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- Quantum Aspects

Quantum: Atomic scale & “Confined”
* Measurement by “boundary conditions”

— Observing (measuring) quantum system alter its state
— Example: the Qubit

v)=a0)+b1

When

Before making a observed, the

measurement i
state of a either b=0
qubit will
collapse to

Coherent
superposition

or a=0



Timeline of Certain Aspects of
Quantum Computation (QC)

lon Trap
etc.




Realism in the Quest for QC & Ql

Quantum Security
(e.g. DARPA supports QC in the National Labs)

Why are Companies like HP, Microsoft
interested in QC ?

Only one time use software!

— Neilson talked about it while he was in Microsoft
Speed
Future Market



Basic Principle of NMR Quantum Computer
A nearly ideal physical system that can (NMR'QC)

be used as a QC is a single molecule

— Nuclear spins of individual atoms in the
molecule represent qubits

The quantum behavior of the spins can
be exploited to perform QC
— e.g., the carbon and hydrogen nuclei in a

chloroform molecule represent two
qubits

Application of a RF pulse to the
hydrogen nucleus addresses that qubit,
and rotates it from|0> state (say) to a
superposition state

Interactions through chemical bonds
allow multiple-qubit logic to be
performed

Carbon
(!
RN
Cl @

Solution NMR
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Major Drawbacks of NMR-QC

e Solution NMR-QC is not scalable to useful number
of spins

* |deal signal from N-bit QC scales as N.2"N at room
temp. Even quantum noise overwhelms quantum
signal for moderate N at room temperature

e Even 10 bits (requires a totally asymmetric spin
system) will be very hard and the computer will
be very slow. 10-100 Hz clock frequency

Quest for other schemes necessary

* Optical schemes ?
— Example: Control of molecular system with lasers
— Light Polarization state, just like, the “spin”



What is Adiabatic QC ?

Molecule is the computer as in NMR case
— Bring in all the goodness in NMR approach

Logical implementation of quantum gates using
* ground states, spectral gaps & Hamiltonian language

— Resulting quantum gate represents a device that performs
a unitary transformation on selected qubits in a fixed
period of time

Computational procedure in the adiabatic QC model is
described by

— Continuous time evolution of a time-dependent
Hamiltonian with limited energetic resources

* an aspect often neglected in the unitary gate language



Problem of molecular control: Intramolecular
Vibrational redistribution (IVR)

A few fs later,
however, the entire

The bond molecule is
vibrates vibrating.

Excite one bond

IVR occurs on a few-fs time scale, so long pulses excite entire molecule, and the
weakest bond breaks, no matter which bond was excited. We need the pulse in
femtosecond regime.



Control: Laser Molecule Interaction

* |Intermolecular—Diffusion & Mobility
Timescales Depend on environmental conditions

* Intramolecular—Intrinsic to Molecular States

Timescales typically vary from ns or below depending on whether electronic,
vibrational or Rotational States are involved
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Molecular Decoherence: IVR

Normal Mode Picture Eigenstate Picture

Couplings
/ Y

E\Iormal Mode Doorway
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Overtone: states

"Bright State”
( Other rovibrational) Oscillator strength
levels: "Dark States’ from normal mode
is distributed amon
many eigenstates

Ground state Ground state
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An Ultrafast Laser Pulse

Coherent superposition of many monochromatic light waves within

a range of frequencies that is inversely proportional to the duration
of the pulse

Short temporal duration of the ultrafast pulses results in a very broad

spectrum quite unlike the notion of monochromatic wavelength property
of CW lasers.

e.g.
Commerciall
| y 10 fs (FWHM)
available — 94 nm —
Ti: Sapphire <4=p
Laser at 800nm time wavelength
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Pulse-shaping: Spatial Mask

Grating

BT FT-1




Pulse Shaping

» Control over the amplitude, phase, frequency and/or inter-pulse
separation

» Complex pulse shaping aims to control one or more of the above-
mentioned parameters in a programmable manner.

Can be represented by Linear Filtering Scheme:
o Time Domain: E_,(t) = £, (t)®g (t), where ®=>convolution
o Timescales not quite accessible with conventional electronics (typically ns)!
o Frequency Domain E_ (®) = E,, (®) x G (®)

G(w) = Idt.g(t).e’m and g(t) = L_“dt.g(t),e"“”
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A couple of representative graphs of the pulse shaping capability is shown in the
data that are collected in the wavelength and time-domain respectively.
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Coherence: Simple
Two-Level System
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Taylor Series Expansion of
Instantaneous Phase

E(t) 8 (t) iw.t+ig(t)

Phase

@(t) = b, +bt+bt +bt +bt +bt + ..

d1)= b, +2b,t +3b,t" +4b,t° +5b.t" + ...

Frequency

Sweep dp(t) 1 FM
_ - H
o Lp(2) (7))
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off-diagonal density element
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off-diagonal density element
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Dressed State Character
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Pl Pulse Effects

Eigen Energy (arb. units)
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Coherence Term (arb. units)

Linear Adiabatic Chirped Pulse Effects
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off-diagonal elements of Density Matrix
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off-diagonal elements of Density Matrix
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Normalized Population
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Real part of Coherence Terms (arb. units)
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Manifestation of IVR in Anthracene

Effect of Gaussian Pulse
5>
3>

Theoretical Hamiltonian
Goswami & Warren,

JCP(92), PRA(94))
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Experimental Results: Felkar & Zewail, 82, 2961-3010 (1985)
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Model Calculations with Shaped Pulses
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Example of Hadamard Gate in
Molecules

Equal superposition
between quantum states

0y > —=(10) + 1)) "

v,_ 0.8
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Probe Coherence = Off-Diagonal Elements

From Spectroscopy: All absorptions associated with dispersion

Kramer-Kronig relationship

— All absorptions composed of Real part + Imaginary part

where Real part = Dispersive part
Imaginary part = Absorption

Rabi Flopping = Coupling through absorption
Adiabatic Process = Coupling through the
Dispersive part—no
absorption process
= No population flopping

Benefits of such study:
Quantification of 2-level character in a multilevel system
Off-diagonal density matrix elements switch from real to imaginary
— Excitation process changes from being resonant to completely adiabatic

J. Chem. Phys. 127, 124305 (2007)



1 mJ/pulse @ 40fs with 1 kHz rep rate
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Model Calculations with Shaped Femtosecond Pump-Probe

Pulses: Quantum Computing Speggr,g%ggy(_:o!,pterface
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Fluorescence generation
(shown as green) in
confocal, multiphoton

and the new microscopy ¢
method presented here.
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