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Laser pulses can break the electronic structure symmetry of atoms and molecules by preparing a
superposition of states with different irreducible representations. Here, we discover the reverse process,
symmetry restoration, by means of two circularly polarized laser pulses. The laser pulse for symmetry
restoration is designed as a copy of the pulse for symmetry breaking. Symmetry restoration is achieved if
the time delay is chosen such that the superposed states have the same phases at the temporal center. This
condition must be satisfied with a precision of a few attoseconds. Numerical simulations are presented for
the C4Hg molecule and 8’Rb atom. The experimental feasibility of symmetry restoration is demonstrated by

means of high-contrast time-dependent Ramsey interferometry of the 8’Rb atom.
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The purpose of this Letter is to show that well-designed
laser pulses can not only break (see, e.g., Refs. [1-7]) but
also restore the electronic symmetry of atoms and mole-
cules. This presents a new challenge in coherent control
[8—10]. Controlling the electronic symmetry may be used in
chemical reaction [11-14] and charge migration [15,16]. In
retrospect, there are already implicit solutions, e.g., in early
work on Ramsey fringes [17,18], or high harmonic gen-
eration [19-23], but the authors did not note the phenome-
non. We shall first derive the theory for two laser pulses that
break and restore symmetry, with applications to two model
systems that have highly symmetric ground states: the
benzene molecule and the ¥Rb atom. Subsequently, we
shall demonstrate its feasibility by a high-contrast Ramsey
interferometry experiment applied to 3’Rb. As by-product,
the results will add a fascinating effect to attosecond (as)
science [6,7,21-23].

As a proof of principle, we consider the scenario
where symmetry is broken (b) and restored (r) by two
right circularly polarized laser pulses that are well separated
from each other, with maximum intensities at ¢, < 0 and at
t, = —t,. The time delay is 7, = t, — t;,. The electric field
for symmetry restoration €, is designed as a copy of the
field €, for symmetry breaking,

e(t+1,) =€t +1). (1)

The total electric field is e(7) = €, () + €,(¢), with intensity
I(t) = (1/2)ceple(r) . Tt is negligible—that means the
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system is in a quasi-field-free environment—at initial
(t; < tp), “central” [t, = 0.5(t, + t,) = 0], and final
times (f; = —t;). For convenience, all pulses have
Gaussian envelopes, or they are constructed as super-
position of two Gaussian subpulses labeled j=1, 2, with

the same amplitudes eU):eEJj) :egj), carrier frequencies
o) = wfj; — Y, and durations () :TE,J )=V « t;. The
carrier envelope phases are set equal to zero,

”gj) = n(bj) = r]g) = nﬁ@ = 0. For example,

-

& (1) = ee™ (=12 {cos w, (1= 1,)]€, +sin[w, (1=1,)]€) }.
(2)

As a consequence, the matrix representation of the
Hamiltonian of the system (s) with semiclassical dipole
coupling to the laser field, H(¢) = H, — d - &() is adjunct
upon time reversal (see the Supplemental Material [24])

H(z) = H* (-0). (3)

Our scenario focuses on the laser driven electron
dynamics for fixed nuclei. It starts with the system in its
ground (g) state, with wave function ¥(z;) = ¥,, energy
E (= 0), and irreducible representation IRREP,. The first
laser pulse breaks symmetry by exciting the system to a
superposition ¥(t) = ¢, (1)¥, +c.(t)¥, of ¥, and an
excited state W, with energy E,, and with populations
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FIG. 1. Evolution of the electronic density upon laser-induced symmetry breaking, charge migration, and symmetry restoration.

The central panels show snapshots

of the time-dependent part of the electronic density in the

superposition  state

C eMe=Estlty 4 C,eMee~Et/My, |C,|*> =0.0037. Time 7, =0 is chosen to satisfy condition (5). (a) Application to
Cg¢Hg: Dgj, = Cy — Dy, (b) Application to 8’Rb: isotropic — anisotropic — isotropic. The laser parameters are in Figs. 2 and 3, legends.

P,(1) = lc (1), P.(1) =|c.(r)]* and with different
IRREP, # IRREP,—this means symmetry breaking.
This can be visualized by snapshots of the one-electron
density p(r,t) = [[¥(r", sV, 1)|*dsVdrN~! (where r" and
sV denote the positions and spins of the electrons). In the
quasi-field-free environment near 7., the superposition
state evolves with coefficients c,(f) = C,e~"£s!/" and
c,(t) = C,eM=Et/ and p(r,t) describes charge migra-
tion with period T =h/AE where AE=E,—E,
[15,16,25-31]. The related probabilities are nearly con-
stant, and the phase difference decreases linearly with time,

An(t) =ne —ny— AE -t/ (4)
This allows us to choose the time delay ¢, such that
An(t. = 0) mod 2z = {0, £x}. (5)

As a consequence, the coefficients c,(z.) and c,(t.)
are real valued, except for an irrelevant global phase
n(=n, =n, mod 7).

The second laser pulse ¢,(f), Eq. (1), deexcites the
superposition state back to the ground state if the two
conditions, Egs. (3) and (5) are satisfied—thus it restores
symmetry. In practice, condition (5) must be satisfied with
precision of a few attoseconds, otherwise symmetry cannot
be restored. For example, if the second pulse is fired with
additional time ¢ at 7, = ¢, + ¢, that means with increasing
time delay #, =, + ¢’ that violates condition (5), then the
final (7, = t; + ') population of the excited state varies

periodically, with amplitude 2P(z.)P,(t.) and period T,

P,(fy) =4P,(t.)P.(1.) B - ;cos(2m’/T)] . (6)

The first application is to the benzene molecule.
Symmetry breaking in benzene has already been docu-
mented by Ulusoy and Nest [32] in their fundamental
approach to laser control of aromaticity—this motivates our
choice and adaptation of their molecular model system.
Initially (¢ = #;), the molecule is in its electronic ground
state Sy, with Dg, symmetry, see Fig. 1(a). The electric
fields €,(¢) and €.(r) of the laser pulses that break and
restore this molecular symmetry are illustrated in Fig. 2(a).
The laser parameters with resonant frequency defined by
ho. = E, - E, = hc/] are listed in the Fig. 2 legend.

The pulse defined in Eq. (2) excites the benzene
molecule from its initial (¢ = ¢;) electronic ground state
¥, =S, (IRREP A, D¢, symmetry) to the excited
superposition state (7. = 0) = ¢,(0)¥, + ¢, (0)¥, (C,
symmetry). Relatively weak pulses with peak intensity / =
2.6 GW/cm? are applied, on a timescale where nuclear
motion can safely be neglected [33,34], 1, —; < 10 fs.
This yields the maximal excitation probability P, (¢, =0) =
0.0037. Here, the excited state ¥, is a complex-valued
superposition of two real-valued degenerate excited states,
¥, =+/1/2(S, +iS,) (IRREP E,,) with energy E, =
E, =E, [16,32]. The corresponding energy gap is
AE =8.21 eV, and the period of charge migration is
T =504 as. Subsequently, the pulse with electric field
€,(t) restores symmetry (Dg;,). The population dynamics
P,(1) is illustrated in Fig. 2(b).

Figure 1(a) shows snapshots of the initial and
final electronic densities of benzene, together with the
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FIG. 2. Laser-driven symmetry breaking and restoration in benzene upon application of right circularly polarized pulses with
amplitude € = 4.42 x 10° V/cm, wavelength A = 151.016 nm, and with pulse duration 7 = 0.47 fs. (a) Envelope and x component
of the laser pulses used to break and restore symmetry at time delay 7, — #,. (b) Evolution of the excited state population for various
time delays, #, — 1, =1, —t;, + kT /16, with t, — 1, = 4.282 fs and period T = 504 as and k € {0, ..., 16}. (c) Final populations
[compare panel (b)] versus time delay between the pulses for symmetry breaking and restoration. (d) Phase difference (modulo 2x)

at 7., see Eq. (4).

time-dependent part of the density between the two laser
pulses, which documents circular charge migration. The
circulating electronic structure of the superposition state
has broken symmetry (C;) compared to the initial sym-
metry (Dg),) of benzene in its ground state Sy. Figure 2(b)
also shows the population dynamics P, () for various cases
with longer time delays 7, — t, + ¢'. The final populations
P,(t;) [Fig. 2(c)] are in perfect agreement with the
analytical result (6). The corresponding phase difference,
An(t.) mod 2z, is documented in Fig. 2(d). These results
confirm that symmetry restoration [P,(z;) = 0] is only
possible for special time delays {¢, — 7, + kT'|k € N} that
satisfy condition (5).

Our second proof of principle comes with both quantum
dynamics simulations and a key experiment: coherent
control of symmetry breaking and restoration of the 8’Rb
atom, from isotropic electronic structure in its initial
(E, = 0) state ¥, = 528, /2,F=2,my—2 tO anisotropic structure
in the superposition state ¥(z) = C,¥, + C,e E//"Y,
and back to the Y, =
422D /2. F=4mp—4 denotes the excited Rydberg state
with energy E,. The corresponding energy gap is

isotropic  structure. Here,

AE=4.1688969 ¢V [35], the period is T=0.9920292 fs.
Excitations of Rydberg states of ®Rb have already
discovered various fundamental effects [36—40]—this
motivates our choice of this atomic model system.
Excitation of ¥, is by a laser pulse, which consists of
two right circularly polarized subpulses labeled 1 and 2, as
illustrated in Fig. 3(a). For comparison, counterrotating
right and left circularly polarized laser pulses open com-
plementary opportunities, e.g., switching intramolecular
ring currents and induced magnetic fields [41], the pro-
duction of electron vortices [42], selective generation of
circularly polarized high harmonics depending on the
conformity of the symmetries of the laser field and the
molecule [43-45], and time-dependent monitoring of
symmetry breaking [46]. For the present application,
symmetry breaking after the first laser pulse is monitored
by measuring the nonzero population of the excited state, as
documented in Fig. S1 of the Supplemental Material [24].
The resulting evolution of the electron wave packet is
illustrated in Fig. 1(b).

Laser parameters for the calculation are given in the
caption of Fig. 3 (see the Supplemental Material [24]
with Refs. [47-51] for the derivation of these parameters
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FIG. 3. Laser-driven symmetry breaking and restoration in 8’Rb. Each pulse is composed of two right circularly polarized subpulses

with amplitudes e, = 1.98 x 10* and e, = 6.648 x 10° V/cm, wavelength A, = 779.17 and 1, = 480.995 nm, pulse durations
[Eq. (2)] 7y = 7.4953 and 7, = 3.677 ps. (a) Envelopes of the two subpulses used to break and restore symmetry, with time delay ¢, — .
The inset shows the components ¢, and €, of the net electric field of the two corotating right circularly polarized subpulses during one
period 7,, starting at ¢ = t,,. (b) Population evolution of the excited Rydberg state ¥, = 422Ds /2. F=4mp—4 TOT various time delays,
t,—t, =t,.—t, + kT /16, with ¢, — 1, = 50.00189714 ps and T = 0.99202924 fs and k € {0, ..., 16}. (c) Experimental population
dynamics obtained by time-domain Ramsey interferometry with attosecond time resolution around the time delay 7, — t, ~ 50 ps. The
green curve fitted to the experimental data (green dots) reveals a high contrast (~0.94) of the Ramsey interferogram, which is compared
with the numerical and analytical calculations (red and blue curves, respectively). The vertical scale of the experimental data and fitted
curve was arbitrary and adjusted so that their mean value became equal to those of the numerical and analytical curves. The horizontal
position of the experimental data as well as their fitted curve was then moved so that the phase of the fitted curve matched those of the
numerical and analytical curves. The first 10 points were measured with the excitation laser pulses blocked, showing the zero level of the

measured signal. See the Supplemental Material [24] for the details. (d) Phase difference (modulo 27), see Eq. (4).

and for the numerics). Circular charge migration of the
superposition state with broken symmetry is illustrated in
Fig. 1(b). Figure 3(b) shows the population dynamics P, (1)
for various cases with longer time delays f, — 1, + ¢'. The
final population P, (#}) is shown in Fig. 3(c) as a function
of the time delay. The corresponding phase difference,
An(t.) mod 27z, is documented in Fig. 3(d). Similar to
benzene, the final population of the excited Rydberg state is
zero at specific time delays at which symmetry restoration
is realized.

We demonstrate the feasibility of symmetry restoration
by measuring the time-delay dependence of the population
P,(t) in the excited Rydberg state of the 8Rb atom by
time-domain Ramsey interferometry with attosecond pre-
cision [39]. The experimental methods were similar to
those of Ref. [39]; see Supplemental Material [24] for
details. Briefly, a cold ensemble of ~4 x 10° 3’Rb atoms
was prepared in an optical dipole trap with its temperature
estimated to be ~100 K, and then released and expanded

before irradiating the symmetry-breaking laser pulse. The
atoms were optically pumped to the hyperfine state of the
ground state ¥, = 528, /2. F=2.mp—> and excited mostly to
the Rydberg state ¥, = 42%D5 /2, F—=4mp—4 Via & two-photon
transition using right circularly polarized picosecond laser
pulses with their center wavelengths tuned to ~779 and
~481 nm, respectively. The time-domain Ramsey inter-
ferogram was measured with a pair of the two-photon
excitations with time delay 7, — 1, stabilized on the atto-
second timescale with our highly stabilized interferometer
[39]. The estimation of this attosecond stability is described
in the Supplemental Material [24]. By scanning the time
delay 7, — 1, in steps of ~30 as, we measured the Rydberg
population P, () that survived after the pair of excitations
by field ionization [39]. Figure 3(c) shows the Ramsey
interferogram measured as a function of time delay at
t. — 1, ~ 50 ps. We obtained the contrast of the measured
oscillation by sinusoidal fitting to be 0.94 4 0.02, where
the contrast was defined to be the ratio of the amplitude of
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the fitted sinusoidal function to its mean value. The high
contrast is a conditio sine qua non for the preparation of the
final electronic state with the target symmetry, almost
without any contamination by states with different
IRREPs. If the delay times do not satisfy condition (5),
then symmetry breaking is measured, by means of the
spectroscopic selection rules. Specifically, the maximum
value of the final population of the excited state P,(7}) is
nonzero in Fig. 3(c). Its population after the first laser pulse
P,(t.)  [(¥,|Hin|¥,)|*, cf. Eq. (6), and the corresponding
transition matrix element are, therefore, also nonzero,
(¥, |Hin|¥,) # 0. Here, H;,, denotes the atom-laser inter-
action with two right circularly polarized photons. Since ¥,

has the highest symmetry, [IRREP D in S,(3)], the
product integral theorem together with angular momentum
conservation then tell us that the IRREP of ¥, is D(?),
different from the symmetry D of the ground state.
Gratifyingly, this is indeed the symmetry of the excited
state, 422D5/2$F:4,mF:4' The superposition state c¢,'¥, +
¢, ¥, cannot have the isotropic IRREP D© of the ground
state—symmetry was broken by the first laser pulse. Our
results therefore infer the experimental feasibility of the
symmetry breaking and restoration.

In summary, this Letter demonstrates electronic structure
symmetry restoration using a two-pulse coherent control
strategy by numerical simulations for benzene and 3'Rb.
The latter theoretical findings are confirmed experimentally
by high-contrast time-dependent Ramsey interferometry
with precision in the attosecond. Symmetry breaking
and symmetry restoration in symmetric molecules provide
sufficient (though not exclusive [15,31]) tools to initiate
and to stop charge migration.

The present simple examples allow various extensions to
symmetry breaking and restoration with more demanding
applications, e.g., with multiple pulses for symmetry
breaking that involve several excited states and correspond-
ing incommensurable frequencies. Thus, Ulusoy and Nest
[32] have designed a series of three laser pulses for control
of aromaticity of benzene—the final state corresponds to
D¢, = C,, symmetry breaking (different from the present
case D¢, — C,). Here one could restore symmetry
(C,y, = Dgj,) by application of another three pulses in
reverse order, with proper observation of the conditions
of temporal symmetry Eq. (3), and phase matching Eq. (5),
and possibly alternative control knobs, e.g., the carrier
envelope phases. The series of pulses for symmetry break-
ing may be replaced by a single pulse designed by means of
optimal control [32], and as a working hypothesis, the three
pulses for symmetry restoration may also be replaced by a
single optimal laser pulse [9], and this could reveal new
mechanisms for symmetry restoration [52,53].
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