laser. Experiments were done in a
differentially pumped high-vacuum chamber operated at
a presure of less than 1X107% atm (5X107¢ torr).
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FIG. 5. Schematic diagram of the experimental apparatus.
The Nd:YAG laser produced pulses on the order of 10-ns long.

Atomic beams with divergences of 2 mrad were produced
by vaporizing Ba and Sr metal (with naturally occurring
isotope ratios) in an electrically heated oven. The
linewidth of the first dye laser was 0.012 nm (10-GHz full
width at half maximum) as determined in a separate
laser-induced fluorescence experiment. As a consequence
of the small ion signals found in these experiments, the
mass filter could not be operated to completely resolve
the various masses. Ion current ratios were therefore
computed from peak heights in the spectrum and thus do
not represent exactly the isotope ratios in the elements.

A Pockels cell was used to rotate the polarization
direction of the second dye laser. Polarizers were placed
in the paths of both laser beams to improve the degree of
polarization of each beam and to provide a means of ac-
curately measuring the polarization direction of the
beams. The laser beams were combined in a dichroic
beam splitter. The variation in intensity of the second
dye laser beam was measured to be less than 2% as its po-
larization angle was varied from O to 90°. Clearly, the de-
gree of polarization of both beams determines the extent
to which a convolution of the results of the previous sec-
tion over orthogonal polarizations and a subsequent de-
gradation of the polarization effects takes place. In addi-
tion, maintaining a constancy of overlap in space between
the beams where they intersect the atomic beam is also
important in an experiment.

The polarizers used for both beams were specified by
the manufacturers to have extinction ratios of better than
10*, although the actual degree of polarization of the
light beams after passing through the vacuum chamber
windows was not measured. However, since the degree
of polarization of the laser beams could not be increased
to an arbitrarily high value, the procedure here has been
to accept what could be realized with standard optical
components and to use the resulting ion signals from the
imperfect polarization as a reference for calculation of ra-
tios. This procedure permitted the qualitative features of
the effect to be observed.

An initial nonresonant experiment was done with the
first dye laser tuned to 553.1 nm, which is 390 GHz off
resonance with the 6s6p ' P, state of Ba. This detuning is
approximately three orders of magnitude greater than the
hyperfine splittings within the 'P, state. The second laser
was tuned to 613.3 nm to excite the 6s8s'S, state
through a two-photon nonresonant process. As shown in
Fig. 6, the ratio of the '**Ba to *’Ba ion signal showed no
significant variation as the angle between the polarization
vectors of the two lasers was varied from parallel to per-
pendicular.

In a resonant excitation when a time delay is intro-
duced between the two laser beams, according to Sec. II
above, it is possible to ionize '*"Ba selectively (relative to
138Ba). With the first and second dye lasers tuned to
553.5 and 612.9 nm respectively to excite resonantly the
sequence 6s8s 'S «6s6p P65 'S, and with a delay of
12 ns between the two laser beams, the Ba mass spectrum
was recorded as a function of angle between the polariza-
tion vectors of the two lasers. Separate experiments done
over a range of about three orders of magnitude in the in-
tensities of both laser beams indicated that no saturation
effects were present in the ion signal. The data as shown
in Fig. 6 show a clearly observable change in the '**Ba to
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FIG. 6. *®Ba to '*’Ba ion current ratio in the mass spectrom-
eter vs relative polarization of the two dye laser beams. Open
circles are data taken with the first laser beam 390 GHz below
resonance and with no delay between the lasers. The laser in-
tensities were 2.8 and 260 kW/cm? for the first and second laser,
respectively. Squares are data taken with the lasers on
resoannce with a 12-ns delay between the two lasers. The first
and second dye lasers delivered 35 W/cm? and 65 kW/cm?, re-
spectively. The error bars represent the experimental error (two
standard deviations) for three different data sets. The inset
shows representative mass spectra taken with parallel (upper
spectrum) and perpendicular (lower spectrum) polarizations
taken with a 12-ns delay.
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37Ba ion current ratio in the mass filter as the relative
polarization of the two dye laser beams is rotated from
parallel to perpendicular. The distinction between the
resonant and nonresonant experiments is evident: given
the comparatively short pulse widths of the lasers used
here, the time evolution of the excited-state probabilty
amplitudes can be used for selective excitation only when
the first laser is on resonance and the excited-state life-
time is governed by the comparatively slow process of ra-
diative decay.

Observation of the degree of constructive (or destruc-
tive) interference as a function of time in Ba is made
difficult by the long pulsewidth of the laser relative to the
hyperfine precession period. Although experiments were
done to measure isotope ratios as a function of time with
a fixed, perpendicular polarization, the data showed no
variation over a O- to 20-ns delay range. Given the ap-
proximately 8-ns-long laser pulsewidth, this result is ex-
pected based on the rapid variations seen in the isotope
ratio plot for the final-state population shown in Fig. 2.
The splittings in ¥’Sr are significantly smaller than those
in '¥’Ba, and permit the effect of the time delay between
the laser pulses to be seen without significant reduction in
the modulation depth in the isotope ratio as a result of
the finite laser pulsewidth. Data were taken with the
laser polarization vectors perpendicular as the delay time
was varied. The data for ¥’Sr shown in Fig. 7 are normal-
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FIG. 7. Ratio of ion signals from ¥Sr to that from *Sr as a
function of delay time between laser pulses using orthogonal
laser polarizations. The solid curve is calculated from Eq. (11).
The dye-laser intensities were 95 W/cm? and 86 kW/cm? for the
first and second lasers, respectively. The ®Sr signal is nonzero
owing to imperfect polarization of the light beams and is used
only to normalize the data. Note that the atomic beam density
was increased to generate adequate signals in the experiments
with the longest time delays. The inset shows representative
mass spectra taken with parallel laser polarizations and no time
delay between the two lasers (upper spectrum), and with perpen-
dicular laser polarizations and an 11-ns delay between the two
lasers (lower spectrum).

ized to the®Sr ion signal recorded at each time delay.
The 38Sr signal for perpendicularly polarized beams
should, of course, be zero for any time delay; the ob-
served signal is the result of imperfect polarization of the
light beams. The advantage of calculating an isotope ra-
tio is that the effect of the finite lifetime of the 'P state is
eliminated in the resulting plot. The time evolution of
the ®’Sr ion signal in Fig. 7 is in reasonably good agree-
ment with Eq. (11). Some loss in modulation depth is, of
course, expected in the experimental data since the laser
pulses had a finite time duration.

An additional experiment was done where the %Sr to
87Sr ion current was measured as a function of relative
laser polarization at a fixed time delay. For an 1l-ns-
delay a pronounced falloff in this ratio was found as the
polarizations were varied from parallel to perpendicular
similar to that for Ba, as shown in Fig. 3. For zero time
delay between the laser pulses only a small variation in
the ion ratio was observed as the polarization angle was
varied, the amount of decrease being consistent with the
pulsewidth of the laser beams.

IV. CONCLUSION

It is clear from the experimental results given here that
it is possible to excite selectively and ionize nonzero-spin
atoms relative to zero-spin atoms based on destructive in-
terference in the excitation pathways in a
J;=0<«J,=1<J, =0 two-photon resonant sequence. A
necessary condition for discrimination between zero and
nonzero nuclear spin atoms is that a sufficient time delay
be introduced before the second laser pulse interacts with
the sample so that the probability amplitudes in the excit-
ed state depart from their values immediately after ab-
sorption of the first laser pulse. This conclusion has also
been reached by the workers'*!'* considering somewhat
different excitation pathways. It is also evident that un-
der the conditions of the experiments described here no
such selective excitation of isotopes takes place in non-
resonant two-photon absorption. This conclusion is not
expected to hold universally under all experimental con-
ditions; in fact, it can be argued that for sufficiently small
detuning of the first laser from resonance, or for long
laser pulsewidths compared with the hyperfine precision
period, the opposite result might obtain.

In addition to the straightforward effects described
here in the excitation of atoms, a general principle about
the observation of small splittings in double resonance
studies follows, namely, when short pulses are used to
probe any atomic or molecular splitting, the presence of
the splitting will be manifest in the two-photon spectrum
only when the precession period of the interaction giving
rise to the splitting is short compared with laser pul-
sewidth, and when the second probe is initiated after an
appropriate delay time to allow sufficient development of
the coherent superposition of states created by the first
pulse.
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