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1. Introduction

The technological needs imposed by the exponential
miniaturization trend of electronic components has drawn
attention toward the development of functional molecular
or even atomic devices. Quantum effects become increasingly
dominant on the atomic length scale, and precise control of
guantum systems arises as a fundamental requirement for '
successful novel nanoscale technology. Promising resultsUlrke Troppmann was born July 13, 1977, in Munich, Germany. She
have already been achieved in the fields of molecular graduated in chemistry from the Ludwig-Maximilians-University of Munich

. . . in 2002 and obtained her Ph.D. in physical chemistry there in 2006. During
electronics, data storagéand quantum information process- her diploma and also her Ph.D. work, she conducted theoretical studies

ing? Pioneered by the molecular physics community, optimal o the application of ultrashort and specially shaped laser pulses in the
controf~" has emerged as a highly promising tool. Strength- IR regime for quantum computation with qubits encoded in molecular
ened by successful control experiments on chemical vibrations. Her main research interests also include optimal control theory
reaction& 1! and biological processé3jt has also entered  and the coherent control of intramolecular vibrational energy transfer.

the fields of quantum optics, solid-state physick and

nuclear magnetic resonance (NMR). completely new kind of computation: new concepts and
From the computing point of view, the continuous down- algorithms complete or replace the common classical meth-
sizing of microprocessor components as well as the desireods!® Prominent quantum algorithms are the Deutsch J&zsa,

for a further increase of calculation speed are accompaniedthe Shor and the Grovers search algorith#isThe infor-

by the need for a new quantum technology, which has to be mation is coded in quantum bits (qubits), each one repre-
established in the near future. It turns out that, besides asented by two selected and preferably well isolated quantum
computational speed up, quantum technology leads to astates. In contrast to classical computing, it is possible to
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generate the respective superposition states and use thenand diverse and requires a coordinated effort to create
To implement logic operations, that is, quantum gates, synergies. In this review, we focus on recent developments
tunable interactions between the qubit states are needed. Thé a new direction of quantum information processing using
interaction between different qubits becomes essential forinternal molecular degrees of freedom as qubits. It has been
conditional quantum gates, where the operation on one qubitrealized by several groups working in the field of coherent
depends on the value of another qubit. As in classical control with femtosecond laser pulses that certain control
computing, there exist special sets of elementary logic sequences can be interpreted as quantum logic operations
operations from which every desired algorithm can be or even quantum algorithms. Different from NMR quantum
constructed. The requirements for the construction of a usefulcomputing, which uses the nuclear spin of atoms, this new
guantum computer have been established partly by Déitsch approach works with internal motional states of molecules
and completed by DiVincenz.These also include scal- such as rovibrational stafésand vibrational states in
ability of the system, readout methods, and error correction. diatomic?-35 and polyatomic systen#:4° The relevant time
Especially in this rapidly expanding field of quantum scaje for the m_ternal mpde qubits is in the femtosecond
information processing, the controllability of quantum sys- €dime, and their dynamics can be controlled by modulated

tems is a key issue. The search for the ideal qubit system agémtosecond laser pulses. Our aim is to elucidate the
well as the most applicable control technologies is still open, Connection between coherent control with modulated fem-

and proposals range from photons and atoms to moleculedosecond laser fields and quantum computing with molecular

and semiconductors driven by specially adapted electromag-degr.ees of freedom].c Moleculles irr:stead of atomfs Io.r ior?s
netic fields. Considerable success in quantum information Provide a number of properties that can be useful in the

processing was achieved for a limited number of qubits using CONtext of quantum computing. They are small, stable units
cavity quantum electrodynamies, trapped iong?2* and with a rich quantum structure due to many coupled degrees

NMR.24-26 Approaches with atoms, ions, and quantum dots of freedom. With the help of chemists, a nearly unlimited

use electron degrees of freedom to encode quantum informa-gum dber_ of cdomlpour?ds offering ?" kinds of properties can
tion in well isolated, identical qubits with equal transition °€ designed. In the context of quantum computing, In
frequencies. The interqubit interaction can be turned on or 2ddition to long coherence lifetimes, characteristic optical
off on demand. Enlarging these qubit systems from two- anld shpectrql propertlels ari almeld folr. ibrational

qubit to multiqubit systems means, in principle, that another 1" this review, we select the molecular vibrational quantum
atom, ion, or quanfum dot has to be added. Liquid NMR computing ansatz as a representative e>_(ample fpr moo_lulated
quantum computing makes use of nuclear spin in moleculesféMtosecond laser pulses in quantum information science.
as the carrier of quantum information and differs from the W& approach this issue from the theory side, taking into
previous approaches in some aspects. Each qubit is stijjdceount th_e experimental requirements of state-of-the-art
encoded in a well isolated two-level spin system, but in PUIS€ shaping technology. Specific challenges and advantages
response to the internal molecular environment, the transition ©°f the molecular approach as well as realistic implementation
frequencies of the qubits can differ. Also, the interaction strategies are qutlmed. The'setup of 'ghe qubit system is
between qubits is already an inherent molecular property. explained in section 2. In section 3, we dlsc_uss b_oth the sujes
Enlargement of the qubit system in NMR involves more of quantum control and of quantum computing with the main

atoms of a molecule and is supported by molecular engineer_focus on polyatomic molecules as gubit systems. Mechanistic
ing. aspects of quantum gates and issues of phase coherence as

o ) . well as the choice of suitable molecules are discussed in

The most promising and advanced experiments with section 4, and section 5 deals with implementations of
respect to the realization of entanglement, quantum gatescomplete quantum algorithms. Section 6 addresses experi-
and quantum algorithms were demonstrated with NMR and mental realization strategies of the control laser fields. The
ion traps. In NMR, the Shor algorithm with up to seven gpen issues of decoherence control and scalability will be
nuclear spin qubits could be implementédnd inion traps,  discussed in section 7. In section 8, we give a general

entanglement with up to eight particles has been repéfted. conclusion and an outlook for the impact of femtosecond
While these first examples demonstrate that enlargement ofjgser technology in the field of quantum computing.

qubit systems is in principle possible, real scalability remains
a challenge in all approaches. Scalability, in general, requires : ; ;
that the effort and overhead associated with making and 2. Qubit Systems and Logic Operations

controlling multiqubit systems scale only polynomially with In the following, we briefly introduce the general ideas
the number of qubits. Although for some approaches, for of quantum computing and translate them into the molecular
example, quantum dots or electron spins in solid state approach we will focus on. We present the theoretical
systems, the setup of large scale multiqubit systems seemslescription of the molecular quantum system as well as the
straightforward, their precise control is still an open question. control Hamiltonian. The system Hamiltonian determines the
Especially for the ion trap approach, some promising ideas eigenfunctions and eigenenergies, including possible potential
to realize scalability have been put forth. In this context, or kinetic couplings. The qubits are encoded in selected
either a “hybrid” ansatz is favored with ions stored in eigenfunctions and are embedded in the vibrational spectrum.
individual traps and a quantum channel established in The control Hamiltonian, exploited to perform the desired
between them for information exchard@er an ion trap guantum gates, arises from the application of specially
network is favored with small qubit entities being processed modulated femtosecond laser fields in the IR, mid-IR, or UV/
and transported between different interaction regi8méo vis regime.

single technology under investigation currently meets all The main differences between classical and quantum
requirements to implement a quantum computer in a computing result from the definition of the basic unit of
completely satisfactory way. Therefore, ongoing research in information: the bit. From a physical point of view, a bit is
quantum information processing is highly interdisciplinary a two-state system. It can be represented using two logical
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values: 0 and 1. In a classical computer, these values cammanipulation, and the corresponding issues of coherence and
be coded through voltage or no voltage in an electric circuit. decoherence. Naturally, first guantum computing approaches
Bits of information can also be coded in a quantum system, have been developed based on these methods and this
and are then accordingly called quantum bits or qubits. Here, knowledge?*2°

special states of a quantum system, which can be switched

by the action of, for example, an electromagnetic field, are 2.1. Molecular Qubits

selected to encode the logical valy@sand| 1L For example, Molecules are hiahly complex quantum svstems with man
different degrees of electronic excitation in atoms or different gny piexq Y y

orientations of spins can be used. In contrast to the classicalCOUpIed degrees of freedom, including electronic as well as

case, quantum bits can also be in a coherent superpositiod'Uclear motion, that offer a variety of properties. Accord-
state: Ingly, several choices can be made to encode a qubit system

in molecules. Besides nuclear spin (NMR), rovibrational
2 2_ 4. wave packets or vibrational states were tested. In molecular
[YL= alOD BIACT Jal” + 1] L afeC (1) systems, sources of decoherence are the coupling to internal

In principle, an infinite number of possible statgskxists molecular modes outside the Hilbert space of the qubit basis
even for a single qubit. Since the superposition states canno@nd the coupling to the environment by collision with other
be distinguished by a single measurement, only evenly molecules. Both sources can be suppressed efficiently in case
distributed superposition statgsZ = |8]2 = 0.5) are used of NMR and vibrational qubit&’ and the ratio of coherence
in quantum information processing. Classicafiybits can  time to gating time is-10°~10*. The definition of rotational
form only a 2 dimensional state space. In contrastjubits or vibrational eigenstates as qubit states is similar to liquid
span a 2 dimensional Hilbert space. The logic operations NMR qubits; however, the quantum logic operations are
in the qubit system are performed by so-called quantum Performed on a different time scale (femtoseconds to
gates. In his catalog of requirements, DiVincenzo demands Picoseconds instead of milliseconds to minutes).
for a universal set of elementary quantum gates. Mathemati- 1he obvious choice to drive electronic or vibrational
cally, these quantum gates are time reversible unitary Molecular quantum states in a controlled way is the applica-
transformations. Experimentally, they can be realized by tion of laser light. Figure 1 schematically visualizes three-
applying appropriate electric or magnetic fields. Running qyblt and quantum gate implementations, which have been
through a quantum algorithm, one has the possibility to discussed in the literature. IR and Raman processes are
simultaneously code several states and their evolution in thinkablé237to control vibrational modes in the ground state

(evolving) superposition states. This fact is called quantum S vyell as to control rowbr_atlonal wave packets in electronic
parallelism. It is one of the main reasons for the high €xcited stat€$** by UV/vis lasers. Figure la shows the
efficiency of quantum algorithms. Still, during the readout PUMp-probe approach suggested by Vala et'dfter the
of the state of a qubit, the corresponding wave function Preparation of a pure input state with a CW (continuous
collapses into one of its basis states, and the value 0 or 1Wave) laser, a specially phase modulated femtosecond laser
can be measured with a certain probability. Therefore, Pulse implements the quantum logic. With a final probe
guantum algorithms work somewnhat differently from clas- pulse, an ionization signal (readout) is produced. Figure 1b
sical algorithms: The probability to measure the result of Shows the CARS sequence as proposed by Zadoyan et al.
interest is increased. Another important feature of quantum @nd Bihary et af233for molecular quantum computing. A
information systems is the phenomenon of quantum correla-SUPerposition of rovibrational states is prepared by the first
tion or entanglement. It can be found in multiqubit states. femtosecond pulse, followed by the second shaped femto-
The results of measurements conducted on entangled qubit§€cond pulse, which encodes the quantum algorithm and
are highly correlated, although the measurement outcomeProjects the result onto the ground state. From there, the
of an individual qubit is still purely statistic. The well-known réadout is initiated by a third delayed pulse. Figure 1c
Bell and GHZ (Greenberger, Horne, Zeilinger) states belong Visualizes the approach, developed in our gréupsing
to this category! The coherence of superposition states or Vibrational normal modes of a polyatomic system to encode
entangled states plays an important role in several quantumindividual qubits. The quantum gates in such a multidimen-
algorithms, for example, the Shor algorithm. _S|onal system can be reallz_ed by shaped femtosecond pulses
In summary, the coherence of multiqubit systems is the N the IR regime. Pr(_aparatmn and reado_ut can be achieved
source of useful quantum information and has to be speptroscoplcally. A first successful experiment dem.onstrated
maintained as long as possible in the qubit system. In the implementation of the Deutseliozsa algorithm with the

practice, the physical system constituting the quantum Scheme of Figure 1#&.In the following, we will focus on
computer and the quantum gating devices are never com-9ubits encoded in vibrational modes of polyatomic systems.
pletely isolated from their environment, which acts as a heat I :

bath or reservoir. The density operator describing the statez'l'l' Vibrational Qubits
of the quantum computer does not remain pure (nonunitary In an N-atomic molecule, B — 5 or 3N — 6 different
evolution), as it can be changed by the intersystem or system-normal modes can be identified and allocated in the
environment interactions into a mixed state. Simultaneously, spectroscopic notatiorg{d....gsn—s), With ¢ the number of

the initially prepared coherences between the input statesvibrational quanta in théth normal mode. Depending on
will be partially or completely destroyed. This process of the spectroscopic method applied, the respective optically
decoherence is destructive for quantum computation; there-addressable modes can be used to encode qubits. For
fore, ideally the decoherence time scale should be muchexample, the IR active modes of acetyleneH§), the cis-
longer than the gating time scales. From analytic methods bending mode, and the asymmetric CH-stretching mode can
such as spectroscopy or spectrometry, a lot of knowledgebe selected as qubit modes. In this case, all IR inactive
has been accumulated concerning internal quantum states o¥ibrations, such as theans-bending mode in acetylene, are
atoms, molecules, and bigger aggregates up to solids, theimonqubit modes. Excitations of two different quanta in each
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a) b) c)

prepare

Figure 1. Schematic representation of different molecular qubit systems and quantum logic implementations:—a)-gLBnp—probe
sequence with initial state preparation by a CW |d8evjth the shaped pump laser pulse encoding the quantum logic; (b) TFRCARS
implementation of a precompiled algorithith{c) quantum logic implementation with modulated IR pulses operating on vibrational qubits
in the ground staté?

qubit mode are referred to a8land |1L] For the general =¥\
qubit definition,q quanta of excitation are labeled as logical g | 20) (200)
0, whileq + 1 quanta of excitation are labeled as logical 1. 5 :
One possible qubit definition is to start with zero quanta of : :
excitation in each vibrational mode. In this case, the complete 3y (102) (015)
22 dimensional qubit basis of a two-qubit system encoded I ke i
in a 3N — 6 normal mode system reads as follows: W+ 111 (101) 005)
|11) == (023)
(0000..0) = |000 ! N GE L
(0010..0) = |100 Tooy [10) TT00) YR
(0000...1) = [010] 2) : o
(0010..1) = |1100 (03) :
— (011)
In this example, the third and the last vibrational mode are (02) (002) 1020
used to encode the qubits.
Each normal mode vibrates at its own eigenfrequency, and [o1) 1) 00T) 070)
the selected qubit states are embedded in a vibrational
spectrum with increasing density for higher quantum num- | 00) oo} (000)
bers. In principle, operations for different qubits can be driven
by the specific normal mode eigenfrequencies. However, in

almost all molecules, those modes deviate from the |deaItFigulre 2. Vibrational spectrum of the 2D (left) and 3D (right)
normal mode behavior. They are, rather, coupled degrees Ofycetylene model: the notation corresponds to the number of
freedom, and thus, the transition frequencies for switching, vibrational quanta. In the 3D model, the second mode is a nonqubit
for example, the statg®0 |010and |10} |110] differ. mode. Qubit basis states are displayed in black, and overtones and
This qubit-qubit interaction is system inherent and mediated combination modes outside the qubit basis in gray. The 2D wave
via the molecular bonds. To elucidate the situation, the functions corresponding to the basis states are shown in the middle.
spectrum of the vibrational states for a two-dimensional (2D) o ) )
acetylene mode| iS Shown in Figure 2. The 2D mode| iS as well as to the O'Eher V|brat|0-na|. modgs IS kept low. This
reduced to the two IR active modes, the asymmetric CH- leads to comparatively long lifetimes in the nanosecond
stretch and thecis-bending mode, which are selected to regime. The freedom of choice for the qubit basis helps to
encode two qubits. Thus, the qubit system also includes afind an almost decoherence-free subspace (on the gating time
combination mode, (11) The Corresponding 2D wave func- Scale) within the vibrational manifold by a.V0|d|ng extensive
tions of the qubit basis staté80C) |01[] |100) and|110are  coupling to other normal modes.
displayed in the middle of Figure 2. Also shown is the energy I
spectrum when the 2D acetylene model is augmented by thez‘l'z' Setup of the Hamilfonian
passivetransbending mode (3D). Now the situation arises  For the development of a specific molecular quantum
that a combination state of the passive mode andcite computing scheme, a theoretical description of the qubit
bending mode, denotgd 1%, is in close resonance to the system and the gate operations is needed. To illustrate the
qubit statg 111 The described scenario is a typical molecular potential of modulated femtosecond laser pulses as key
property and has to be controlled when quantum logic elements in quantum information processing, the setup of
operations are implemented. This requires highly flexible the selected vibrational quantum information system is
laser fields that are provided, for example, by shaped outlined. The total HamiltoniaHli: = Hsys + Heontrol CONSiSts
femtosecond laser pulses. of the system HamiltoniaHsysand the control Hamiltonian

To achieve long decoherence times, we have proposed toHqoniror The latter describes the lasenolecule interaction
use low lying vibrational modes of polyatomic systems as which realizes the quantum logic operations. The system
qubit states in the IR regime. Thus, the qubit system is close Hamiltonian can be represented either in coordinate space
to the molecular ground state and in the less dense spectrabr in the basis of the system Hamiltonian eigenstates. In
region, where the coupling to the molecular surroundings coordinate space, the potential energy surface (PES) of the
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molecular system, the (transition) dipole moments, necessaryand belongs to the categoryufiversalquantum computing.

for the description of the lasemolecule interaction, and We were able to give the proof of principle to realize all
the nuclear wave function are mapped on a grid. The PESelementary quantum gates necessary to perform logic opera-
contains all relevant information about the intramolecular tions and selected quantum algorithfhsand we have
forces, including anharmonicity and anharmonic coupling. outlined strategies for experimental realizat#f Single-

It can be obtained frorab initio calculations using a standard qubit gates as well as two-qubit gates can be implemented
quantum chemical package or from parametrized model within the same time scale by specially modulated ultrashort
systems relying on ab initio or spectroscopic data. The qubit laser pulseg’ For vibrational qubits, modulated femtosecond
states are stationary vibrational eigenstates and are obtainethser pulses in the infrared (IR) regime, which drive
by solving the time independent nuclear Sclinger equation  vibrational modes in the electronic ground state, are well
on the corresponding multidimensional discretized PES. suited3® An extension of this scheme to the UV/vis regime
When we perform these calculations on a grid applying a with vibrational eigenstates in electronically excited states
relaxation method? typically up to 200 eigenfunctions are is possible* The femtosecond technique provides for
calculated. The lasemmolecule interaction requires the significantly faster quantum gates than achieved in all other

solution of the time dependent S¢Hinger equation approaches.
. The protocol of a computational process following the
W(t) = U(t) P(t=0) = e Mo'p(t=0) 3 scheme ofuniversal quantum computing consists of the

following: (1) initialization of a qubit register in the state

in the respective representation. Established grid propagation0000...Q4; (2) implementation of a sequence of elementary
methods and approximations for the time evolution operator quantum gates; (3) readout by a final, probabilistic measure-
U(t) are discussed in ref 43. As every vibrational qubit system ment which collapses the system to one defined state. The
is embedded in the total vibrational spectrum, wave packet readout from vibrational molecular qubits can be imple-
propagations and laser pulse optimizations have to take intomented by spectrally well resolved laser induced fluorescence
account all the relevant vibrational states. This allows us to measurement. The implementation whiversal quantum
describe in detail the vibrational excitation process, including information processing requires the precise switching of the
intermediate excitation of overtones and combination bands.population of the qubit states. Moreover, for elementary

The transition from the grid method to the eigenstatg¢ (  quantum gates to be applicable to any state that emerges
representation is performed by evaluation of the total during a quantum algorithm, phase control is essential. In
Hamiltonian matrix elementSp;|Hsyd ¢iCand [gi|Heontrol i the case of superposition states, the information is encoded
on the grid. Alternatively, the level system can be set up in the relative phases between the basis states.

directly from spectroscopic data. The eigenstate basis e speak oprecompilecjuantum computing, if quantum
includes all system inherent potential and kinetic couplings a|gorithms are not composed of elementary operations, but
in Hsys the coupling to the laser field is taken into account rather the complete algorithm (e.g., a quantum Fourier
during the propagation biconior FOr the propagatod(t), transform) is implemented in a problem specific way as one
the same approximations as for the grid method can be usedynitary transformation in one stefrecompiledquantum
They are usually faster when applied in the eigenstate basiscomputing processes have been proposed mainly for mo-
since the computational space can be limited to the relevantjecylar quantum computing with vibronic superpositions in

eigenstates. electronically excited states, where the logic operations can
i : be accomplished either by laser interaction or through the
2.2. Implementation of Quantum Logic time dependent system dynam#s® Sometimes a special

There exist two basic approaches to the implementation encoding of the input information is exploited to simplify
of quantum logic processes for quantum computations or 9ates and precedes the quantum gate or algorittihis
simulations: universalquantum computing, which is based relates to t_he fact that the implementation of the_ unitary
on a complete set of elementary quantum gates, andtrar)sforma'glon styopgly depends on the representation of the
precompiledquantum computing, which relies on problem logical qubit basis in the state space of the physical system
specific realizations of algorithms. and_/c_Jr on the preparation step of an initial coherent super-

For universal quantum computing, laser fields must be position of qubit basis states. An advqntage of e>.<clu5|vely
optimized that result in elementary quantum gates through Using the cohg_rences of rotational or vibrational eigenstates
interaction with the system. The choice of elementary gate IN @ Superposition to encode and process quantum informa-
operations is arbitrary apart from the prerequisite that they tion is that there is no need for exhaustive population
constitute a complete set for the implementation of any transfert® The result of such a quantum algorithm can be
desired unitary transformation. For example, in ion trap interrogated through wave packet interferometry or in general
quantum computing, the universal set consists of single qubitWith @ final short probe pulse (e.g., via pumprobe
flip and phase gates implemented by Rabi oscillations with ionization transientd). The steps of |r_1|t|aI|zat|on, computa-
highly phase stabilized continuous wave lasers and ation, and readout can be merged into one process corre-
controlled phase gate which is based on the utilization of an SPonding to well-known multipulse experiments, as has been
external degree of freedom (motional eigenstates of the jonProposed for DFWM (degenerate four-wave mixing) or
array)* In NMR quantum computing, single qubit operations TFRCARS (tlm_efrequency resolved coherent anti-Stokes
are also readily available by standard radio frequency pulseRaman scatteringf:*
sequences. Also, a conditional phase gate, based on the Independent of whether theniversal or precompiled
J-coupling between nuclear spins, can be implemented, butansatz is followed, coherent control is the basis of quantum
on a different, longer time scateThe proposal for molecular  information processingeither for the implementation of
guantum computing developed in our group uses vibrational elementary quantum gates and of complete algorithms or for
modes of polyatomic molecules to encode qubit systéms the preparation of special input states. In the next section,
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we thus will outline the concepts of coherent control and laser light with the quantum system via constructively and

optimal control theory. destructively interfering pathways. The electric field of a
femtosecond laser provides the necessary flexibility of
3. Control of Molecular Quantum Systems spectral and temporal properties to manipulate complex

molecular processes. OCT has already been applied suc-

With the onset of laser technology in the 1960s, the idea cessfully to control ultrafast molecular reactiGis?
of laser control of molecular vibrations was born. Initial The calculated pulses will not be perfect, due to necessary
suggestions focused on using intense narrow-band infraredapproximations in the system Hamiltonian and in the
radiation to selectively address vibrational modes in a specific theoretical description of the environmental effects experi-
chemical bond. However, this concept proved to be limited enced in the experiment. Nevertheless, the main character-
to only a few molecular systems, since the coupling betweenistics of the underlying control mechanism can be extracted
different degrees of freedom leads to very fast energy and the question of controllability of the selected objective
redistribution. Selective control can be induced in a molecular can be answered. Furthermore, the calculated laser field can
system by quantum interference. In this field of quantum be used as an intelligent initial guess for the control
control, the spectraltemporal properties of coherent light experiment.
fields are adjusted to drive a given initial quantum state into  The experimental analogue of OCT is the optimal control
a preselected target state. From a manifold of possible experiment (OCE) first suggested by Judson and Radvita
pathways, the optimal one is selected. realized in a closed loop setdthat combines three main

The first theoretical proposals for quantum control dis- parts: a genetic algorithm for the generation of the various
cussed three main control scenarios. The BruaSirapiro and increasingly optimized pulse forms, a pulse modulator
phase control scheme directly exploits interferences between(liquid crystal device (LCD), acousto-optic modulator (AOM),
different light-induced reaction pathwaysy simultaneously  or flexible mirror) to realize the proposed pulse shapes, and
applying two continuous wave (CW) laser fields of frequen- the molecular probe itself. For LCD modulators, a mask
ciesw and 3v. By this scheme, energetically degenerate final function regulates the application of voltages to the individual
levels at an energyh3 can selectively be addressed. The LCD pixels. Thus, their diffraction index is spatially
second methodology is formulated in the time domain and modulated, imprinting the pulse shape on a passing laser
was proposed by Tannor, Kosloff, and Riédt relies on beam in the frequency domain. The mask functibdfw) is
the precise timing of wave packets prepared on an excitedthe direct interface between theory and experiment. It can
electronic state by a femtosecond laser pulse. The evolvingbe extracted frora®(w), the Fourier transformed frequency
wave packet screens several nuclear configurations and carspectrum of the calculated optimized laser field, and a
be transferred back to the ground state when the desiredGaussian spectruef(w) that encompasses the modulated
product configuration has been reached. The third control spectrume®®{w) completely?®
scheme was suggested and realized by Bergmann and co-

workers and is known as “stimulated Raman adiabatic 1€ ()|
passage” (STIRAP). It is a three-level control scheme and (w) = TR (4)
relies on a counterintuitive sequence of pump and probe e (o)

pulses® In these three concepts, a single parameter was
varied, respectively, and different aspects of the common
mechanism of light-controlled quantum interference are
addressed. Optimal control theory (OCT) is designed to allow
the simultaneous variation of multiple control parameters in
a laser field, such as frequency, phase, and polarization, .
which are tunable also inqan e;pe?imé?]ﬂ'hus, E is the 3:2. Optimal Control Theory for Global Quantum

appropriate choice to study control mechanisms in complex Gates

quantum systems such as molecules. The theory of specif- The task of OCT in molecular quantum computing is
ically shaped femtosecond laser pulses in the context ofhighly demanding, since both multiple population transfer
coherent reaction product control was already discussed byand the phase evolution have to be controlled. The optimal
Tannor and Ricé who used variational calculus to find the  |aser fielde(t) must drive a system from a set of initial states
optimal fields. Rabitz and co-workérand, independently, Pi(0) = ®y (indexi) at a timet = 0 to multiple final target
Kosloff and co-workers have then established optimal statesdy (index f) at a fixed timet = T. The initial and
control theory for many-parameter quantum control. In 1992, target states correspond to the eigenstates defining the qubit
Judson and Rabitpaved the way to experimental realization  pasis. In case of vibrational qubits, the basis states can be
as they transferred the OCT concept to the experiment andeither pure vibrational states or superposition states. The
suggested the new method of closed-loop control. calculated laser puls€t) represents the global quantum gate,
and its fidelity is defined &§

This theoretically evaluated function exposes the complex-
ity of the control task and its realizability. It can be directly
put on the pulse modulator and serves as an “intelligent”
initial guess for an experimental closed loop setup.

3.1. Optimal Control: Theory and Experiment
2
Optimal control theory (OCT) is a very powerful tool for fidelity = IzI”

calculating laser pulses, which will guide a quantum system N?

to any selected objective. Possible objectives for molecular

guantum systems are the preparation of specific eigenstatesvith

(electronic, vibrational, rotational), specifically shaped wave

packets, or the localization of a wave packet in selected areas N

on a potential surface. As already mentioned, the control T= Z@fkhpik('l')lj (5)
principle relies on the interaction of the electric field of the K=
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whereN is the number of basis states angdives the overlap  This target definition allows the control of global population
between the desired target stateg and the laser driven  transfer but no phase control.

wave functiongpi(t) at the final timeT. Algorithmic schemes

allow the formulation of the optimization problem by  Phase Sensitive MTOCT .Global population and phase
maximization of the following multitarget optimal control  control for each target wave function can be achieved when
(MTOCT) functional: the target function is defined as the real part of the overlap

T ) with the target state:
K@u(®),1r(0),€®) = F(2) — [ a®)]e(®)]” dt —

N N
kZZRe[ c LTWfk(t)l(i/h)[Hsys — ue(t) + F(z) = Re[ZEjoik('l')|<kaEJ] (8)
(@090] [, () A (6) :

The first term is the control aim with the target function In this case, the prefact@ equals one. With a given equal
F(r), which is here set up as a function of The target global phase of ak target state®g, also the relative phases
functionF(r) can be implemented in different ways, depend- of the k laser driven stateg(T) are correlated.
ing on the demands to be fulfilled by the control algorithm.

The second term in eq 6 represents the laser &é@jgdwhich Phase Correlated MTOCT. A general OCT algorithm
drives the system wave functions toward the target states.for the optimization of unitary transformations was derived
The field intensity is limited by the penalty functier(t) = by Palao and Kosloff®%® Transferred to the MTOCT

oo/s(t). The overall shape functios(t) satisfies the experi-  formalism of eq 6, the objectivE(r) now has the form
mental demand of a smooth switch on and off beha¥ior.
The penalty factoa, limits the time averaged laser intensity. NN
The last term of eq 6 ensures that the time dependent R
Schralinger equation is fulfilled at any point in timels,sis Fio) =171"= Zzlmil(-r)m)ﬂmfklwik(nm 9)
the time independent Hamiltonian of the molecule, ansl K=1=
the dipole moment vector field. The prefactodepends on
the choice of(7) and ensures the separability of the resulting gngc equals
set of differential equations after variation of the functional.
To find a maximum, the functional is varied with respect
to its variablegpi(t), yu(t) (Lagrange multipliers), anet), N
and the search fayK = 0 leads to a set off2 + 1 coupled C= Z@Un(t)Wﬂ(t)D
differential equations. This set of differential equations is 1=
solved iteratively using forward/backward propagation and
;?)Tlljtl;[s nl?ootrr]]ies (;%gﬁqlllaser field(t) as a self-consistent This formulation guarantees the relative phase correlation

Of highest importance for the application of OCT in the betwgf_en all qubit trangitions while the phase of the sj_ngle
context of molecular quantum computing is the fact that the transitions need not directly be addressed. The additional
multitarget functional allows optimization of several transi- freedom introduced increases the flexibility of the algorithm
tions within the molecule simultaneously with the same laser and generally yields better results (for a detailed analysis,
pulse: A quantum gate has to operate correctly on eachsee ref 56). This method is closely related to a previous
possible qubit state, and in general, this quantum state isapproach developed in our group, which uses additional
unknown. To ensure this, the laser field has to drive the superposition state transitions in the standard MTGOH.
correct population transfer starting from each state of the the following, we will present applications of the standard

standard qubit basis (in the following, this is referred to as MTOCT and of the phase correlated variant totiversal
“global population transfer”), and moreover, the phases guantum computing.

between the standard basis states have to be set correctly.

The key effect of the multitarget algorithm is to extract the

characteristic features of single transitions and to combine 4. Universal Quantum Computing with Vibrational
them into one global pulse. Depending on the definition of Qupits

F(z), not only global population transfer is optimized but

also the phase evolution can be controlled. In the following, . . .
we summarize three different formulations fr) applied To analyze the requirements for pulse shaping techniques

in the context of quantum computing. and for molecular properties, we select the approach of

Standard MTOCT. Global population transfer between universal molecular quantum computing with vibrational

qubit basis states can be obtained when the target functiondubits. A set of elementary quantum gates consisting of the
F(7) is defined as single qubit operations NOT gate, Hadamard gate, and a

phase gate (exemplarily @ gate), plus a controlled-NOT

N (CNOT) gate as a two-qubit operation, has been chosen as
F(r) = Zl“j”ik(-rnq)fkm2 () examples. The essential elementary logic operations can be
k= defined by the desired state-to-state transitions in the qubit
In this case, the prefact@® has the form basis. For example, in a minimal two-qubit basis, the

optimized transitions for quantum gates acting on the second
C = Iy ()lya()0] qubit are as follows:
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NOT: |00 |010 and |10k 1100 4.1. Elementary Gate Operations: Population
1 Control and Mechanisms
Hadamard:|00C-~ ﬁ(|OOD+ 1010 To obtain results which could easily be compared with
1 1 spectroscopic data and transferred to an experiment, we have
|01 TZGOOD_ (010, |100 72(|105+ [110), optimized and analyzed the set of elementary quantum gates

in a systematic approach in parametrized, analytical model
and |110« i(uog_ 1110 systems. We have identified the anharmonicity of the qubit
2

V2 normal modes and the coupling between the qubit normal
modes as parameters with fundamental influence on the
I i(|oog+ |01[j<—>i(|00D— |01) and resulting pulse structure and have varied them individually
V2 V2 in our optimization studies. The interplay of anharmonicity
1 1 and coupling results in the rich structure of molecular
72(|1OD+ 1110) 9720105_ 1110) vibrational eigenstates and in an increasing spectral density
when turning to higher excitations.
CNOT: |00 |00 |010—|010) and |100« 110 Figure 3a shows population optimized laser fields for all
(10) elementary quantum gates of the selected universal set in a

two-qubit model system. In this system, the second, active

Depending on the sizeof the qubit system,@ransitions qubit normal mode has an anharmonicity of 43 ¢rmand
(2 x 2" for the Hadamard gate to ensure that it is self-inverse) the coupling between the two qubit normal modes is 8%tm
have to be realized by one laser field, which induces the In the following, model systems are labeled according to
desired elementary quantum gate. Relative phase control, ashe scheme anharmonicity-coupling given in wavenumbers.
is needed for the Hadamard ahldgates, is achieved by the  Thus, the system considered here is referred to as system
introduction of superposition states in the optimized transi- 43-8.
tions as given in eq 10. If the phases of all transitions are  The elementary gates NOT, CNOT, Hadamard, &hd
correlated in the right wayas is the case, for example, for have been calculated for a minimum duratibmeeded to
the Hadamard and thél gate in eq 16-we call the  achieve a yield of>99%, as well as an experimentally
corresponding gate or laser fiefthase corrector phase  feasible peak intensity in the range of‘4@v/cn? %2 which
optimized In case exclusively the right population transfer |ies well below the ionization limit. Also displayed in Figure
relative phases between them, we label the correspondingne pasis state®0or |10for NOT, CNOT, and Hadamard
laser field or quantum gate simpgtobal gates, and from 1/2(j000+ [010) and 14/2(|100+ |110)

Employing different optimization targets (discussed in for the IT gate. The time integrated frequency spectra of the
section 3.2) or state-to-state transitions, laser fields for e'therspecially shaped laser pulses are depicted in Figure 3b

population control or population and relative phase control (oaether with the excitation frequencies for desired qubit

can be calculated. Since, in most system setups, population,ansitions in black and the spectral region of undesired
and phase development take place on different time scales, o rtone transitions in gray

\S;:bmrglttizﬂea?usugﬁnggtlu's tr;ﬁemocr)e uﬁgﬁgﬁ”g’gﬁgifkngets All elementary quantum gate laser fields show a multipulse
q P, pop substructure. The longest and most complex laser field arises

}'é?;?é'gggﬁéast?g ggnmtée ?ggg(;]:glr%hse(\jlvvl‘\]/illtgl?hg fgg‘\'/g%n%idn{or the Hadamard gate with the most demanding optimization
P ! P ask of population and relative phase control. For NOT,

of the relative phases in superposition states is significantly CNOT, andIT gates, the short subpulses interfere in the

faster by a minimum of 2 orders of magnitude (with a time . X > .

scale of femtoseconds or even sub-femtoseconds). As areduency domain such that qubit transition energies and
d JQovertone excitations are spectrally well resolved (see drops

@ intensity in the frequency spectra, Figure 3b). Thus, NOT,

hase control separately. Detailed analyses have been carrie ; I
b p y y NOT, andIT gates work without significant overtone

out of how the two control goals can be achieved and how o SR X
the implementation of essential quantum gates is influenced €xcitation, in contrast to the Hadamard gate. Their mecha-
by different molecular properties and experimental con- NiSms are correspondingly simple. On the other hand, all
straints of the laser systeth3*4059-64 spectra in Figure 3b, especially those of the NOT, CNOT,
In the following, we will review the fundamental results 2ndII gates, show an overhead of superfluous frequencies.
of these investigations, with emphasis on the quantum gateThIS rgsults from the fact that the.sh.ortest po.ssmle. quantum
laser pulse shapes and the corresponding mechanisms. Faufate implementations were optimized, which yields se-
tolerant quantum computing requires extremely high ac- guences of relatively short_ and thus broaq-band subpulses.
curacy, with errors below 10.656 The theoretical proof of ~ The superfluous frequencies are blue-shifted, beyond the
principle to reach any desired fidelity with modulated range of any possible transitions, to avoid undesired taser
femtosecond laser fields was given by Palao and Ko&6ff. ~ molecule interaction. To provide a physical interpretation
However, to reach this limit in calculations, computer time ©f the quantum gate laser field structures, we will elucidate
increases exponentially. In the corresponding coherent controlthe mechanistic aspects in more detail.
experiment, the time to solve the Sétilger equation is NOT. For a NOT gate, the active qubit has to be flipped
not a fundamental issue and depends only on the correctirrespective of the values of all other qubits. Accordingly,
implementation of the feedback loop. For the following inann-qubit system, 2transitions with 2 slightly different
discussions of laser field shapes and mechanisms, this limitexcitation energies have to be driven while overtone transi-
of accuracy is not pursued, as there are only negligible effectstions have to be avoided. The spreading of the qubit transition
on general mechanistic features and trends observed, wherirequencies for different values of the passive qubit(s) and
the fidelity is driven above 99%. their separation from the overtone excitation energies depend
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Figure 3. Universal set of elementary quantum gates in the model system 43-8: (a) laser fields (top row) with two selected mechanisms
below; (b) spectral intensity of the quantum gate laser fields. The overtone region is marked in gray, and the qubit transitions are indicated
as black bars.

on the molecular parameters coupling and anharmonicity. 1/+/2(|100H €¢2/11[) and a correspondingly different action
The presented NOT laser field in the system 43-8 is almost of the laser pulse sequence.

time symmetric. The first prominent subpulse in combination  Hsgamard. As already stated, the Hadamard gate in the
with two intense but very short subpulses merely effects a two-qubit model system displays the most complex mech-
slight population oscillation. Here, the transition frequencies 4nism. At first sight, the Hadamard gate should be the
|00C)<> [010and [100<> [110are similar enough for the  gjnhjest elementary gate, since the switching processes of a
switching process to be carried out in one step during the \ ot gate have to be implemented only halfvi&jlowever,

se_cond prominent suk_)pulse_. More complex meCh.an'smstaking into account the right relative phase development and
might occur in higher dimensional systems (see section 4.3) 55, ansyring that the Hadamard gate is self-inverse result
or systems with different relative magnitudes of anharmo- in a much more complicated optimization task. For the

hicity and coupling (see section 4'_2)'_ ) minimum duration of the Hadamard gate operation in the
CNOT. For a controlled two-qubit flip gate, the specially  system 43-8, no spectral discrimination of the desired qubit
shaped laser field also needs to distinguish between theyransitions from the undesired transitions to the first overtones
transitions within the qubit basis, in a way that the active (02) and (12) is achieved. As a consequence, the mechanism
qubit is only flipped when the passive qubit is in the defined jnyolves strong population oscillations and also extensive
state. The selective addressability of the corresponding gyertone excitation. This comparatively rich structure is

transit_ions is enabled throu_gh their slightly shifted excitation necessary to achieve the desired population and relative phase
energies due to the coupling between normal modes. Wegqnirol.

interpret this interaction between qubit normal modes as .
“inherent entanglement”, which allows for a straightforward 11 Gate. Phase gates like thel gate demand for the

implementation of two qubit gates like the CNOT gée. control of the phases of individual qubit basis states (i.e.,
Thus, in a molecular vibrational qubit setup, multiqubit gates their relative phases in a superposition state) without need

like the CNOT or the Toffoli gate are in general realized for population transfer. Nevertheless, they can be imple-
more easily with a single laser molecule interaction than in Mmented by laser interaction. The corresponding mechanism
a setup which uses external degrees of freedom (i.e.,relies on population transfer and interference of different
vibrational modes addressed in an ion trap setup to activatePathways starting from the various qubit basis states. When
the interaction between single ions). For example, the CNOT the phase gate laser fields are applied on superposition states,
gate laser field in the two-qubit system 43-8 selectively drives Only intermediate population transfer occurs, as depicted in
the transition 100« |110) while the stateg000and|010are ~ Figure 3a for thell gate in the system 43-8. Accordingly,
not switched (see Figure 3a, second panels). The twomostIl gates optimized for superposition state to superposi-
transition frequencies000< |010and |100< |1100are tion state transitions result in net population transfer if they
spectroscopically not resolved in the laser field spectrum (seeare applied on pure basis states. Since such phase gates only
Figure 3b), and intermediate population transfer results alsowork correctly with superposition states, technically they are
for the initial stateg00Cand|01C1 Still, the correct switching ~ not basis set independent. A practical alternative to laser-
process is accomplished at the end of the laser pulse sequendaduced phase shifts is to use simply the free phase evolution
due to the different relative phase development in the of basis states (in superpositions), as will be discussed in
intermediate superposition states/2(|000+ €¢:/01[) and section 4.4.
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Figure 4. CNOT laser fields for different model systems with varying anharmonicity and coupling: (a) laser fields (top row) with two
selected mechanisms below; (b) spectral intensity of the quantum gate laser fields. The overtone region is marked in gray, and the qubit
transitions are indicated as black bars.

4.2. Influence of Molecular Parameters qubit transition frequencies marked in black and the range
) ) of overtone transition frequencies marked in gray. The CNOT
The quantum gate laser field structures discussed abovgaser field for the model system with high anharmonicity
are based on one sp(_acmc model. Nevertheless, some genergyng small coupling (43-8) and the corresponding mechanisms
features can be r_etrlgved for aII'systems tested. From OUrhave already been discussed in the previous section. Because
systematic investigations in various model systems with o the small coupling, theéd0< |01 transitions cannot be
different molecular parameters, it has become evident thatspectrally resolved from the desiretD = |11 transitions,
the complexity of a quantum gate implementation depends 5 5 selective switching process is enabled by the phase
sensitively on the interplay of anharmonicity and coupfig,  e\glution of the superposition states generated intermediately.
parameters that have been introduced in section 4.1. They substantially higher coupling, which allows for spectral
anharmonicity defines the spectral separation from the yoqtion of the desired and undesired qubit transitions, does
overtone ladders of the mdmdual qubit moBes and not necessarily result in a less complex laser field structure
provides for a more of less |§qlat_ed tw_o-level system. or simpler mechanisms. This is shown exemplarily with the
Consequently, a high anharmonicity is desirable and facili- system 43-24 in Figure 4. Here, the frequency for the desired

tates the implementation of all elementary quantum gates. S
: o o L 110 |11Ctransition lies equally well separated from that
The selective addressability of the transitions within the qubit of the undesired00T<> |01 qubit transition and that of the

basis is determined by the coupling between the qubit normal o )
modes. The net effect of the coupling on the quantum gate (02) overtone excitation starting fron@lL] As a conse-
guence, the shortest possible laser field contains all three

complexity depends on its magnitude relative to the anhar- . . o .
plextty dep g frequencies and a more complex mechanism with intermedi-

monicity; that is, a big ratio of anharmonicity/couplin e o
Y 9 y b gd ate overtone excitation results. For the case of similar

generally yields simpler quantum gate laser fields an . = . . )
mechanism& This is easily understood for NOT, Hadamard, Magnitudes of anharmonicity and coupling, as in the third
msystem 28-24 in Figure 4, a discrimination betwé@oi

and phase gates, for which the spectral separation fro e o
overtone transitions plays the decisive role. For such one-|010and [100< |11ltransitions by spectral resolution is

qubit gates, close lying qubit transition frequencies are OPtained, while the frequency for the0i - |11l}ransition
favorable. An extension of this scheme to the CNOT gate, @nd the overtone excitation (03} (02) almost coincide. A
which depends on the switching condition given by the selectlvg switching process is again at;comphshed by virtue
coupling, is not immediately evident. However, the trend of Of the different relative phase evolutions of intermediate
a favorably high ratio of anharmonicity to coupling can be SUperposition states{2(/01+ €:/020) and 14/2( 100+
understood from the analysis of the quantum gate complexi- €%2|1110). The duration of the corresponding CNOT laser field

ties and mechanisms in model systems with different is significantly increased compared to the systems with higher
parameters. anharmonicity/coupling ratio.

Figure 4 displays examples of laser fields with minimum  As a general aspect, different transitions can be distin-
durations and a yield of 99% for the CNOT gate in different  guished not only spectroscopically but also via the slightly
two-qubit model systems, together with their mechanisms different relative phase evolution of intermediate superposi-
starting from|010and |110in part 4a. In Figure 4b, the tion state$? Thus, where no spectral resolution for a given
frequency spectra of the laser fields are presented, with thelaser field duration is possible, a discrimination of desired
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Figure 6. NOT gate laser fields for higher dimensional systems: (a) laser fields for 2D, 3D, and 4D systems; (b) the corresponding spectra
with overtone regions marked in gray and the qubit transitions indicated as black lines.

and undesired qubit or overtone transitions is achieved by 4.3, Quantum Gates in Higher Dimensional
interference of different pathways, that is, the effect of Systems

different interaction of intermediate superposition states with

the same pulse sequence. The influence of molecular parameters also enters the
So far, quantum gate laser fields with the shortest possiblescaling of the quantum gate complexity with the dimension
durations necessary for appreciable fidelite89% have of the qubit system. We have investigated this dependency
been presented. They all consist of a sequence of shorterof the quantum gate complexity in some three- and four-
partially overlapping subpulses with a correspondingly broad qubit model systems, for which we calculated the essential
frequency distribution. As expected, with longer gate dura- quantum gates NOT, CNOT, and Hadamard with the shortest
tions T, which allow also for longer subpulses and a better possible durations. From this set, we constructed a sequence
frequency resolution, extremely simply shaped quantum gateto prepare a maximally entangled three-qubit GHZ state.
laser fields and one-step adiabatic mechanism can be
obtained®? Exemplarily, this is shown for the CNOT gate
in the model system 43-8 in Figure 5. The laser field with a
duration of 5500 fs displays an extremely simple structure
of two strongly overlapping subpulses. This is a very
prominent pulse sequence for CNOT gates, which was found
for various molecular systems with different paramet&f3%2
Such a pulse structure should be realizable straightforwardly 0003|0011
with state-of-the-art experimental techniques (see section 6).
More complex structures will be attainable in the IR regime 010010110
as soon as direct shaping with masks in the frequency domain [100 > |1010
has;_ become a stan_dard Iaboratory technique in this spectral 11100 [1110 (11)
region. In conclusion, there is a choice between short,
strongly modulated quantum gate laser fields and longer,
simply structured pulse trains. in the three-qubit system, and

Figure 6 shows for comparison NOT gate laser fields on
the last qubit with minimum duration, for yields 6f99%
in the cases of the two- and three-qubit systems a82%
in the case of the four-qubit system. The optimized transitions
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|0000 |00010] ment, which is due to the coupling between normal modes,
on the one hand, enables the straightforward implementation
10010~ [0011] of two-qubit (entangling) gates. On the other hand, the
101003« |01010 slightly different transition energies within the qubit basis
result in a rather complex relative phase evolution in
11000+ |10010 superposition states. The role of phase development and
|0110F [01110 phases has been discussed extensively in refs 38 and 63. In
the following, we will briefly explain the specific aspects of
11010+ |10110 the phase evolution of vibrational molecular qubits and how
111103 (11110 (12) to control it or utilize it for the implementation of phase gates.
For comparison and completeness, we also elucidate the
in the four-qubit system. importance of relative phases and their evolution for the

For an increasing number of qubits, in compliance with CONcept ofprecompiledguantum compu;zrgg with rovibra-
an increasing pulse duration and a more defined pulsetional and electronically excited statés? o
structure, the superfluous red- and especially blue-shifted The free phase evolution of each state of a vibrational
spectral intensity parts diminish. This can again be explained -ubit basis is governed by its distinct eigenenergy:
by the influence of anharmonicity and coupling. For a flip R _
gate on one qubit, like NOT and Hadamard, the- 8lightly U(t—ty)I(1..n), 0= € 79)(1..n), 0 (13)
different transition frequenciasy, which have to be driven
simultaneously, require an increasing spectral bandwidth of Consequently, the relative phase evolution of a superposi-

_the driving laser pulse as th_e size of the qubit system tjgn stateW(t) = Z§n=10k|(1--- n)Jof n qubits is governed
increases. Due to the coupling between normal modes,py the eigenenergies, or rather by the eigenenergy differences
however, the spectral separation between the qubit transitionsf the k involved standard basis states. This rapid relative

(Figure 6a, in black) and overtone transitions (Figure 6D, in phase development can be visualized by the autocorrelation
gray) decreases and the frequency modulation needs to bgynction of a superposition state:

very sharp in this region. Correspondingly, longer pulse
sequences result from the optimization to ensure selective N _
addressability of the qubit transitions. |BlIJ(tO)|U(t2n t0)|‘P(t0)2Dn]22n
For the CNOT gate or any other controlled gate, the

respective qubit transitions would have to be resolved in Zl|Ck|4 + ZLZ(Z|ck|2|c,|2 cosQuy(t—ty) (14)
addition. In a three-qubit system, for example, the CNOT k= k==
gate acting on the third qubit, and with the second qubit as
control qubit, needs to distinguish between the degbé&a’]
< |0110and |1100< |1110transitions and the undesired
0000« |0010and |1000< |1010transitions. The CNOT
implementation then sensitively depends on the difference
of the coupling parameters between qubits two and three andt
qubits one and three, since this determines the separation of on
the |010+ |011and|100 |101transition frequencies. |BIf(tO)|U¢ TU(At)I‘I’(to)[UZ _ Z'Ck|4 +

k

k=

The free evolution of the relative phases in superposition
states during a defined time intervat =t — t, can also be
interpreted as a specific phase ghlg and used as part of
a quantum algorithm. The fidelity of a desired phase gate is
hen easily derived frofd

For a controlled three-qubit operation, that is, the Toffoli

gate, the situation in a three-qubit system is less demanding, on on
since, in correspondence to a CNOT gate in a two-qubit 2.2 _
system, only the|1100< |1110transition needs to be ;Zam IGI° cosPaygAt + Agy — Aby) (15)

selectively driverf

In conclusion, turning to higher dimensional systems, the ith the relative phaseafy of the initial states andgy of
same parameters are important and the same rules apply thahe target states. The maxima of the functional in eq 15 give
have been extracted for the two-qubit systems. Moreover, an gptimal durationt for the desired phase gate. Such free
the feasibility of quantum gates in multiqubit systems eyolution phase gates can be used either to implement pure,
depends strongly on the ratio of anharmonicity of the active ¢ongitional phase gates, such askhgate or the phase gate
qubit mode compared to the sum of coupling parameters needed for a quantum Fourier transform (see section 5), or
which enter the excitation energy of the maximally excited to ensure the phase correctness of globally optimized laser
qubit state|1...10J The control task of two-qubit gates fields, as we will demonstrate in the following.
becomes increasingly complex in more than two-dimensional - pyring the impact of a laser field, which induces a specific
qubit systems, as the spectral positions of desired a”dquantum operation, say a CNOT gate, the phase evolution
undesired transitions alternate. Correspondingly, the mostgs qubit states depends on the phase of the laser pulse. In

effective CNOT mechanism here does not rely on spectral general, the relative phase evolution during a CNOT gate in
resolution, but once more on the different phase evolutions 3 two-qubit basis is for each qubit state as follows:

of intermediate superposition stafés.

—idoo
4.4. Phase Control and Phase Evolution |000— e 7000

_|¢
The phase development of qubits encoded in vibrational 010~ e 4010
levels of molecules differs from that in implementations using 1100 e ¥1tiesei 1177
identical physical systems for the respective qubits such as ,
atoms in cavities and ions in traps. The inherent entangle- 1110 e 'P0kse(1.00]

(16)
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Figure 7. Phase correct CNOT gate in the 2D acetylene model: (a) The left, top panel shows the construction from a laser field optimized
for global population transfer (gray) and a defined delay (black). The graph below displays the evolution of the gate fidelity according to
eq 5. To the right, the projections of the laser-driven initial states onto the target states are represented in the complex plane after the laser
field (gray) and after the delay (black). (b) Direct optimization of phase correct CNOT laser fields with different optimization targets and
the optimal duratiorT from Figure 6a. The left panels show the development of the quantum gate fidelity, and the right panels show the
laser fields of the final iteration, except for the case of MTOCT (second from top). Here the laser field with highest fidelity at iteration
number 112 (indicated by the arrow in the left panels) is selected.

Starting from a maximum superposition state in a two- quantum gates need to be phase correct. This means that,
qubit basis />(|00CH 0104 1004 [110), this results ina  up to an arbitrary global phagsg, the phases of all transitions
superposition state with the corresponding relative phases:need to be exactly controlled, as given by the unitary matrix

of a quantum gate. For our example, of the two-qubit CNOT
—(|OOD-|— |020H [100H |110) — e %00+ e 401+ gate, the phases in eq 17 must meet the condiigh= ¢o;
i i = ¢11jaser= P10/aser= ¢g. This is not guaranteed falobal

HeEef110H e o100 (17) quantum gates, as is exemplified for the CNOT laser field

. displayed in gray in Figure 7a. It has been optimized with

The phasespoo and ¢o; are determined by the free
evolutlorr)1 of th?respecnﬁe eigenstates, while th)(/e laser-driventhe MTOCT functional and for the transitions of eq 10 and
states|100and | 110exhibit phaseg1 aserandd1o jaserwhich induces the right population transfer with a yield>099%
additionally depend on the laser pulse phase and the driven(réflected in the unit length of the gray arrows in Figure 7a).
states. Corresponding considerations apply to NOT, Had- However, the phase development, shown in Figure 7a by
amard, and1 gates. means of the complex coefficients of the overlap between

For the successful application of elementary quantum gatestarget wave functionsb, and laser driven wave functions
in any sequence or quantum algorithm, the individual W(T), is different for each of the four transitions (gray
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arrows). All arrows point into a different direction; that is, delays for phase synchronization provides a very flexible
the phase development is different for each of the four tool kit. Still, for a quantum algorithm to work reliably, a
transitions $oo = (o1 = P11 jaser” P10jase), @and due to this, highly sensitive phase stabilization of individual quantum
the fidelity (eq 5) of the corresponding CNOT gate is only gate laser fields is necessary. The techniques for phase
~12%. One can, however, compensate for this arbitrary stabilization of short laser pulses have recently been devel-
phase development by an additional, well-defined delay, oped®”:%¢ Due to the rapid and complex relative phase
during which the relative phases freely develop according development within the qubit basis, also the synchronization
to eq 13 and are finally synchronized as desired. In the caseof consecutive laser pulses needs to be very precise. The
of the CNOT gate considered in Figure 7a, after a delay of time scale lies in the regime of sub-femtoseconds to a few
100 fs following the laser field interaction, all phases in the femtoseconds, since all relative phases of basis states in a
qubit basis are adjusted in the right walao = ¢'01 = ¢'11 aser superposition have to be exactly set. This task of phase
= ¢'10,aser and collapse to one global phage The sequence  control becomes increasingly complex in higher dimensional
of laser field and free evolution results in an altogether phase qubit systems. For a simplified and more robust approach,
correct CNOT implementation and a rise in fidelity=t®9%. only the phases between those basis states coupled by the
This is shown in Figure 7a, in black, respectively. next quantum gate laser pulse need to be synchrofifzed.
In section 3.2, we have introduced different functionals 1S corresponds to a projection of the phase space onto that
to optimize phase correct elementary quantum gates. In©f the single relevant QUb'.t’ which is addressed in the next
practice, it is not a simple task to optimize population and du@ntum gate. Moreover, it denotes a transitiopriecom-

phase control simultaneously. Even relative phase control isPil€d quantum computing, as such a sequence cannot be
glivided into overall phase correct elementary gates any more.

from a comparison of Hadamard and NOT gates for a For precompiledquantum computing, the relative phase

specific system (see section 4-the Hadamard laser fields and its evolution in a superposition of molecular states, that
are much more complex or have an increased duration. This'S: @ molecular wave packet, also plays the decisive rscile. In
is based on the fact that the relative phase development takel€ approaches pgesented by Bihary efaVala et al*

place within femtoseconds, on the order of the time scale of 2"d Teranishi et afa phase modulated laser pulse is applied

the driving laser field oscillations. Thus, the total duration © form @ wave packet with information encoded in the
Tin eq 6 is an extremely sensitive optimization parameter. defined relative phases. Either the laser field serves as the

As a consequence, for most “preselect@dinore complex ~ duantum algorithm itseff;** or the initial wave packet is
laser fields result fophase optimizedjuantum gates than prepareq in a special way, such that the quantum algorithm
for global quantum gates and each optimization algorithm &N be Blmplemented solely by the free evolution of the
(eq 6 to eq 9) converges to different results. However, there SYSteMm= In the latter case, a different encoding of the qubit
exists an optimal duratiof, for which the same sim’ply logical states in rovibrational superpositions is necessary and

structured laser field and a high fidelity for the corresponding |iglven' by the'transform?tlon matm;éNOT that d||agfonal|zes
quantum gate are received from all algorithms. This optimal (N désired unitary transformation, for example, for a CNOT
time T can be deduced from the duration foglabal laser gate in a two-qubit basis:

field plus the subsequent time delay needed for the right

phase synchronization during free evolution. Figure 7b shows

time optimized runs for the CNOT gate in the system used CNOTyiag= UcnoT
in Figure 7a, with three different types of optimization algo-

rithms (the multitarget state-to-state algorithm is used twice,

with superpositions as “Sup” and without as “MTOCT"). (18)
For this optimal time, all algorithms yield the same phase
optimized laser field with a fidelity of>99%. Even with

the phase insensitive MTOCT algorithm, intermediately the
phase correct laser field is found (iteration 112). This is
indicated by the arrow in Figure 7b, left panel; the corre-
sponding laser field is shown in Figure 7b, right panel. The
following iterations only change the phase of the laser field,
and thereby, the fidelity starts to oscillate. This already hints
at the fact that the correct action of a quantum gate laser
field in a sequence delicately depends on the stabilization
of its phase.

In conclusion, molecular vibrational quantum computing
can be viewed as a wave packet interferometry experiment.
For universal quantum computing, the relative phases
between laser pulses in a sequence of elementary quantum
gates are important, and thus, the laser fields must be phase
stable and well synchronized in time (including the delays).
For the examples girecompiledquantum computing given
so far, the global or absolute phase of the laser pulses, which
prepare the input information, is not important but only the
relative phases of spectral components, which are imprinted
o ) _ in the prepared wave packet. This, of course, is an advantage

The principle of “coherent control” relies on the interplay ¢, precompiledquantum computing. However, it is unclear
of the phases of molecular quantum states and that of they,qy increasingly complex quantum algorithms can be

laser field. If in a sequence of quantum gates the phase of,ggjized within theprecompiledapproachf®
one laser pulse is shifted with respect to the others, its action

on the intermediate qubit superposition state is altered. As a :
consequence, the result is tampered with. The effect of a5' Examples of Quantum Algorithms

shifted phase of one pulse can be counterbalanced by The implementation of some touchstone algorithms already
additional delays, such that the phase relations of the qubithas been demonstrated or even realized experimentally using
basis states in superpositions are matched to the phase ofemtosecond laser techniques as quantum gates on qubits
the next laser pulse, and the desired operation is retri&ved. encoded in internal motional states of molecuifes:3863

The implementation of quantum algorithms by sequences of Referring to the example of vibrational quantum computing
shaped pulses for global population transfer plus intermediatewith polyatomic molecules, Figure 8 shows theoretical
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Figure 8. Pulse sequences for quantum algorithms on vibrational qubits: (a) Deultszba sequence; (b) the quantum Fourier transformation.

realizations of a two-qubit Deutseldozsa (DJ) algorithm  to the high fidelity of the individual quantum gates®99%.

(Figure 8a}® and a two-qubit quantum Fourier transform This emphasizes the fact that, disregarding any external error

(QFT) (Figure 8b% in different qubit systems. sources, a high fidelity of quantum algorithms can be
The DJ algorithm allows us to extract an essential feature guaranteed by a precise optimization of the individual

of an unknown function of onenf bit(s) by measuring only =~ quantum gates.

once (2 + 1 times), while any classical algorithm would

require at least two (2* + 1) measurements. The action of g, Experimental Realization Strategies

the unknown functions is encoded in an oracle transformation . ,

U,. The DJ sequence in Figure 8a has been calculated for N section 3.1, we have already addressed the generation

the model system acetylene introduced in section 2.1.1. InOf highly modulated laser pulses with very complex struc-

this sequencephase optimizetaser fields have been used tures in various coherent control experiments. The majority

to implement the quantum gates. The index denotes the qubiof these experiments has used laser pulses in the UVivis

each gate acts on. The oracle functidnis represented by ~ fégion, which can be formed with state-of-the-art, direct

a NOT or Identity gate for constant functions and by a CNOT
or ACNOT gate (with reversed switching conditions) for
balanced functions. The probability for measuring the right
outcome in the presented sequenceB4%. Errors stem

from the accumulation of small deviations from the ideal
implementation (100% fidelity) of the individual elementary
guantum gates, which have been optimized with fidelities

shaping techniques. Amplitude and phase masks are applied
to LCDs, AOMs, and deformable mirrors for modulation in
the frequency domain. Thuprecompiledquantum comput-

ing with rovibrational states in electronically excited mol-
ecules should be straightforwardly realizable experimen-
tally.*> The implementation of a DJ algorithm in a
corresponding scheme has already been demonstrated by

between 95% and 99%. An alternative scheme using Vala et al!

electronically excited vibrational states has been proposed

by Ohtsuki3*

The QFT is an essential ingredient in quantum algorithms,

which rely on the extraction of the periodicity of a function

In the IR regime, direct shaping in the frequency domain
has not been possible for a long time, and as yet, only simply
shaped structures are available. Pulse trains with defined
relative phases and delays are now accessible through direct

or the so-called phase retrieval, with one prominent example @nd indirect shaping methods explained in refs-8g.

being Shor's factoring algorithm. The QFT sequence in

For universalquantum computing with vibrational qubits,

model system 43-8. The Hadamard gates have been optiRY @ sequence of partially overlapping subpulses (see section

mized phase correctly, while the CNOT gates are imple-

4.1). With appropriate optimization parameters, simply

mented with population optimized laser fields plus a defined Structured pulse trains(t) can be obtained, which should

delay to synchronize all phases. The conditional phase gat

Uij11o

0

0
Uijan= 0 (19)
ei7r/2

O OO
o oOoOr o
O Fr oo

goe realizable straightforwardly in an experiment (see section
4.3):

et) = ZGo,ke_((t_to'k)/TG'k)2 Cos@o(t — to)) + Pcepy)
(20)

The decisive parameter for the correct action of a pulse

train is the relative phase relation between the individual

is implemented solely via the relative phase development subpulseg? It consists of the subpulse carrier-envelope
during the free evolution between the two Hadamard gates. phasespcepk plus the phases additionally introduced during

The fidelity of the total sequence Bs99%, corresponding

their delays bywox(t—tox). As long as the correct relative
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Figure 9. Reconstruction of a CNOT gate in the 3D acetylene model for experimental realization by a train of simply shaped subpulses.
Left panels from top to bottom: optimized laser field (black) and the five Gaussian pulses for reconstruction (black) together with the
original optimized laser field in gray. Right panels from top to bottom: reconstructed (black) and original (gray) laser fields. The mechanisms
of the reconstructed laser fields are indicated by solid lines, and the original mechanisms are indicated by dashed black lines.

phase relation is conserved, a variation of the delay betweenqubit systems with state-of-the-art (direct and indirect)
the subpulses is possible, allowing for some flexibility in shaping techniques.
the selection of the delay times. This has been demonstrated7
with simply structured CNOT gates in different two-qubit /- Future Challenges
systems?4° The sensitivity of the pulse sequence to the  We have reviewed the fundamental concepts of applying
relative phase is analogous to the dependence of the correcinolecular systems controlled by femtosecond lasers in
implementation of quantum gate sequences on the relativequantum information processing, which have been estab-
phase of consecutive elementary gate laser pulses. Figure %ished in theory and experiment. To further promote mol-
schematically depicts the reconstruction of a CNOT laser ecules as practical quantum computing devices in a larger
field in a qubit system comprising a state which is anhar- context, work has progressed on issues such as decoherence
monically resonant to the qubit basis st#tél] labeled as and scaling.
|11, The left panels show (from top to bottom) the Control of Decoherence.Theories for the application of
optimized CNOT laser field and the five Gaussian shaped optimal coherent control to realize quantum computational
subpulses as used for its reconstruction, superimposed oroperations and algorithms have been established and dem-
the optimized laser field in gray. The right panels show the onstrated in decoherence-free model systems. Experimental
reconstructed laser field in black superimposed on the realizationd' 22 of qubit operations have been relying on the
originally optimized one in gray. There are only slight factthat qubitlogic operations occur on a much shorter time
deviations in the amplitude profile. The graphs below display scale than decoherence does. The issue of decoherence is of
the mechanisms of global population transfer induced by the course an important one for coherent control in general, and
reconstructed CNOT laser pulse sequence together with theresearch on this topic has been quite extensive (see, e.g.,
original mechanisms, indicated by the dashed lines. Even inthe review by Shapiro and Brunféy. In fact, the possibilities
this rather complex model system, containing the resonantinherent in the control of quantum systems by specially
state|11%, the CNOT gate is reproduced well by the simple shaped laser fields already allow us to counteract a certain
Gaussian pulse sequence, with a minimum vyield of 91% amount of dephasing and dissipation, as has been proven,
compared to the 96% of the optimized laser field. for example, for the case of intramolecular vibrational
In summatry, for all elementary quantum gates in our model redistribution, IVR. In the case of IVR, optimal control
systems, a pulse structure could be optimized which is functionals have been successfully applied to achieve selec-
decomposable into a train of simple Gaussian subpulsestive state preparatiotf:”374
Thus, elementary steps of quantum information processing Apart from intramolecular decoherence, also decoherence
should be realizable in molecular vibrational and/or electronic phenomena which appear through noise from the environ-
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ment are important for the practical implementation of  In the most advanced NMR and ion trap approaches, the
guantum computing. Approaches to handle this source of technical difficulties of increasing trap mode densities and
decoherence are mainly concerned with quantum errorincreasing gate operation times, arising from the enlargement
correction or selection of decoherence-free subspadase ansatz, are not yet solved. For molecular vibrational qubits,
schemes developed for quantum error correction in generalthe challenges are similar. The vibrational spectrum will
can be straighforwardly transferred to the quantum systemsbecome more dense, but the high flexibility in molecular
controlled by femtosecond lasers. The error correction design in combination with selection rules can compensate
scheme, however, requires an even increased scaling of théor this difficulty. Up to now, we were able to calculate a
quantum system with the number of qubits (one logical qubit four-qubit system (section 4.3) with encouraging results for
is encoded in several physical qubits or states) and also inthe gate complexity and efficiency. Still, longer gate opera-
the number of logic operations needed to implement an tion times were necessary. The estimation of an upper bound
algorithm (additional error measurement and correction). for the number of manageable qubits cannot easily be given
Within the regime of quantum computing with femtosecond With theoretical methods, as the limits of computer time will
laser fields, two aspects of decoherence control or reductionP€ reached quickly. However, this is not a proof for failure
have been addressed recently: counteracting statistical nois®f the direct enlargement ansatz, because in the experiment
from the environment during quantum logic operations or the molecule will solve its Schidinger equation on its own
minimizing noise effects on a desired prepared qubit state.@nd computer time is not an issue. In the ion trap approach,
For the first case, fighting decoherence during control or the network type ansatz for enlarging the qubit system seems
switching processes, Rabitz et al. have actually shown that!® P& more promising. For molecular qubits, such a scheme
it is not possible to achieve high vields if the coherence could be _reahzed by synthesis of macromolepul_es consisting
lifetime is short compared to the control interaction tifhe. ~ Of Subunits, carbonyl complexes or aromatic ring systems,

For the latter case of protection of a prepared quantum or connected via molecular bridges such as conjugate€C
qubit state against noise during free propagation, Kosloff et bonds, allowing parallel distributed computing. Each subunit

al. have brought up the idea of a quantum governor, a schemd!as t0 operate as an individual node; thus, the independent
in which automatical detection and correction of errors control of each node is mandatory. It can again be realized

without actually measuring the errors is possibile. by applying modulated femtosecond pulses, supported by
the use of polarization directions. For the communication

For practical implementations, we think that it is most pepyeen the individual nodes, internode information and data
useful to fight decoherence by artificially restricting the qubit  exchange is required. Ongoing work in our group shows that
state space such that decoherence times are much longer thapis possible to generate superposition states via molecular
operation times. We have already discussed this approachyjires and thus exchange information between qubits belong-
in the introductory sections on quantum and qubit systems, ing to different nodes. From this point of view the obstacles
and it seems quite natural that qubit basis states should beor the realization of a large scale quantum computer are
selected that satisfy this precondition. Tannor et al. have comparable to those of other technologies under investiga-
additionally brought forth a method of local control which  tion. Aspects in favor of molecules as future building blocks
enables the restriction of the evolution of a system to within in quantum computing are their special properties which
this selected set of qubit stat€sAnother method of dealing  allow convenient handling, storage, fixing, orienting, and
with system internal decoherence is the concept of multilevel precise control by ultrashort laser pulses.
encoding. As in quantum error correction, logic qubit states
are encoded in multilevel subsystems. However, no readoutg conclusion
or error correction steps are necessary, as the quantum logic
operations can be constructed in a way that their fidelity is  In this review, we have discussed the recently developed
not affected by decoherence within the subgeie. ideas of using the coherence of internal molecular motion

Scalability. While, at present, several approaches, headed 0" duantum computing. The appropriate tools to exert
by ion traps and NMR experiments, but also concepts with coherent contr_ol on molecules are shaped, ultrashort, f(_am—
photonsi! solid state€? and internal molecular modéss2s3  tosecond to picosecond, laser pulses. They are especially
have demonstrated basic gate operations and are even apig-/ted for the implementation of quantum information
to prove that quantum computing has become reality with processing, as they prqwdg extremely fast (compared to all
few qubits?22¢ large scale quantum computation is still a Cte" guantum computing implementations), flexible quan-
vision which requires ongoing research. In the end, only a tum gates, which can act on various degrees of freedom and

. i a manifold of molecular states. Molecules, in turn, provide
large scale quantum computer will be able to efficiently solve

some of the most difficult problems in computational science, 2 wide variety of possible qubit systems, even more when
; Pro pute . ' chemical engineering is employed to attain the desired
such as integer factorization, quantum simulation, and

modeling. intractable on anv bresent or conceivable future spectroscopic or other characteristics. We have reviewed the
classicaiq’computer yp possible applications of shaped pulses and molecular qubit

systems within two quantum computing approachpee-

In principle, two pathways for scaling can be followed: compiledand universal quantum computing. The current
enlargement of a single quantum register, or a network with state of optimal control theory for the calculation of efficient
nodes consisting of smaller units, hopefully achieving both quantum gate laser fields was summarized. Different target
speed and storage capacity increases. The conceptuallyefinitions have been presented and used for the aspired
easiest way to enlarge the qubit system in the molecular global population transfer or for phase control. We have
approach is to address more normal modes and to use largeelucidated the mechanisms by which logic operations are
molecules. In principle, the number of vibrational qubits in implemented through lasemolecule interaction for the case
anN-atom molecule scales favorably witN3vhereas NMR of universal quantum computing with a set of elementary
and ion trap systems scale with gates on vibrational qubits. Furthermore, we have outlined
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dependencies of the gate complexity on molecular parameters (28) (I-;iﬁffneilr, HM H'?st;el, V\4 Féeoos,ICUFl.:;) B%nhglmMJ.; SChhek—(f;ll—sz;\r,OD.;
i i i walla, M.; Kaber, T.; Rapol, U. D.; Riebe, M.; Schmidt, P. O.;

and on the total operation time. We haye d|sgussed the _role Becher. C.. Ghne, O.: Du, W.- Blatt, R. Nature 2005 438, 643,

of the phase of the laser field in connection with the relative  (29) cirac, J. 1.; et alPhys. Re. Lett 1997 78, 3221.

phase of qubit superposition states in timversalapproach (30) Kielpinski, D.; Monroe, C.; Wineland, Nature 2002 417, 709.

and theprecompiledapproach. Whether consecutive elemen- (31) X%'gbg-g’gm&agé 1Zé: Zhang, B.; Leone, S. R.; Kosloff, Riys. Re.

tary operations or _advgnced qua_ntum _algorlthms ar,e p_er- (32) Zadoyan, R Koheﬁ, D.; Lidar, D. A.; Apkarian, V. Bhem. Phys.

formed, phase stabilization and delicate time synchronization 2001 266, 323.

of the applied laser pulses are essential in any case. The (33) Biharzydozz-:éélgnn,gD. R.; Lidar, D. A.; Apkarian V. AChem. Phys.

; ; i ; Lett. 459,
appro;l)rlalfe exrp])erlmentglll_techmq#es fobr puls((ja Sh?pm% an%, (34) Ohtsuki, ¥ Chem, Phys. Letg005 404, 126.
recently, for phase stabilization have been developed and (3s) skiarz, S. E.; Tannor, D. J. quant-ph/0404081 (2004).

are available for testing in various (quantum computing) (36) Tesch, C.; Kurtz, L.; de Vivie-Riedle, Ehem. Phys. Let2001,

control experiments. The ultimate success of femtosecond 343 633. o

laser driven molecular qubit systems is not guaranteed, but ¢7) 1567538’1 C. de Vivie-Riedle, RPhys. Re. Lett. 2002 89,
this approach offers considerable potential as a platform for (3g) Tesch, C.. de Vivie-Riedle, RJ. Chem. Phys.2004 121,
new ideas and technologies. In this context, optimal control 12158.

offers the most promising tools to master challenges such (39) Iéi%?ann’ U.; de Vivie-Riedle, Rl. Chem. Phys2005 122,

as decoherence and Scalabi”ty- (40) Korff, B. M. R.; Troppmann, U.; de Vivie-Riedle, R. Chem. Phys

2005 123 244509.

(41) Greenberger, D. M.; Horne, M. A.; Zeilinger, Rhys. Todayl993
46, 22.

(42) Manz, J.; Sundermann, K.; de Vivie-Riedle, ®aem. Phys. Lett.
1998 290, 415.

(43) Kosloff, R.J. Phys. Chem1988 92, 2087.

(44) Cirac, J. |.; Zoller, PPhys. Re. Lett 1995 74, 4091.

(45) Cory, D. G.; Fahmy, A. F.; Havel, T. Proc. Natl. Acad. Sci. U.S.A.
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