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Abstract

Pure coherent superpositions of Li2 rovibrational eigenstates are used for the experimental coherent computation of

a classical multiple-input AND logical gate. The input sets of Boolean values are imprinted into the phases of the

eigenstates by shaped femtosecond pulses. The computation is carried out by the coherence and field-free time evo-

lution. The Boolean result is given by the existence/nonexistence of a specific pre-determined superposition at a given

delay time; it is read via projection onto an ionic state by a second femtosecond pulse. As an example, the gate is used in

solving a yes/no computational decision problem. � 2002 Published by Elsevier Science B.V.

1. Introduction

The design and active control of the dynamics
of photo-excited coherent superpositions of
quantum states (wave packets) is now possible by
tailoring broadband ultrashort laser pulses. The
control knobs are the phase, amplitude, and po-
larization of the various spectral frequencies of the
radiation field [1,2]. These principles have been
exploited in the field of coherent control of atomic
and molecular systems [3–8], with the objective of

optimizing the outcome of chemical and physical
processes. Recently these same principles have
been exploited experimentally for storage and re-
trieval of information through the quantum phase
in Rydberg atoms that can be used for a database
search based on the Grover’s quantum algorithm
[9]. In this direction of information processing, in
parallel to the present work, we have demon-
strated the experimental implementation of the
Deutsch–Jozsa quantum algorithm for two-qubit
[10] and three-qubit [11] functions using a rovib-
rational molecular wave packet representation.
The present study employs pure coherent super-
positions of molecular Li2 rovibrational eigen-
states for the experimental coherent computation
of a multiple-input AND logical gate. The gate is
then used as a yes/no evaluation component in
solving a computational decision problem. Both
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these works are part of exploring the computa-
tional potential of pure molecular superpositions
of small molecules in a gas phase ensemble, which
are controlled by shaped broad bandwidth pulses.
Our general objective is creating an experimental
platform for small-scale problem-specific quantum
computation involving pure superpositions of
hundreds of eigenstates. Below, in this section, we
will elaborate on this objective framework.

Quantum computation [12,13] is aimed at uti-
lizing the quantum nature of physical systems in
order to solve computational problems in efficient
ways, which are impossible in classical computa-
tion. Although quantum computation has been
under extensive investigation in the last several
years, the number of quantum algorithms that
have been discovered to be significantly more ef-
ficient than their classical counterpart is rather
limited. The most prominent quantum algorithm
known today is Shor’s algorithm for factorization
of numbers [12–15] that is based upon the quan-
tum Fourier transform. It provides exponential
speedup over the best known classical factoriza-
tion algorithm. The common formalism of quan-
tum computation [12–18] is in terms of qubits,
each of which is a two-state quantum system. The
Hilbert space of N qubits is composed of 2N states.
The quantum computational task is carried out
through a sequence of unitary transformations
acting on superpositions of states within this Hil-
bert space. Every N-qubits unitary transformation
is approximated to any required accuracy using a
sequence of elementary gates, each acting on one
or two qubits. Such a sequence is referred to as a
quantum circuit. The gates comprising the circuit
are all members within a universal finite set of
basic gates. This model provides a powerful uni-
versal programming language for quantum com-
putation. However, it acquires a significant
drawback, since most unitary transformations can
only be implemented inefficiently, i.e., they require
a circuit of elementary universal gates whose size is
exponential in N. Only special transformations,
like the quantum Fourier transform, can be de-
composed into polynomial-size networks. Thus, in
parallel to efforts along the above universal
quantum computation model, it seems highly de-
sired to explore other frameworks for quantum

computation, even at a price of losing the univer-
sality. This seems especially beneficial when con-
sidering the experimental implementation of a
quantum computation device, beyond the study of
the theoretical concept of quantum computation.

One such experimental framework is the one we
are aiming at. It is based on an ensemble of small
molecules in the gas phase interacting with a se-
quence of multiple shaped femtosecond laser pul-
ses. The computational task is carried out through
the time-dependent dynamics of the molecule in
pure coherent superpositions, with short compu-
tation time and very low decoherence rate. Each
pulse induces a desired molecular unitary trans-
formation. The superpositions (wave packets) are
composed of a manifold of molecular eigenstates,
each acquiring independent amplitude and phase
values. The molecular eigenstates span several
(entangled) internal degrees of freedom – rota-
tional, vibrational, and electronic. Typical deco-
herence times for rovibrational wave packets of
small molecules in the gas phase at low pressure
are several nanoseconds, compared to the time
scale of a single coherent manipulation with an
ultra-short laser pulse, which is in the femtosecond
range. This framework does not provide a basis for
universal quantum computation, but is expected to
be suitable for small-scale computational tasks,
involving up to hundreds of eigenstates spanning
several internal degrees of freedom (as an illus-
tration, the Hilbert space of 8–10 qubits is com-
posed of an equivalent number of quantum states).
Still, at this price, it might provide the possibility
of efficiently implementing quantum algorithms
and unitary transformations that under the above
universal quantum computation model would be
considered inefficient. The potential lies in the
richness and complexity of the interaction between
the molecule and the optical field of the broad
bandwidth pulse, involving simultaneous single-
and multi-photon, direct and Raman, resonant
and nonresonant transitions among the whole
manifold of quantum states within the superposi-
tion. The possibility of using additional molecular
eigenstates, external to the specific computational
Hilbert space, as intermediate states in the transi-
tions adds significantly to this richness. At this
stage we view our objective framework mainly as a
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problem-specific small-scale computation device.
By problem-specific we mean that the pulses in-
ducing the molecular unitary transformations of
the quantum algorithm will be specifically de-
signed and shaped to implement the transforma-
tion in complete, without decomposition into a
quantum circuit of elementary gates. It is expected
that the useful theoretical computational methods
for designing such pulses will include also optimal
control theory [3,4]. Good candidates for quantum
algorithms, which provide significant advantage
over their classical counterpart even for a rela-
tively small number of involved elements, are
quantum simulation of quantum systems [19–21].

2. Coherent computation of a multiple-input AND

gate

2.1. Principle of computation

An important property of a nonstationary time-
dependent wave function is the underlying coher-
ent parallelism in the time evolution of the various
individual eigenstates. For jWðtÞi, composed of a
coherent superposition of eigenstates jni; jWðtÞi /P

n an e�iEnt=�hjni with an ¼ janje�iHn as complex co-
efficients, and each state jni evolves according to
its eigenenergy En. The quantum dynamics of the
involved physical system enables implementation
of a computational logical operation between a set
of input values. Each of these values is written into
the phase Hn and/or amplitude janj of a corre-
sponding eigenstate. The present implementation
of a coherent multiple-input AND logical gate
using coherent superpositions of molecular rovib-
rational eigenstates is based on this above princi-
ple.

(i) Input. The input to the AND gate, which is
composed of a set of independent Boolean val-
ues, is imprinted into the relative phases Hn of
the various eigenstates composing the superpo-
sition. The molecule is transformed into this co-
herent pure superposition as a result of its
interaction with a phase-shaped broadband
femtosecond laser pulse; different pulses apply
different unitary transformations representing
different input sets.

(ii) Computation. The machinery for implement-
ing the computational operation of the AND
logical relation between the input values is the
coherent field-free time evolution of the mole-
cule (after the imprinting pulse is over).
(iii) Output. The output Boolean result of the
gate is given by the existence or nonexistence
of a specific pre-determined coherent molecular
superposition, jW�ðt ¼ t�Þi, at a pre-selected
time t� from preparation.
(iv) Readout. The output is read out through the
projection of the overall superposition at the
pre-selected time onto an ionic final state. This
is carried out by photoionizing the molecule, us-
ing a second femtosecond pulse, and measuring
the resulting ionization signal.

2.2. Experimental implementation

In the experiment, the molecular rovibrational
superposition state, jWðtÞi, is prepared following
the interaction of a molecule in a pure initial state i
(with energy Ei) with a weak broadband ultrashort
laser pulse. It is given at time t after preparation
(when the pulse is over) as [7,8,22] jWðtÞi /P

n ln�n e�iUn e�iEnt=�hjni. The index n stands for a
rovibrational eigenstate ðvn; JnÞ in the superposi-
tion, jni represents its eigenfunction, En represents
its energy relative to state i, and the coeffcient ln is
the dipole moment matrix element of the i ! n
transition. The quantities �n and Un are the electric
field amplitude and phase, respectively, of the
preparing pulse at the transition frequency xni ¼
En � Ei; these are the experimental pulse shaping
parameters for tailoring the superposition. Here,
only phase-control by laser electric field is em-
ployed, leaving the amplitude-control constant.

The AND gate implemented here has six input
Boolean values, each is encoded into the phase Un

of a single rovibrational state n 
 ðvn; JnÞ in a (six-
state) superposition prepared on the E electronic
state of Li2 (see Fig. 1). An input value of 0 is
encoded as Un ¼ 0, while an input value of 1 is
encoded as Un ¼ U�

n, i.e., as a specific phase value
(different than 0) depending on the state. The
amplitude that each state acquires is invariant, i.e.,
independent of the input values. The Boolean
output value of an AND gate is 1 only when all
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input values are 1, while in all other cases the
output value is 0. Thus, the coherent molecular
superposition at t�; jW�ðt�Þi, that its existence or
nonexistence provides, respectively, the 1 or 0
Boolean result of the AND gate (see above) is the
one prepared with the specific set of phase values
X� ¼ fU�

ng. Explicity, it is jW�ðt�Þi /
P

n ln�n
e�iU�

n e�iEnt�=�hjni. The set of phases X� used here is
X� ¼ fU�

vn;Jn
g ¼ fU�

13;17 ¼ 143:5�; U�
13:19 ¼ 147:0�;

U�
14;17 ¼ 244:4�; U�

14;19 ¼ 207:2�; U�
15;17 ¼ 108:0�;

U�
15;19 ¼ 270:8�g, all of which differ significantly

from zero. Only the relative phase values are im-
portant, not the absolute ones. These values are
specific to the excited Li2 states. They were chosen,
based on previous detailed coherent control stud-
ies of Li2 [7,8,22], such that the ionization of the
corresponding Li2 superposition (i.e., with X�) at 7
ps delay time after its excitation (i.e., t� ¼ 7 ps) will
result in a global maximum of the coherent ion-
ization signal as measured here. The 7 ps time is
chosen arbitrarily. Any superposition with one or
more phases set to zero will have a significantly
lower ionization amplitude at 7 ps than the global
maximum. Consequently, following the readout

step at 7 ps, a gate output value of 1 will result in a
measured ionization signal amplitude that is equal
to the global maximum, while an output value of 0
will produce a lower amplitude. This means that
observing the maximum signal immediately iden-
tifies the output value of the AND gate to be 1.
This identification is constrained by the signal-to-
noise of the measurement (see below).

3. Experimental technique

The relevant potential energy curves of Li2 and
Liþ2 [23,24] are shown in Fig. 1. The experiment
[7,8] is conducted in a cell (1023 K) containing
lithium sample. A single mode cw dye laser selects
a specific state-to-state transition of the thermally
populated Li2 from X1Rþ

g ðvX ¼ 2; JX ¼ 17Þ to
A1Rþ

u ðvA ¼ 14; JA ¼ 18Þ, thus preparing the latter
as a pure initial state. The given set of input
Boolean indications to the AND gate is encoded,
as described above, into a phase-shaped femto-
second laser pulse. The interaction of this shaped
pulse with the ensemble of Li2 molecules, which
have been excited to the selected initial level on the
A-state, transforms them into a corresponding
pure coherent superposition (i.e., input-dependent
shaped wave packet) on the electronically excited
E1Rþ

g shelf state (pump step). It is composed pre-
dominantly of six rovibrational states ðvE ¼ 13�
15; JE ¼ 17; 19Þ. The existence or nonexistence of
the pre-determined molecular coherent superposi-
tion jW�ðt�Þi, presented in Section 2.2, on the E-
state at the pre-selected time delay from prepara-
tion, t� ¼ 7 ps, provides the 1 or 0 Boolean output
to the AND gate. It is probed through time-de-
layed ionization of the lithium dimer using a sec-
ond unshaped femtosecond pulse (probe step). The
resulting pump–probe photoionization signal am-
plitude (ion and electron current) is the measured
experimental observable; it is composed of a con-
stant level and a part that depends on the delay-
time between the pump and probe pulses. The
pump and probe pulses originate from a Ti:sap-
phire laser system with �160 fs duration,
�12 400 cm�1 central wavelength, �150 cm�1

bandwidth, parallel polarization, and energies of
�0.5 and �1:5 lJ, respectively. The phase-shaping

Fig. 1. The experimental excitation scheme, with the relevant

potential energy curves of Li2 and Liþ2 [23,24], used for imple-

menting the coherent multiple-input AND logical gate.
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of the pump pulse is accomplished using an as-
sembly incorporating a liquid crystal spatial light
modulator to encode the desired phases on the
pump pulse frequencies. The interaction of the
lithium dimer with the laser pulses can be de-
scribed within the weak field limit [22]. The deco-
herence of the rovibrational superposition
prepared on the E-state occurs on a time scale
longer than 5 ns. It is mainly due to collisions of
the Li2 molecules with Li and Ar atoms, resulting
in pure dephasing and/or state-changing transi-
tions.

3.1. Model computational problem

We demonstrate the experimental coherent
computation of the multiple-input AND gate also
by its incorporation within a complete model
computational process. The gate is used in the last
step of evaluating the answer to a computational
decision problem for which the output is just ‘yes’
or ‘no’. The input to the problem is translated by
an oracle into a set of Boolean values that is used
as an input to the AND gate, and the Boolean
output of the gate provides the yes/no output of
the decision problem. Decision problems are a
fundamental class of computational problems [25].
The specific decision problem we consider involves
graphs that are composed of vertices and edges
between pairs of vertices (not every pair is neces-
sarily connected by an edge) [26]. The computa-
tional task is to determine whether a given graph is
free of isolated vertices. An isolated vertex is a
vertex where no edge connects it to any other
vertex (see Fig. 2). The input of our problem is a
graph’s data given as a list of vertices, fi; j; k; . . .g,
and a list of edges, fði; jÞ; ði; kÞ; . . .g. Each edge is
represented by the pair of vertices it connects. The
output of the problem is either ‘yes’ or ‘no’, de-
pending on whether the input graph is identified to
be without or with isolated vertices, respectively.

The algorithm employed by the oracle to
translate the data of a graph into a set of Boolean
values (0/1) is as follows: each vertex of the graph
is represented by a corresponding Boolean indi-
cation; all the indications are initialized with a
value of 0; the graph data is read, edge after edge;
for each edge, the Boolean indications of both its

vertices are updated with a value of 1. This algo-
rithm is such that a specific set of Boolean values
corresponds to a family of graph configurations
rather than to a specific graph. To make the yes/no
decision does not require such uniqueness. Overall,
a graph without any isolated vertices results in the
existence of the jW�ðt� ¼ 7 psÞi superposition with
the X� set of phases defined above. A graph with
isolated vertices results in a different superposition
where some phases Un are zero. The AND gate
operation distinguishes between the graphs con-
taining isolated vertices and the ones without.

6 7 8 6 7 8

(a) (c)

(d)(b)

Fig. 2. Pump–probe experimental signals (solid lines) obtained

from the time-delayed ionization of several phase-shaped (six-

state) rovibrational wave packets of Li2. Only the time-depen-

dent part of the signal is shown; the thin solid lines indicate the

constant signal level (see text). Each wave packet results from a

different input to the AND gate shown in the figure, or,

equivalently, from a different family of (six-vertex) graphs (see

text). Graph examples are given in the ellipses: panel (a) shows

graphs with no isolated vertices; panels (b)–(d) show graphs

with isolated vertices. The transient of panel (a) is also shown

(for comparison) in dashed lines in the other panels. The signal

amplitude at 7 ps provides the correct output to the AND gate

and whether the encoded graph has no isolated vertices [1/‘yes’,

for panel (a); 0/‘no’, for panels (b)–(d)].
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4. Results

Fig. 2 shows various pump–probe experimental
transients obtained from the ionization of several
different shaped wave packets at various time de-
lays; only the time-dependent part of the signal is
shown (the constant signal level is indicated). Each
transient results from a different input to the AND
gate or, equivalently, a different family of graph
configurations. Some graph examples are shown
next to each transient. Fig. 2a corresponds to the
case where all the input values to the gate are 1,
and, thus, it shows graphs without isolated verti-
ces. Figs. 2b–d correspond to cases where at least
one gate input value is 0, and, thus, show graphs
with isolated vertices; in Fig. 2d all the input val-
ues are 0 and all the graph vertices are isolated.
The transient for graphs without isolated vertices,
is also shown for comparison (dashed lines) in
Figs. 2b–d. As can be seen, the ionization signal
transient distinguishes the various cases one from
another, and the signal amplitude at 7 ps imme-
diately identifies the AND gate output and whe-
ther the encoded graph is without isolated vertices
[1/‘yes’, for Fig. 2a; 0/‘no’, for Fig. 2b–d]. Obvi-
ously, a single initial calibration of the amplitude
that corresponds to the maximum signal level is
required once and for all. Based on the experi-
mental signals and the corresponding error bars,
the probability of obtaining the correct answer is
greater than 99%. The results demonstrate the re-
liable experimental operation of the coherent mo-
lecular AND gate in the time domain.

5. Discussion and conclusions

The success probability for the correct answer
based on the output signal is limited by the ex-
perimental signal-to-noise; for greater numbers of
rovibrational states within the superposition, i.e.,
larger number of input Boolean values or vertices,
higher signal-to-noise is required to achieve the
same performance. For 95% success probability
with N states, considering all ionization pathways
of the Li2 (i.e., pump–probe pathways as well as
direct two-photon ionization by the pump and
probe pulses individually), the required signal-to-

noise ratio ðS=rÞ is � 10N . Since S=r ¼ ffiffiffiffiffiffiffiffiffi
nions

p
,

where nions is the number of detected Liþ2 ions, for
95% success at least 100N 2 ions are required; for
N ¼ 1000 : nions � 108. With the present experi-
mental conditions [7,8,22], about 104 pump–probe
sequences (at t�) are required to ionize 108 Li2
molecules. However, the current usage of the
available resources, i.e., �1012–1013 photons per
pump or probe pulse and �1010 molecules in the
initial state ðvA; JAÞ, is highly inefficient and can be
improved by longer path and better detection. An
improvement factor of �104 seems feasible and
would provide the required signal-to-noise ratio to
handle hundreds of elements in the molecular su-
perposition. In this context it is worth mentioning
that laser pulses of �1700 cm�1 bandwidth (�10–
15 fs transform-limited duration) will allow the
direct simultaneous coherent excitation, from a
single selected Li2 rovibrational state of the A-
state, of about 50–60 rovibrational states centered
spectroscopically around the current region of the
E-state.

Obviously, there are other coherent and inco-
herent ways to implement an equivalent classical
AND gate. It is done on any classical computer
based on Boolean logic that is described by the
Turing machine model [12,13]. It could also be
implemented with purely optical techniques, for
example: the phases will be encoded into a phase-
shaped pulse; the set of phases, which corresponds
to the case when all the input Boolean values are 1
and thus the gate output is 1, will result in a
transform limited pulse, while any other input will
result in a chirped pulse; the existence or nonex-
istence of a transform limited pulse will be deter-
mined based on whether or not the generation of
second-harmonic light is maximal. The importance
of the present work is in the ability to implement
the AND gate in a coherent way, i.e., involving
coherent information and coherent dynamics, with
molecular quantum elements. It demonstrates ex-
perimentally one element out of many needed for
the full implementation of computation with mo-
lecular superpositions controlled with sequences of
multiple ultrashort pulses. Such a platform will not
serve as a universal quantum computation device,
but rather as a problem-specific computation de-
vice. In such a device the involved pulses will be
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shaped to correspond to specific unitary transfor-
mations tailored for the specific problem under
computation. The platform might also serve as a
model system for experimental studies of quantum
error correction [12].

To conclude, this work utilizes a detailed
knowledge of the expected time-dependent mo-
lecular dynamics for the experimental coherent
computation of a multiple-input AND gate using
pure coherent molecular superpositions. The input
information is stored in the phases of the individ-
ual rovibrational eigenstates composing the su-
perposition. Since a weak optical field is used for
the readout/probe operation the encoded infor-
mation is kept primarily undamaged, and, in
principle, can be further used within several
nanoseconds. The coherent AND gate can be in-
corporated, as demonstrated above, as a yes/no
output evaluation component, i.e., it can evaluate
the existence or nonexistence of a pre-determined
specific coherent superposition at the end of a
quantum computational process. It might also be a
basis for implementing conditional coherent mo-
lecular manipulation. In such a case, the molecular
superposition prepared on a particular electronic
state would not be projected onto an ionic final
state, but rather, equivalently, onto one or more
other neutral electronic states. The amplitude
transferred to target superpositions on each of
these electronic states will depend on the exact
coherent superposition existing at the projection
time; this time can be different for the different
states. Extending the possible input and output
values beyond the Boolean case, i.e., with more
than two possible values, also seems feasible.
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