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All-optical control and direct detection of ultrafast spin polarization
in a multi-valence-electron system
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We demonstrate all-optical control of ultrafast spin polarization upon breakup of a multi-valence-electron
system using two-color pump-probe photoionization. For the direct detection of spin polarization, we measure
the laser-induced fluorescence of photoions. The experimental results agree well with our ab initio theory.
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Investigation of the control of atoms and molecules using
lasers [1,2] has attracted much attention in recent years. Its
goal is to control the external as well as internal degrees of
freedom in a system. The ideas and the techniques developed
in atomic and molecular physics for coherent control are
quite versatile. Indeed, many ideas and techniques developed
in atomic and molecular physics have been exported to other
branches of physics and chemistry.

For ultrafast coherent control, a pair of time-delayed
pulses is often used to induce quantum mechanical interfer-
ence [3] in one way or another. By changing the time delay
between the two pulses, constructive or destructive interfer-
ence is induced in a system. For the purpose of ultrafast
coherent control, the pulse does not always have to be trans-
form limited. As a matter of fact, frequency-chirped optical
pulses can be conveniently used for some specific cases
[4,5].

So far most of the studies in coherent control in atomic
and molecular physics have focused on the selectivity of a
specific state (target state) without controlling the spin de-
gree of freedom. Closely related to this, a pump-probe
scheme has been applied to atoms of the alkali metal K, to
create a coherent superposition of fine structure doublets of
4p,,» and 4ps5), and a quantum beat was experimentally ob-
served in the K* ion signal [6]. The use of fine structure
doublets and equivalently spin-orbit interactions led to the
idea of polarizing photoelectrons with circularly polarized
pulses [6], which was theoretically studied in more detail in
the authors’ later paper [7]. These experiments [6], however,
do not reveal any evidence of spin polarization, since it was
K" ions that were detected. Note that the alkali-metal ion
cannot be spin polarized, since it has a closed-shell structure.
Moreover, linear polarization was employed for both pump
and probe pulses. It is clear that the use of a circularly po-
larized pulse and spin-resolved detection of photoelectrons
would be necessary to detect ultrafast spin polarization with
alkali-metal atoms.

In contrast, the use of alkaline-earth-metal atoms has a
certain advantage in terms of producing and observing spin-
polarized species. One of the main advantages of using
alkaline-earth-metal atoms over alkali-metal atoms is that
both photoions and photoelectrons can potentially be polar-
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ized if an appropriate scheme is chosen [8]. Moreover, de-
tection of the spin of photoions can be optically performed
[9,10], although detection of the spin of photoelectrons still
requires the use of a Mott-type detector. There is, however,
an additional complexity compared with alkali-metal atoms
due to the electron correlation between the two valence elec-
trons. Therefore whether and how much the spin of the two
valence electrons for a bound state can be polarized, and also
whether and how much the spin of photoions and photoelec-
trons remains spin polarized upon breakup (photoionization)
of the system is far from obvious: Recall that both photoions
and photoelectrons have orbital as well as spin angular mo-
menta, where only the spin angular momenta are to be po-
larized. Prior to the present work, we have reported the ex-
perimental observation of spin-polarized Sr* ions using two-
color nanosecond laser pulses [9,10], which agrees well with
our theoretical prediction [8]. Encouraged by the results with
nanosecond lasers, we have further carried out a theoretical
investigation of ultrafast spin polarization for alkaline-earth-
metal atoms using short laser pulses [11,12], in which we
predict that, in spite of the complexity due to the presence of
two valence electrons, ultrafast spin polarization of photo-
ions will be possible. Clearly, experimental demonstration of
such a scheme would open a new avenue for coherent control
of spin in atomic and molecular physics.

Related to our work, control of spin has become very
popular in semiconductors, quantum wells, and quantum dots
in recent years [13-16], and this field is termed “spintronics”
[14]. Most of these studies deal with the spin of an electron-
hole pair, which is somewhat similar to a bound state in an
atomic system and does not involve any breakup processes.

In this paper we demonstrate all-optical control and direct
detection of ultrafast spin polarization in a multi-valence-
electron system upon breakup of the system through photo-
ionization. Using laser-induced fluorescence (LIF) we can
directly and optically detect spin polarization of photoions in
an absolute scale [9,10] as a function of time delay between
the pump and probe pulses. In contrast, most of the experi-
ments performed with semiconductors, quantum wells, and
quantum dots often employ Faraday rotation [13] or
magneto-optical Kerr rotation [14] to detect spin, and as a
result determination of spin polarization in an absolute scale
is rather difficult.

The system we consider is shown in Fig. 1(a), which is
essentially the same as the one proposed in Ref. [11], except
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FIG. 1. (Color online) (a) Level scheme, (b) optical detection of
spin polarization, and (c) pulse timing for the ablation, excitation,
pump, probe, and ion detection laser pulses. (d) Experimental setup.

that different atoms are used in this work due to the available
wavelengths of femtosecond laser pulses. The most impor-
tant ingredient in our scheme is to use a multi-valence-
electron atom and introduce a femtosecond pump pulse
to produce a coherent superposition of fine structure
manifold and ionize the atom by the femtosecond probe
pulse after variable time delay. Since we use alkaline-earth-
metal atoms, we can directly detect spin polarization of pho-
toions through LIF, as shown in Fig. 1(b), by using the right-
(left-)circularly-polarized ion detection laser [9,10]. The time
sequence of all laser pulses is shown in Fig. 1(c). The choice
of a multi-valence-electron system such as Sr also offers the
possibility to simultaneously produce spin-polarized photo-
ions and photoelectrons [8].

The experimental setup is similar to the previous one for
the nanosecond laser experiments [9,10], except that we have
now introduced a femtosecond laser system. It consists of a
vacuum chamber, three nanosecond lasers for ablation, exci-
tation, and ion detection, two femtosecond lasers for the
pump and probe, and an optical detection system, as shown
in Fig. 1(d). A solid Sr disk on a rotating mount is placed in
a vacuum chamber maintained at the pressure of ~1
X 10™* Pa by two turbomolecular pumps. The second-
harmonic pulse of a neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser operated at 10 Hz is loosely focused
onto the Sr disk with an f=25 cm lens to produce an abla-
tion plume which consists of neutral Sr atoms as well as Sr
ions. At 1 wus after the ablation pulse, we apply a pulsed
electric field of 1 kV with 25 us duration to an ion deflector
electrode to prevent ablation ions from flying into the inter-
action area. We have confirmed that the influence of the re-
sidual ions is negligible in the following experiments. About
50 ws after the ablation pulse, a right-circularly-polarized
excitation pulse (689 nm) with ~15 ns duration is turned on
to excite 555p >P, (m;=+1), which serves as an initial state
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for the following pump-probe ionization. The linearly polar-
ized pump pulse (397 nm, 150 fs), delivered from the ampli-
fied femtosecond laser system (Hurricane, Spectral Physics)
with a B-barium borate (BBO) crystal of 0.2 mm thickness,
coherently excites the fine structure manifold 5564 *D; and
3D,. The time-delayed ?robe pulse (794 nm, 100 fs) ionizes
the atoms in the 5s6d "D, and 3D2 states. After the femto-
second pump-probe pulses we introduce the nanosecond ion
detection laser (421 nm) with right- (left-)circular polariza-
tion to detect spin-polarized Sr* 5s,, (m;==*=1/2) ions
through the LIF measurement with a time-gated photomulti-
plier. In order to determine time zero for the delay, we have
utilized the third-harmonic of the pump and probe pulses in
air by a S-BBO crystal of 0.5 mm thickness through the
same glass material with the same thickness used for the
optical window of the vacuum chamber so that the third-
harmonic intensity becomes maximum. After the loss of op-
tical mirrors, etc., the pulses energies at the interaction zone
are estimated to be 80 uJ, 40 wJ, 240 wuJ, and 50 nJ, re-
spectively, for the 689, 397, 794, and 421 nm laser pulses
with a beam diameter of 4 mm.

There are some complexities in the above experiments to
be mentioned: It turns out that the intensity of the pump
pulse must be kept rather low to avoid two-photon ionization
[dashed arrow in Fig. 1(a)] which contribute more signifi-
cantly to the LIF signal than the much more intense probe
pulse. This kind of puzzling phenomenon would not happen
if alkali-metal atoms were used. A careful study of the ion-
ization spectra using tunable nanosecond pulses has shown
that there are a few reasons. The most critical one is that the
ionization cross section by the probe wavelength is too small
compared with that by the pump wavelength. Given the out-
put energy of the fundamental pulse, 900 wJ, from the re-
generative amplifier, 240 uJ/pulse for the probe pulse is the
best we can get. Therefore, we cannot increase the pump
pulse energy more than 40 wuJ, which results in the small
populations in 556d °D, and °D,, and accordingly the low
ionization yield. Due to the above, stringent optimization of
the entire system is required to attain the reasonable but still
limited signal-to-noise ratio.

Experimental results are shown in Figs. 2(a)-2(c) as
a function of time delay between the pump and probe
pulses. Figures 2(a) and 2(b) are the LIF signals by the left-
(right-)circularly-polarized ion detection laser, which are
proportional to the yields of Sr* 5s;,, ions with up- (down)
spin. It can be seen that Sr* ions with up spin [Fig. 2(a)] have
a modulation period of about 6.7 ps, which coincides with
the spin-orbit coupling time of 5s56d °D; and D,. This is
nothing but a quantum beat. Note, however, that a quantum
beat in the spin-resolved signal has never been reported in
the literature. As for Sr* ions with down spin [Fig. 2(b)], the
modulation is not clear due to the limited signal-to-noise
ratio. The variation of spin polarization is plotted in Fig. 2(c)
where the spin polarization P is defined as P=(I;cp
_IRCP)/(ILCP+IRCP) with IRCP (ILCP) being the LIF intensity
for the right- (left-)circularly-polarized ion detection laser.
Clearly, spin polarization is also modulated in time with the
period, which also coincides with the spin-orbit coupling
time.

For better understanding of the experimental results in
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FIG. 2. LIF signals from the (a) St* 5s;,,(m;=+1/2) and (b) Sr*
5s12(my==1/2) states for the left- (right-)circularly-polarized ion
detection laser, and (c) spin polarization as a function of time delay
between the pump and probe pulses. Ab initio theoretical results are
shown by solid lines in each graph.

Fig. 2, we have carried out a theoretical analysis. First, by
Hartree-Fock calculations [17], we have checked that both
5s6d 3D1 and 3D2 states have more than 95% state purity,
which enables us to carry out the theoretical analysis we
have developed in our previous studies for the weak-field
limit [11] and for arbitrary intensities with arbitrary pulse
shapes and durations [12]. To provide a clear physical pic-
ture, it is more convenient to present the equations for the
weak-field limit [11] as summarized below. Briefly, a coher-
ent superposition of 556d °D; (m,=+1) and 556d °D, (m,
=+1) after the pump pulse can be written as

-1 E '
(1)) = 2_\/8|5S6d D))+ 2\_\/1—0|556d 3DemiE (1)

where the origin of the time ¢ is chosen to be the instant of
the pump pulse, and AE is the energy difference between
556d °D, and °D,. After some algebra, populations of pho-
toions in each spin state are derived as [11]

49 33 .
Pi(t) = ﬁ(l + ECOS AE[)|R§S§§|2

19 13
+ m(l + ECOS AEt) |R§§é’; 2, (2)
— L 1 A Sskp|2
P(t)= 400( +cos AED)|R3l|
1 3 Sskf |2
+ 100 1- ;cos AE?||RZE %, (3)

where RY% and RS are the bound-free radial matrix ele-
ments from 5s6d to the Ssep and Ssef continua, respectively.
Note that the small fine structure interval, 4.95 cm™!, be-
tween D, and D, allows us to assume that the radial wave
functions of those states are nearly the same. Now all the
two-electron states are constructed by using the model po-
tential [18] and the configuration interaction approach by
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FIG. 3. (Color online) Spin polarization as a function of time
delay between the pump and probe pulses and the ratio of the
bound-free matrix elements, p.

expanding the wave functions in the discretized B-spline ba-
sis set [19], from which we have calculated the bound-free
radial matrix elements R2% and R3¢, for our probe laser
wavelength, and obtained them to be 2.63 and 3.37 a.u.,
respectively. Although the use of Egs. (1)—(3) is convenient
to understand the essence of the physics, these equations
cannot account for the finite pulse duration. Therefore, for
comparison with the experimental data we have employed
the more general formalism [12] instead of Egs. (1)—(3). The
ab initio theoretical results are shown in Figs. 2(a)-2(c) by

44

0 4 6 8 10 12
(a) delay time (ps)

0O 2 4 6 8 10 12
(b) delay time (ps)

FIG. 4. (Color online) Yield of (a) spin-up and (b) spin-down
ions as a function of time delay between the pump and probe pulses
and the ratio of the bound-free matrix elements, p.

063404-3



NAKAJIMA, MATSUO, AND KOBAYASHI

the solid lines. The agreement is reasonably good. Note that
the effect of the finite pulse duration is clearly seen around
time zero.

From Egs. (1)-(3), it is clear that the behavior of the spin
polarization critically depends on the ratio p=R2 /RIS,
which will vary with the probe laser wavelength. To obtain
some insight, we have performed further calculations by
changing the value of p. The results are shown in Figs. 3 and
4, respectively. As we can clearly see in Fig. 3, the minimum
value of spin polarization even becomes negative if p>0.8.
It is very interesting to note that, if p<<0.7, the modulations
of the yields of spin-up (-down) ions, shown in Figs. 4(a) and
4(b), are in phase, while for p> 0.7, they are antiphase due to
the peculiar behavior of the yield of spin-down photoions,
whose origin can be traced back to Eq. (3). These results
clearly show that the dynamics of spin polarization would be
significantly different for different probe laser wavelengths.

In conclusion, we have experimentally demonstrated all-
optical control and direct detection of ultrafast spin polariza-
tion of photoions upon breakup of a multi-valence-electron
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system. Due to the presence of electron correlation, how
much spin polarization takes place in photoions and photo-
electrons upon breakup is far from obvious, in contrast to the
case of a single-valence-electron system. Nevertheless, we
have successfully controlled and measured the degree of
ultrafast spin polarization in an absolute scale using a pump-
probe technique. We have also performed ab initio theoreti-
cal calculations and compared the results with the experi-
mental data. The agreement turned out to be reasonably
good. Our results could open a new avenue for coherent
control of spin in atomic and molecular physics. The advan-
tage of using a multi-valence-electron system is that not only
photoions but also photoelectrons will presumably be spin
polarized [8,11]. In this respect, simultaneous measurement
of spin polarization for both photoions and photoelectrons
might be interesting for future study.
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