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Fig. 9.27 (a) immif microbe found in river water was moved to an arbitrary trapping
K until being released from control. Uncontrolled swimming is shown
e trap or path is shown by a thin line with arrow heads, and the

controlled motion
away after the controld
steered around a traj

of one QD after another to 1g
In the experimental re
limited the control precisi8

fot devices.)
H earlier, our vision sensing accuracy had
imjt was both experimental setup specific
(camera pixel size) and more funda he wavelength of light limitation). It is
possible to improve the sensing ermin® the location of a particle to well below
the wavelength of light, in real-time. The key is to realize that a nanoscopic particle,
such as a quantum dot, appears as a diffraction lignited spot under a microscope, and
this spot spans many pixels (see the inset i a). By averaging correctly over
the many pixels it is possible to infer enter of the diffraction pattern to better

than single pixel resolution, a technique know, ixel averaging [113], which
we perform in real-time.

The errors in quantum dot placement arq@now bination of vision sensing
errors (which can be driven down to tens o omet and diffusion between

control updates (which can be reduced by doin ates more often and
by using a higher viscosity fluid — we added a pflym ter that increases its
that had to be solved to
achieve nanometer precision. QDs blink on and off: Blin™M\and out of view.
We pause our control actuation when a QD blinks off g inufactuating when
it blinks back on. The QD position is controlled in the
still diffuses in the vertical direction. This diffusion make
plane of the microscope and causes a defocusing which hu
Thus we wrapped in a second control loop that uses the vari
as its metric and drives this metric to a minimum by moving the j

and going down below it both look the same, so for this second Whtrol loop we
introduce a small jitter and then check if the dot looks more focused when going
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Fig. 9.28 Illustration of the optical and electronic setup for tracking and feedback control of QDs.
A CCD camera images the QD and sends'the information to a tracking algorithm that uses subpixel
averaging to accurately determiné the current position of the QD. The control algorithm uses this
information to determine the proper voltages to apply to the electrodes in order to move the QD to
its desired position. A second feedback loep moves the imaging objective in the z-direction using a
piezo stage to keep the QD in focus [84,89]. (Used with permission. Copyright American Chemical
Society.)

up or down. This tells us if we are above or below the focal plane and we then use
a Newton-bracketing algorithm to steer to thé minimum image variance. This inner
loop runs slowly compared to the maifi xy control loop. The end result is higher
accuracy control in the xy plane. The verticaldoop also tells us where the QD is
with respect to the bottom photonic crystal’so we can wait until the QD diffuses
to the bottom to freeze it in place. Chemistry is also‘an issue. We had to create a
fluid that could be actuated by electro-osmosis, that had-a high viscosity, and that
was compatible with our device (with PDMS) andswith the QDs (would not cause
them to fall out of solution). With our colleagues, we are now further creating fluids
that satisfy all of the above criteria and, in addition, can be solidified to nanometer
precision (by two-photon absorption) [114] to allow us.te.fix a QD at a photonic
crystal cavity by solidifying just a small amount of fluid around it.

Our current single QD positioning results are reported in [84,89] whichiincludes
all details on the experimental setup (Fig.9.28), the errorcanalysisyand an optical
autocorrelation measurement that proves we are indeed contrelling just one single
quantum dot. We were able to hold a QD at a single location to 45mnm accuracy and
steer it along a path with an average deviation of 120 nm (Fig. 9.29). Theldot was
controlled for 1 hour, its useable (i.e., visible) lifetime.
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Fig. 9.29 Single quantum dot trajectory. (a—c) Time stamped CCD camera images of a single
quantum dot being steered along the desired trajectory. The white trace shows the measured path of
the quantum dot up until its current location. The square magenta box shows the subpixel averaging
window used to determine the current position of the QD= The inset in panel (a) shows a closeup
of the subpixel averaging window which contaifis the QD near its center. (d) Plot of quantum dot
position along its trajectory. The dotted black line shows.the desired trajectory programmed into
the controller. The actual measured QD trajectory isshown in blue. The solid red squares depict
when the quantum dot blinks off. At the end of the trajectory the QD is held in place for 2 min.
The deviation of the QD from the desired trajectory was measured to be 104 nm [84]. (Used with
permission. Copyright American Chemical Society.)

9.3.5 Ongoing Research: Toward Three-Dimensional Control
and Control of Object Orientation

Control in the third dimension is also possible [88]. A microfluidic dévice with
multiple levels (as shown in Fig. 9.30) can create fluid flows or electric fields with
up and down components, in addition to the prior horizontaldactuation directions.
For example, an actuation from the top North electrode to the bottom South-West
electrode will create both a Southwards flow as well as a downward component.
As before, different actuation modes move different particles in different directions,
and using the same least-squares control algorithm as before these modes can be
judiciously combined to create particles velocities as close as possible to desired
three-dimensional velocity vectors.
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Fig. 9.30 Sample device.design for three-dimensional particle control. By placing electrodes in
a top and bottom layer, a flow or electric field actuation component can be created from top to
bottom or vice versa in the central control region [88]. (Used with permission. Copyright Institute
of Physics (IOP) Publishing.)

The device above with eight electrodes can readily control one and two particles
in all three dimensions (Fig.9.31). As previously [83], effective control remains
possible in the presence of moise and is still accurate even if the properties of the
particles (and the device) are not known perfectly. Control of two 10 nm diameter
particles (whose Brownian motionds significant in water) is shown in Fig. 9.32 along
two orthogonal and self-intersecting circles. In this case we assumed that the control
algorithm does not accurately know the charge on these particles — it believes their
charge is £50% of the true value. In this uneertain case, the simulation shows that
manipulation can be achieved with a precision of 2um.

In addition to controlling the position of objects;. it is also possible to control
their orientation. The discussion below is stated back in two spatial dimensions, but
the same method can be used in three dimensions as well. The idea is that now, in
addition to creating a translating flow, a flow shear s also created to turn the object.
Understanding how to create the right flow is subtle! It is\not possible to create
a flow rotation: the flow follows the applied electric field and the electric field is
irrotational (Vx E=V x (=V¢) =0).

It is, however, possible to create irrotational flows with,shear.'Only some types
of shear flows can be made. It is not possible to only create the shear flow
in one direction as shown in the first panel of Fig.9:33. Theillustrated du/dy
horizontal flow shear (clockwise rotation) must be exactly cancelled.by an equal and
opposite vertical flow shear dv/dx = du/dy (counterclockwisetotation) as follows
immediately from the zero curl equition for the electric field, or equivalently fluid
velocity vector field, Vx E= Vx V= dv/dx — du/dy = 0. But it is\possible to
create saddle flows, with two balancing shears in opposite directions, as shown in
the second and third panels.

If this saddle flow is chosen correctly with respect to the object — here if the
shear that will rotate the ellipsoid clockwise is oriented to work on its long axis
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Fig. 9.31 Two charged particles controlled simultaneously on two orthogonal circular paths. The
horizontal and vertical paths are shown«at the rop and the bottom of the figure, respectively. The
desired path of the two particles (A and B) is in thin black and the achieved path is in thick black.
The (red) arrows show the created electric field at the two time instants (arrows that appear as
round dots show flow coming out of that plane) [88]. (Used with permission. Copyright Institute
of Physics (IOP) Publishing.)

while the opposing counterclockwise shear only has the short axis to work with —
then one rotation will win over the other and the object can be turned clockwise in
a controlled fashion. This works for any object that 4s not fully symmetric. For
example, a sphere, which is fully rotationally symmetric, will not be turned as
depicted in the second panel of the figure. However, the ellipsoid, shown in the
third panel, can be turned by an irrotational saddle flow.

In Fig.9.34 we show initial results for position and orientation control of an
ellipsoidal object in the plane in simulations. The fluid dynamics in the device is the
same as before. Also, as before, there is a linear mapping from electrode actuations
to object configuration velocity, here to its translation and rotation velocities. For
any location and orientation of the ellipsoid, this mapping can be inverted by least-
squares to find the electrode actuations that will move and rotate the object from
where it is to where it should be. For even less symmetric objects than ellipsoids,
like helixes, there will be coupling between translational and rotational motion.
In that case a linear mapping between the applied voltage and particle velocity
still holds in principle, and consequently control should still be possible in a
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Fig. 9.32 Two nanoparticles (diameter 10nm) controlled simultaneously in the presence of
Brownian motion and a 50% chatge uncertainty [88]. (Used with permission. Copyright Institute
of Physics (IOP) Publishing.)
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Fig. 9.33 Flow actuation to turn a nonspherical object (the shewn flow_would be in addition to
flow being used to translate the object). (a) It is not possible to create,the llustrated unidirectional
shear flow since that flow is rotational. In the devices the flow follows the electric field which is
always irrotational. However, a saddle flow can be created in the device. A saddle flow will not turn
a fully rotationally symmetric object like a sphere (b) but it will turn‘an-object withdess rotational
symmetry like the ellipsoid (c)

similar least-squares inversion fashion. A further description of our rotation control
simulation efforts can be found in [115]. Experiments to test flow control of object
translation and orientation are currently underway and will be reported in future
publications.
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9.4 Conclusion

Feedback control has enabled microfluidic devices, here electrowetting-on-dielectric
as well_as simple PDMS devices, to carry out new tasks robustly and with
unexpected precision. We show in simulations that smart control can enable EWOD
systems to manipulaté single particles, and we show that cheap and easy to fabricate
PDMS devices with standard electro-osmotic actuation can steer and trap one
and multiple particles experimentally. Our control results have enabled nanometer
precision placément of quantum dots on photonic crystals for creating multidot
quantum information devices, something that has not been achieved using any other
particle manipulation technique.

All our control results, for the two examples in this chapter and for other
examples in our research (e.g., magnetic control for directing drugs to tumors
[116-118]), have been and are being enabled by detailed physical modeling.
Especially for new physical situations; this modeling is difficult and time consuming
(our modeling effort for electrowetting has continued over many years), but in
every case it has enabled us to create controllers that far exceed the performance
that would have been possiblé without modeling. In situations where we deal with
chemistry, new physics, and complex samples (fluids that can be solidified with
light, living cells, and human samples), we have to choose carefully what to model.
Often we are not able to list, let alone"mathematically describe in detail, all the
relevant physical phenomena; yetswe must model enough key physics so that the
control algorithm can know how to make things better at each time. To identify
the key physics and find the right modeling balance is one of our major challenges.

In terms of control algorithm design, defining a tractable mathematical control
problem is the most critical step. It is easy to state a control problem that is clearly
useful and we would like to solve, e.g., contrelyof nonlinear partial differential
equations through their moving boundary conditions, but that will not admit a
useable solution in the foreseeable future. Instead; we try to define more specific
problems that are still relevant but that can be.solved, and then to build up our
expertise to more general domains. For example, for control of electrowetting,
the critical insight was that there is a linear mapping from the pressures created
by the electrode pads to the particle velocities. \This linear mapping reduced
the control problem to a least-squares inversion of the small'linear matrix map

&
<

Fig. 9.34 Position and orientation control of an ellipsoid in the plane by electro-osmotic flow
control using eight electrodes. The ellipsoid is controlled to start at the bottom left corner of the
desired trajectory, trace the square path, and then return to the bottom left corner. Along each
of the four segments of the desired trajectory, the orientation task is to align the major axis of
the ellipsoid along that segment by the time it reaches the end of that segment. The ellipsoid is
perturbed by translational and rotational thermal (Brownian) motion. 7op: Feur time snapshots
are shown (electrode actuation voltages are shown by the values in the gray circles, the resulting
EO flow field is shown by the arrows). Bottom: The resulting sequence of ellipsoid positions and
orientations is shown for 95 times. (Used with permission. Copyright Institute of Physics (IOP)
Publishing.)
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from the pressures to the velocities (9.9), after which we corrected for the static
nonlinear relationship between the applied voltages and the pressures they create.
The least-squares matrix problem, unlike a more general nonlinear PDE control
with moving boundary conditions problem, is tractable and can be solved in real-
time with minimal computational power. It made control implementation practical
for electrowetting.

As in the electrowetting example, we are always trying to map from application
needs through our modeling to available or possible control design schemes. For
example, an application task (such as putting these living cells here) must be
translated through the language of modeling into tractable control schemes (e.g.,
least-squares, feedback linearization). In cases where existing control schemes
remain insufficient for all.r€asonable formulations of the problem, as has turned
out to be the case forfocusing of magnetic drugs to deep tumors, we have to invent
new control methods. In this case we must define a new control question that we
believe has a hope of being answered tractably. (For magnetic drug targeting we
have whittled the drug focusing goal down to a sequence of quadratic maps from
magnet control inputs to desired drug distributions: now semidefinite programming
tools can be used to find an optimalicontrol at each time [119].) Achieving the right
balance between the needs of the application and tractable control approaches is our
second great challenge.

Finally, our third and mostiimportant.challenge has been learning to communi-
cate and effectively interact with microfabricators, chemists, physicists, biologists,
clinicians, and doctors. Without them the results above would not have been possible
and, more importantly, would have been without purpose.
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Chapter 10
Problems in Control of Quantum Systems

Nayin Khaneja

10.1 Introduction

The chapter describes some differential equation models that arise in the control
and manipulation of quantum mechanical phenomena. Control of spin dynamics
in nuclear magnetic resonance (NMR) spectroscopy [2-4] is used as a paradigm
to outline general principles, in_the control of quantum systems and describe
some common characteristic phenomenon encountered in control of these physical
systems.

The defining equation for the state of a quantum mechanical system is the
Schréedinger equation

n
H0+2ujHj
=l

ly) =—i ), (10.1)

where the state of the quantum system is represented by a vector |y) € S, a suitable
Hilbert space. Hy and H; are Hermitian operators, representing Hamiltonians of the
system and u () are time-varying functions that gepresent controls in the system
dynamics. For models discussed in this chapter, % is|finite dimensional and in a
chosen basis, Hy and H; are Hermitian matrices. We assume that .77’ is finite, unless
stated explicitly. Modulating u; affects the Hamiltonian of the system and therefore
affects the evolution of the state of the system. Equation (10. 1) has the familiar form
of a bilinear control system

X = <A+§n:uij> X, (10.2)

Jj=1
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where in the present context, A, B; are skew Hermitian matrices and x is |y). The
evolution preserves the norm of the state |y). The evolution is unitary and the state
vector at time ¢ is related to the initial state vector by a unitary transformation U (¢),
such that

lw(®)) =U@)|w(0)), (10.3)

where U(z) satisfies the differential equation

U=—i U, U(0)=1, (10.4)

n
H()—l—ZMjHj
=1

where 1 is the identity matrix. A textbook example of a system where such a
bilinear control model arises is the evolution of the magnetic moment of a spin
% in a magnetic field B. Spin, like charge, is a physical property of elementary
particles. It is a measuré of theirintrinsic angular momentum, and the state of a spin
% is represented by a complex vector.of dimension 2. The Hamiltonian generates
rotations on the state space of a quantum system. The Hamiltonian of a spin % can
be written in terms of the generators of rotations on a two-dimensional space and

these are the Pauli matrices —io,, —ioy,=io,, where,

110 170 —i 1701
— — . = — : = = . 1
o 2[01}’% 2{;’0]’0)‘ 2[10} (10.5)

Note
[0y, 0y] = i0;, [0y,0;] =0y, |0:,0 = ioy, (10.6)

where [A, B] = AB — BA is the matrix commutator and

1
of:of:of:z. (10.7)

The classical energy E of the magnetic moment u of a spinfina magnetic field is E =
—U - B. The magnetic moment of a spin is proportional to its;angular momentum,
given by u = yL, where 7 is the gyromagnetic ratio (a characteristic property of the
nucleus) and L is the angular momentum operator. Therefore, thesHamiltonian of

spin % is

H = —y[B:L.+B,L,+B.L],

where Ly,Ly,L; are now operators, representing angular momentum in the x,y,z
direction, respectively.
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2 1) N c 12)
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) T 1)

Fig. 10.1 (a) Shows the/simplest of the quantum objects, a two level system being probed with
an electromagnetic field. (b) Showsithe energy level diagram of a three level Lambda system often
studied in the area of laser.spectroscopy. (c¢) Shows spontaneous decay of the population in state
|2) to energy levels | Lyand |3)

Since angular momentum is ‘@ generator of rotation, the angular momentum
operators Ly, Ly, L, are identified with the Pauli matrices oy, 0y, 0, the generators of
rotation in a two-dimensional Hilbest space. The Schroedinger equation then takes
the form

W) =iylo:Bod 0,8, (t) + 0:Bx (1)), (10.8)

where we use By = B;, ay = —YBo,and (u(r),v(t)) = —y(Bx(t),By(t)). The above
equation is then rewritten as

|@=§ﬂ£ﬁjZ£bW- (10.9)

1
0

— %, correspond to the state of the spins oriented along or opposite to the magnetic
field By. Equation (10.9) represents the most basic efrall quantum mechanical
objects, a two level system being manipulated by an external field. A schematic
of such a system is shown in Fig. 10.1a.

The differential equation model (10.9) describes the dynamics of spin % in the
NMR experiments when manipulated by transverse magnetic fields (B,(¢),B,(t))
which manifest themselves as control inputs (u(¢),v(z)). The primary goal of these
experiments is to accurately measure @y by manipulating or.prebing the system with
control inputs (u(t),v(z)), which provides a wealth of information eni chemistry and
structure of molecules carrying spins, as detailed subsequently. NMR experiments
are performed on an ensemble of spins. All the members of the ensemble may not
have identical state vectors. In which case, the description of a quantum system is a
density matrix as described by

The eigenstates of o, labeled, |0) = [ ] and |1) = {ﬂ with eigenvalues % and

p=2.rilvi) vl (10.10)
J
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where p; is the proportion of ensemble elements (3; p; = 1) in the state |y/;) (The
notation (y;|y;) and |y;)(y;|, denote inner and outer product of vector |y;) with
itself, respectively). In an ensemble of spin %, with % of spins in the state |0) and %
of spins in.the state |1), the density matrix is

1
z 0
= [34]
By the postulates of quantum mechanics, the observable quantities are represented
by self-adjoint operators. The expected value of an observable O , when the quantum
system is in/the state |y) is simply (y|O|y), where O is the operator that represents

the observable O .. Therefore, for an ensemble of quantum systems, the expected
value of an observable O'is

(0)= Zp.,-<u/.,-|0|u/.,-> =tr(p0).
J

The density matrix p of-the quantum system evolves as

p=—i

n
Ho + zujHj,p], (10.11)
j=1

where [A,B], as before, is the matrix commutator. This follows from simply
differentiating (10.10), where each |y;) satisfies the same (10.1). Some properties
of the density matrix p are evident from its construction. It is a Hermitian, positive
semidefinite and satisfies 7r(p) = 1. The evolution of the density operator is

p(t) =U(1)p(0)U (), (10.12)

where U (¢) is the unitary transformation in (10.4). Also by construction, tr(p?) < 1,
with equality holding only if only one of the pjin (10.10) is nonzero and equal to 1.
For an ensemble of spin %, the density matrix p is a 2 X 2, Hermitian matrix, which
can be decomposed as

1
p= 51 + my, Oy + my 0y, + m; 0. (10.13)

Therefore, for the density matrix in (10.13), we obtain that the expected value of
the angular momentum along x, y, z, represented by operators O, Oyys@nd o, is then
simply proportional to m,,m,,m,. Then, (10.9) implies

g [m 0 —awy v(1) my
™= w 0 —u(t) my |, (10.14)
m; —v(t) u(t) O m;

M
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where the vector M = (my,my,m;)" is a measure of the net magnetic moment or
magnetization of the spin ensemble and the above equation is the well-studied Bloch
equation, which describes the precession of the magnetic moment in a magnetic
field and can'be concisely written as M = yM x B, where B = (B,(t),By(t),By)’ is
the magnetic/field vector as defined before. Observe, (10.14) evolves on a sphere,
and we normalize the norm of M to 1. Equation (10.14) is at the heart of the subject
of NMR spectroscopy, where a typical task is to engineer (u(t),v(¢)) to manipulate
or steer thesvector M to estimate the parameter wy. In the following subsection,
we describe some characteristic features of the control inputs for the manipulation
of (10.14).

10.1.1 Controlof Bloch Equations

Note, (10.14) can be written as

M = (@0Q%+ u(t) Q2+ v(1)2),)M, (10.15)
where
000 001 0-10
Q=1001|,2=1000]|,2=|100]|. (10.16)
0-10 —-100 000

A typical control problem is to steer thessystem from its equilibrium state M (0) =
(0,0,1) to a terminal state on the equator. A salient feature of such problems is that
the external excitations (u(¢),v(¢)) are typically significantly smaller in strength as
compared to the natural dynamics represented by .y, which is four to five orders
of magnitude larger in the NMR experiments. Therefore, for the external control
to be most effective in manipulating the system, it is €ssential that the control be
oscillatory (see subsequent remarks). To fix ideas,det

(u(t),v(t)) = A(t)( cos(myt + 0(t)), sin(@it+ 6(1))) (10.17)

and consider the control problem of steering M in (10.15) from an initial point
(0,0,1)’ to the final target state (1,0,0)’. Observe, by transforming to a€oordinate
system such that X = exp(—m; )M, we obtain that

X = (0 4 u (1) +v1(1)2))X, (10.18)

where @ = @y — o, and (u(7),v(t)) = (A(r)cos 0(z),A(t) sin@(z)). Now, since
X(0) = M(0), by simply choosing @ = @y, 0(¢t) = 8, and A(r) = A, asiconstants, we
drive X (0) to (sin @, —cos6,0) in T = 7% units of time. When @ = ay, (10.18) has
no natural dynamics. Therefore, it does not matter how weak A(r) is, given sufficient
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Fig. 10.2 The figure [1] shows'the rotation of the vector X in (10.18), around a tilted axis, when
Aw is comparable to the strength of control A

time, X (0) can be steered to the'transverse plane. X(7) can be put anywhere on
the transverse plane by appropriate choice of 8. The left panel in Fig. 10.2 shows
this transfer, both in the rotating-frame as in (10.18) (the winding curve) and the
laboratory frame (10.15) (geodesic curve). However, a choice of constant control
(u(t),v(t)) = (Acos6,Asin@), would be completely ineffective, if applied to the
original system in (10.15), as;thenet motion is then a precession around the axis
(AcosB,Asin0,ay), as shown in Fige10.2,and therefore significantly falls short of
the desired transfer when A < wy: Therefore, it is desirable to use a control input as
in (10.17), which is oscillatory at the frequency of natural oscillation of the system.
It is not difficult to show that the choice of such a control input is the minimum
energy control for driving the system in (10:15)ito the transverse plane. Applying
such a control input corresponds to exciting the system at its resonance, with a
very weak field, the system can be driven far from'equilibrium. A(¢), 6(¢) and ay
are naturally termed amplitude, phase and carrier, frequency of the applied radio-
frequency field as in radio communication. Design.of appropriate control inputs
(u(1),v(t)) is in fact the design of appropriate amplitude.and phase modulations.
After the magnetic moment is driven to the transverse plane by choice of an
appropriate control input, the oscillating control is switched off and the magnetic
moment M precesses around the static magnetic field By with a frequency @y. This
is just the evolution in (10.17), after the controls are switehed off. This precessing
magnetic moment by Faraday’s law induces an oscillating current in the nearby
placed receiver coil and is termed as free induction decay (FID) (Top\right of
Fig.10.3 shows the FID). This FID, when Fourier transformed, shows a peak at
. At the magnetic field strength of By = 14 Tesla, wy forthydrogen nuclei is
600 MHz, for carbon is 150 MHz, and for nitrogen is 60 MHz (negative sign in
definition of wy is absorbed in clockwise rotation). The frequency @y of an atomic
nuclei is also dependent on its chemical/electronic environment in amolecule.
The secondary magnetic fields produced on an atomic nuclei by its electronic
environment results in a shift of the frequency @y to @wy(1 — &), where o is specific
to the chemical environment of the nuclear spins and is usually of the order 107°,
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Fig. 10.3 The top figure [1] shows the basic features of an NMR experiment. Panel (a) depicts
use of a field By to polarize the sample. Panel (c) shows the use of pulsed magnetic fields to steer
the net magnetization and generate FID. Panel (b) shows the profile of a free induction decay

so when ay is around 500 MHz, thesshift @yo is in KHz. The Fourier transform of
the FID signal then shows many peaks, corresponding to different nuclei with their
chemical environment-specific characteristic shifts. Figure 10.5 shows a typical
proton NMR spectra from two different size molecules. NMR (Fig. 10.4) is therefore
an important analytical tool in chemistry asthe peaks in the NMR spectrum serve as
a characteristic finger print of a molecule. Starting as a tool for characterization of
organic molecules, the use of NMR has spreadto areas,as diverse as pharmaceutics,
medical diagnostics (medical resonance imaging) and structural biology [5, 6]. The
principles of NMR have served as a paradigm for other physical methods that
rely on interaction between radiation and matter. It is thérefore not surprising that
experiments in NMR also serve as good model problems'in control of quantum
systems.

Equation (10.17) gives the wrong impression thatithe magnetic moment on the
transverse plane will continue to precess for ever. Overtimeythe magnetic moments
of spins making the magnetization vector M experience local fluctuations in the
ambient field By, causing them to precess differently and-hence lose‘coherence
(decoherence). This gives the FID, a decaying envelop (See Fig.10.5). This phe-
nomenon, termed decoherence, is described in detail subsequently.and explicit
models are derived to analyze the effect. This leads to the studyof open quantum
systems where a quantum system interacts with the external environment, but one is
only interested in the dynamics of the quantum system of interest. Additional terms
need to be incorporated in (10.11) to account for this effect. Before, we describe the
dynamics of open quantum systems, a few general comments about the oscillatory
control described before are in order.
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Fig. 10.5 The figure [1] shows a typical proton NMR spectra of a small- and medium-sized
molecule, shown in the left and right panel, respectively



10 Problems in Control of Quantum Systems 329

The oscillatory control described in (10.17) consists of irradiating the spin
ensemble with an oscillating field along, say, the x and y direction. In practice, the
same effect can,be obtained by simply having a single oscillating field along, for
example, the'x direction. This corresponds to

(u(t),v(t)) = (2A(t) cos (et + 0),0).

Such a control can be written as the superposition of two control inputs (u1,v;) =
A(t)(cos(enr +-0)msin(wor + 6)) and (up,v2) = A(t) (cos(wpt +0), —sin(wyt + 0)).
Transforming again into a rotating frame results in the equation

X = (A(r)(eos O+ cos(2mt + 0))Q, + A(t)(sin 6 — sin(2wz + 0))2,)X

Since @y > A(t)the oscillating terms average out, giving identical equation as in
(10.18). This averaging of the fast oscillating terms is often termed the rotating wave
approximation.

10.1.2 Oscillatory Control

The control inputs described in the previous section have an oscillatory character.
In general, consider an n dimenSional quantum system where the control u is used
to modulate the Hamiltonian H; in

p = —i[Ho +iHy;p) . (10.19)

Now, since Hy is a Hermitian operator, let |¢;) denote the orthogonal eigenvectors,
with eigenvalues @;. Then |¢;) diagonalize Hp, i.e. we rewrite Hy = X.; @;|9;)(9;],
and then note |¢,) (6] all commute and exp(=ia;|9;){6;1r) = exp(—ia;1)|6;) (9.
implying that

exp(—iHot) ZGXP —i0;1)]9;){9]-

Now, transforming (10.19) into a rotating frame
pr = exp(iHot)p exp(—iHot)

gives
Pr = —i[u(t) exp(iHot)Hy exp(—iHot), psl: (10.20)

Now, let A ji = (@;|Hi|¢x). This, then gives that

u(t)exp(iHot))Hy exp(—iHot) = u( Zh exp(—iwjt)|j) k|,
Jk
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where 0 = @ — ®; and we assume ®j; are all distinct, such that |u| < |®jx — 0.
If u is modulated at one of the wj, i.e., u(t) = A(t)cos(wjt + 6(t)), where the
variation in A(¢),and 0(t) is assumed to be much slower than ®jy, then the resulting
Hamiltonian'in (10.19) averages to

pr = —i% [hjxexp(i0(1))|0;) (O] +exp(—iO(t))hwj|dx) (9], Px]s (10.21)

where hij = hy g’ By modulating the Hamiltonian at the frequency of the difference
of the energies of the eigenstates |¢) and |¢;), we obtain effective Hamiltonians

Hix =1 j| 07) (O] + | dc) (951, (10.22)
Gje'= —ihji|®;) (ol + ihej| o) (91, (10.23)
which induces a ftransition from state j to state k and vice versa. If all wj; are
distinct, one can synthesize Hamiltonians H j; independently by simply choosing the

frequency of the controlu(#). Therefore, one can write an effective control system
for (10.19), which takes the form

, (10.24)

Pr =i [Zuijjk+ijijaPr
ik

where uj, v, are controls that can be turned on and off. Some of the %, and
therefore Hj;, might be zero and hence H; cannot induce a transition between
the eigenstates |¢;) and |@y) directly. These constraints are often termed as the
selection rules in physics. Figure 10.1.shows the energy level diagram of the so-
called Lambda system studied in laser spectroscopy. There is no direct transition
between states |1) and |3), but there is an indirecttransition through the state |2).

Of fundamental interest is to know whether the system in (10.4) can be driven
between states of interest. This is the standard preblem of controllability of bilinear
systems. Therefore, the standard techniques [7-9] for studying controllability of
systems evolving on compact Lie groups can be directly applied [13]. The main
result being that if the Lie algebra {—iHo, —iH;} 4, spanned by {—iHy,—iH;}, is
the Lie algebra su(n) of the state space of the system in (10.4), then the system
is controllable. Then, checking for controllability reduces\to checking the Lie
algebraic rank condition. For example, although there is no directtransition between
states |1) and |3) in Fig. 10.1b, the system is controllable. The unitary propagator
for the effective control system in (10.24), evolves as

0 Q@) O
U=—i|Q:t) 0 Q,1)|U, (10.25)
0 Q1) 0
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where Q. (1) and ),(¢) are complex valued controls that induce transitions between
[1) and |2) and |3) and |2), respectively. The subject of explicit synthesis of the
control laws for, control of (10.4) has received significant attention recently in the
context of control of spin systems [10-12]. We will discuss some of these results
subsequently!

10.2 ©Open Quantum Systems

10.2.1 Master Equations

Equation (10.11) describes the evolution of a closed quantum system. We now
derive an equation for the dynamics of open quantum systems. The derivation is
not the most general, but captures the essence of how such a model is usually
arrived at [4, 14, 15]. The efféct of the environment on the system is modeled by
an Hamiltonian H;, which randomly fluctuates with time.

p = —i[Ho+ f()Hy,p). (10.26)

The state at time dt is related tortime O by
(1)) = exp(—i(Hodt + HidW))|y(0)), (10.27)

where dW is a Brownian increment distributed dW ~ N(0,dr). Then we have,
p(dr) = E(|y(dn))(y(dr)])

p(dt) = E(exp(—i(Hodt + HidW)) | w(0)) (wi(0) | exp(i(Hodt + H,dW)). (10.28)

p(0)

Using the Baker-Campbell Hausdorff formula and above definitions of expectations,

1
p(dt) = p(0)—i[Hodt+H1dW,p(0)] — E[Hodt+H1dW[Hodt+H1dW,p(0)]] +osy

(10.29)
Using E(dW) = 0 and E(dW?) = dt

p(dt) = p(0) — i[Ho, p (0)]di + %[fiHl =it p(0))df +o(d®,  (1030)

we obtain,

d , | S
d—’t’ — —ilHo,p] + 3 it [ith,p]. (10.31)

If we let p(¢r) = E(p(t)), where expectation is over various initial states of the
ensemble, this then gives us that the evolution of the density operator for the open
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quantum system is no longer isospectral. The effect of the term L(p) is then to
reduce the value of t7(p?). For instance,

dr(p(t))

— 2
ar =tr([H1,p]"), (10.32)

where tr([Hy, p]?).<0, as [H, p] is skew Hermitian (implying that 7(p?) decreases
with time). The effect of the coupling to an external heat bath is to transform a pure
state into a mixed state.

A more general form of L(p) is

L(p) =X kj[Hj, [Hj,p]] (10.33)
J

arising because of random modulations of Hamiltonians H; with fluctuations that
are uncorrelated. There are many interesting problems involving control of open

quantum systems in the presenceofdissipation. The operator L(p) is a negative

2
definite operator, such that dTrd—(lp) =Tr(pL(p)) < 0. If we measure the entropy of

the ensemble of quantum systemssby
S=1-1r(p?),

also termed Renyi entropy, then observesthat pure states have entropy 0 and the
effect of the decoherence is to increase the entropy of the system.

In NMR experiments, fluctuations f(¢) in (10.26) arise because the magnetic
field B seen by the spins fluctuates with time due to coupling of the spin ensemble
with an external bath. We will study the soutce of these fluctuations subsequently.
The equation for the density matrix of the 2 x 2 spin system then takes the form

d
d—’t’ = —i[0. + f(1) 0+ uG, +¥0,, p]. (10.34)

The resulting master equation is then

ap _

g —i[wyo; + uo, +voy, p] —kjoz,[o:, p]]. (10.35)

When the above equation is written as a Bloch equation, the evolution of the Bloch
equation takes the form

g | —k —awy v(t) my
™| =] @ —k —u(r) | | my |- (10.36)
m; —v(t) u(®) 0 m;

The constant k is called the transverse relaxation rate and is responsible for the
decay of the FID signal with time. Equation (10.35) is, however, not a complete
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description, because eventually M returns back to the original state (0,0,1)’. A more
general model for the Lindblad equations is [15]

1
Lip)=7, [AkPAZ ) {AZAk,P}} , (10.37)
X

where {A/B} =AB+ BA is the anticommutator. If A; are Hermitian operators, then
L(p) reduces to the familiar form Y [A[A, p]]. However, Ay in general can have
both Hermitian-and non-Hermitian parts. If we take

00 01 10
A1=K1[10]; Az—Kz{ }; A3—K3{01]7

such that k7 > Ky, then the system in (10.38) will follow the equation

g [ —K —wy (1) my 0
Zlm| =] @ <k =u(r) my | + 0 : (10.38)
m; —v(@) u(t) —(@)"'] Lm; T 'mo

Here k and T; in the above equation depend on ki, k> and k3 as in (10.37). Then
after u, v is switched off, m; eventually returns to 0 < mg < 1, at a characteristic time
T, also called the longitudinal relaxation rate.

Although, the effect of the Lindblad operator L(p) in (10.33) is to increase the
entropy of the system, the most general form_ of the Lindblad equations as in (10.37)
can lead to a decrease in the entropy of«the quantum system when mixed suitably
with external control. An important application of this feature is in the field of laser
cooling [16], where an interplay between unitary control and Lindblad terms, as in
(10.37), is used to decrease the entropy of the quantum system. We study a concrete
example to understand the basic ideas in this'subjectin [17].

10.2.2 Laser Cooling

Consider again, the three-level A system as depicted in Fig. 10.1b. The evelution of
the density matrix of the three-level A system is given by

. 1 1
p=—ilH(t),pl+n (ElpElT ) {EIEl,p}> +P (EszzT —5 {EJEz,p})
(10.39)

where E| = |1)(2]| and E; = |3)(2].
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If the initial state of the system represented by its density matrix is diagonal, say

A 0O
p= 0 /’1‘2 01,
0023

where A1, A2 and Aszdescribe the population distribution in three energy states. Then,
in the abgenceof any external controls, the density matrix stays diagonal and the
diagonal entries evolve as

d ll 0 M 0 ;Ll
w42 =0t 0 4. (10.40)
A3 0 P 0] L3
A

We assume that the system is completely controllable and any unitary rotation U (¢)
on the three level system in«(10.25) can be synthesized in arbitrary small time.
In particular, consider the'unitary transformation

000
P=1001],
010

which swaps the population state§ 2 and 3. The effect of this unitary transformation
on the diagonal of the density matrix is

M M
P A,z = Ag
A3 Aa

Then, consider the following sequence of operations,

exp(At,)Pexp(At,—1 ) »=Pexp(Ar),

where f; are chosen long enough so that as A, in (10.40) decays below the value A3,
for example A, = ’l—f, these operations keep the density matrix diagonal and

M 1
exp(At,)Pexp(At,—1)... Pexp(Aty) | 23| ~ 104 (10.41)
A3 0

It is clear that the population in state 1 keeps building up,while the population
from states 2 and 3 is eventually drained off. The cooling strategy comnsists of
a sequence of dissipative evolutions and unitary control (with electromagnetic
fields) to synthesize the Hamiltonians Hy3 in Fig. 10.1b. Therefore, by an interplay
of external control and evolution of the natural dynamics, all the population is
eventually driven to state 1, although one starts with a state where the population
is distributed across all the states [16].
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10.3 Control of Ensembles with Parametric Inhomogeneities
and Dispersions

We nowsteturn to the Bloch equations in (10.18). As discussed earlier, in NMR
experiments; there is dispersion in the parameter @, as the chemical shifts o of the
nuclear spins are dispersed over a certain range. In practice, there is another source
of the dispersion. The applied radio-frequency field is not uniform on the whole
sample but is dispersed over a range, captured by the parameter € € [1 — 5,1+ 9].
In this case, (10.18) is'then modified to

X = ((J).QZ+8u1(l)Qx+8vl(I)Qy)X. (10.42)

Dispersion in the parameters in the system dynamics poses some interesting
questions on controllability and control design. Equation (10.42) represents a con-
tinuum of systems parametrized by  and €. Figure 10.2 shows that application of
the control input (u; (¢),v (7)) a8ini(10.18), results in poor transfer to the transverse

plane for spins with @ comparable or greater than Amax, Where \/u3(t) +v3(t) <
Amax (the net rotation'is aroundra,tilted axis B; as shown in the picture). The
control challenge is to steer'the ensemble of inhomogeneous systems, to a desired
target state, inspite of variation in their internal dynamics, by application of the
same control law (u;(¢),v(£))s="We sayasthat the system in (10.42) is ensemble
controllable if the system can be_stéeredifrom an initial state of the ensemble
described by vector valued function Xo(w, €) arbitrarily close to the target state
Xr(w,e) (where the distance ||Xr(o,€) — Xo(w,€)|| is measured by, say, an Ly
distance [ [ |Xr(®,€) — Xo(w,€)|>*dode between functions).

This problem represents a typical problem in the control of quantum systems,
with dispersion or uncertainty in the parameters governing the dynamics, using the
same control field. The problem of designing excitations that can steer an ensemble
and be robust and immune to dispersion in the ‘dynamics of the spin system is a
well-studied subject in NMR spectroscopy, and exténsive literature exists on the
subject of so-called composite pulses that can correectifor dispersion in system
dynamics [18]. In many cases of practical interestsone wants to find control inputs
that prepare the final state as some desired function of the parameter. For example,
slice selective excitation and inversion pulses in magnetic resonance imaging (MRI)
[19, 21, 22]. Only recently, these problems have been-understoed and posed as
questions in controllability of infinite dimensional systems [23-25]. A principled
study of the controllability of these systems reveals aspects.of system«dynamics,
which makes it possible to engineer excitations that can steer a quantum ensemble
and be robust to the dispersion in the system dynamics. These problems therefore
motivate development of new methods and techniques for studying controllability
and constructive controllability of a class of infinite dimensional nonlinear systems.

To fix ideas, we first set the dispersion @ in (10.42) to zero, and only consider
dispersion arising due to an inhomogeneous RF field on the sample, measured by
the parameter €. Rewriting (10.42), we obtain

X = (eu) (1) + €1 (1)2,)X. (10.43)
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We now summarize the basic ideas [23] that make it possible to engineer input
excitations that can steer the whole ensemble uniformly and be immune to the
dispersion in the value of €. Observe for small dt, the evolution

Uj (dt) = exp (EQ),\/E) exp (eQx\/E) exp (—er\/E) exp (—sﬂx\/a)

(10.44)
to leading order in ¢ is I+ €2[Q,, Q,]dt + o(dt%), where o(dt%) represents a term

of order dt%, ise;'we can synthesize the generator [€Q,,eQ,] = £20Q,, by back
and forth maneuver in the directly accessible directions £2, and £,. Similarly, we
can synthesize higher order Lie brackets like [£€Qy,[eQ,,eQy]] = £3Q,. By suc-
cessive Lie brackets, terins of the type £2¥71Q, can be synthesized to leading
order.

One such consfruction is for k > 0 given by

Up(dr) = 1 $€Fadt, (Q,)dt% +o (dt%),
we have, for %41 = % < %, gives
Ui, 1 (dt) = exp (8€2,dr 1) Ui (dt) exp (—eQydt ™) U, (dt),

Uy (dr) = TFE2adl Q) di+1 +0 (dt%)

with ogq = %Jr % . Note ad’_gzl(Qx), is the leading order term (ad'gl(_(zx) =
[Qy,ad’f)y(ﬂx)]).
Now using {£€Q,, £3Qx, . ,82”+1f2x} as generators, we can produce an evolution
n
exp{ Y, o Qs
k=0

where n, and the coefficients ¢, can be so chosen so that

n
2 e~
k=0

for all € € [1 — 8,1+ 6]. Therefore, an evolution exp(8£2,) can be synthesized for
all values of € to any desired accuracy. Therefore, one achieves robustness with
dispersion to € by generating effective generators with arbitrary high‘powers of the
dispersion parameter €.

Contrast to the situation in (10.43), with the following control system, the well-
studied non-holonomic integrator,

FRE: 1 0

Frl B =€eu| 0 |+ev|1]. (10.45)
z -y X
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If € is fixed, then the system in (10.45) is controllable as the vector fields

1 0
_y X

generate the vectorfi€ld [f, g] = [0,0, 1]". The three vector fields f, g, [f, g], then span
the three-dimensional space. However, the Lie algebra generated by f, g is nilpotent
and therefore |-, [f,g]] = 0. The dispersion parameter € cannot be raised to higher
powers by iterated brackets and therefore such an ensemble of inhomogeneous
nilpotent systems is not ensemble controllable. On the contrary, the Lie algebra
g = so(3) generatedby Q, and Q, in (10.43) is semi-simple (implying [g,g] = g)
and the iterated Lie braekets of €2, and £, never terminate allowing for design of
robust input excitations. Similarly, linear systems

dx

—— =AX+¢€Bu (10.46)
dr

cannot be steered unifermly by application of the same control input u(z), as the
output, for X(0) =0 is

X(t) =& /O " ep(A(r — 1)) B(t)u(t)dt,

which is just a linear function of the input. No matter how u(7) is modulated, the
output depends linearly on the input.

Interesting control design problems arise in the manipulation of inhomoge-
neous quantum ensembles. To provide a flavor for such problems, we describe
one synthesis method [26] for designing input excitations that robustly steer the
inhomogeneous ensemble in (10.43). This synthesis,method has recently been used
in the design of RF pulse sequences in NMR spectroscopy that are robust to RF
inhomogeneity. Consider the following rotations obtained by alternate rotations
around x- and y-axis for appropriate durations..Let

U, = exp (kmQy€)exp (%Qﬁ) exp (—kmQ,e), (10.47)

U, = exp(—kmQye) exp (%st) exp (kmQ, €)' (10.48)
Now by choosing ; small enough, we have
Vi = UU; ~ exp(efi 2y cos(kne)).

Consider, a sequence of transformations

I (Vi)™ ~ exp (sz 0l COS (kns).Qy> , (10.49)
k
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ol

Fig. 10.6 The figure [1] shows the sequence of pulses with alternate phases as described in
(10.47), which forms the buildingsblock of‘a composite pulse train as in (10.49). Each pulse is
an oscillatory control input the'phase of which is changed from pulse to pulse

where oy = nf;. Now, the coefficients oy can be so chosen that

0
Zak cos(kme) = -

k
forl—-6<e<1,with0<é < 1.
Therefore,
I (Vi )" S exp(6): (10.50)

The actual control input to (10.15) consists of an‘oscillatory input (u,v) = (A cos
(ot +¢),0), where the phase ¢ is switched between 0, 7 and 7 to achieve rotations
around x, y, and —x axes, respectively. Figure 10.6 shows this control input and its
pictorial depiction as a pulse sequence.

10.3.1 Controllability of Bloch Equations in the Presence
of Frequency Dispersion

Now, consider the Bloch equations as in (10.18), with dispersionfin the Larmor
frequencies. We now like to show that this system is ensemble controllable with
respect to the dispersion in the parameter . This is an ubiquitousproblemin NMR
spectroscopy, where one wants to excite a broad range of frequencies with limits on
RF-power/amplitude, which translates to limits on A(¢) in (10.18).

There is an important conceptual issue that emerges in the controllability analysis
of such problems. In studying controllability of control systems of the kind

x=(A+uB)x
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evolving on compact Lie groups, it is possible to synthesize commutators of the kind
[A, B] to leading order by an evolution

exp(—Adr) exp(—Bdt) exp(Adt) exp(Bdr), (10.51)

where the backward evolution exp(—Adr) is generated by letting the forward map
exp(Atr) evolve for.a sufficient period of time. The free evolution on a compact
group almost returns back after sufficient time. However, the situation is different
for a continuum of such systems as in (10.18). In the presence of a continuum of
frequencies @€ [—ByB], given small time dr, there is no forward evolution time
T, such that exp(wT) = exp(— dt), for all ® € [—B, B]. However, using control,
we can synthesize an effective backward evolution. Two limits are of particular
interest here.

We first assume that our control inputs in (10.18) are unbounded a priori (Amax >
). Note, because of the assumption of strong fields, we can reverse the evolution
of the drift term in (10.18),

exp(mQ,)exp(w2.dt) exp(—mQ,) = exp(—wQ,dr), (10.52)

where @ € [—B, B], and the 7 rotations like exp(7€2,) can be produced in negligible
time. Now, we consider the case when the controls # and v are bounded, i.e.,

u?(t) +v2(1) < Apmax for albiz,s0 that we cannot produce rotations of the type
exp(—€2,7) in an arbitrarily small time€ asin (10.52).

Nonetheless, the system is €nsemble ‘controllable as will be shown below.
The key to showing this is to produce the backward evolution of the drift term,
exp(—@£2.dt). This helps us to generate higher-order Lie brackets with the drift
term containing higher powers of the dispersion parameters w, which can be
combined to produce an evolution that is robust to . Our construction initially
uses the well-known construction in the physicsditerature called adiabatic following,
which helps to synthesize an evolution exp(—-£@£2.dt). This construction can be used
to show ensemble controllability with respect to both Larmor dispersion and RF
inhomogeneity in the Bloch equations (10.43)."Adiabatic.following is a technique
widely used in a variety of experiments involvingicontrol of quantum systems as
it is robust to inhomogeneity in the system dynamics. It isof independent interest
from the perspective of nonlinear control.

10.3.1.1 Adiabatic Following

Consider the Bloch equations with only Larmor dispersion as.df (10.42), which we
rewrite to reflect ensemble of systems with @ dependence.

X(t,0) = [a).Qerul.Qervl.Qx}X(t,a)), (10.53)

where @ € [—B,B]. Let (u(t),vi(t)) = A(t)(cos(t), —sin¢(t)), where A =
\/ud(t) +13(t). We then slowly vary ¢(¢) from an initial value ¢(0) < —B to
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8 B'(t)

Fig. 10.7 The figure [1] shows howithe vector X in (10.15) can be dragged from (x,y,z) = (0,0, 1)
to (0,0, —1), independent of the yalue of @, by slowly varying @(¢) in (10.54)

¢ > B. We show that if the change in@(#)iis slow enough, all systems as in (10.53)
can be steered from (0,0,1)7 to (0,0, —1)”. We first make a change of coordinates

Y(t,0) =exp[—¢(1) Q2] X (r, ®).
The resulting system then takes the form
Y(1,0) = ([0 — &(1)] QA AQ)Y (1, 0),
where @(t) = ¢(t). Thus, the effective generator of motion is
(00— ()2, +AQ,.

In standard physics terminology, the Bloch vector ¥(z,®) rotates around the
effective field B" = Aj+ [0 — @(¢)]k (see Fig. 10.7)yand has the net magnitude of
rotation

B |= /(AP + [0 - &) = AV ol
The angle 0 through which B" is tilted with respect to A is definedby

o — @)
—
By differentiating (10.54), we get the rate of change for the angle 6\(z)

cot = (10.54)

. O(t
e:%snﬁe.
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The maximum value of the right hand side (RHS) of the above expression is
obtained when 6 = 7 and we have

o0

In addition, the smallest rate of rotation of X around B is A. This happens when
@(t) = @, i€l 0 in (10.54) is 0. If we vary @(¢) slowly enough so that | Oy |<
A, le.,

| (1) |« A?

from 0(0) = 0,.torthe finalsstate 7 such that the variation is slow, then X (¢, ®)
for all @ follows the effective field (remains locked around BF) from (0,0,1)7 to
(0,0,—1)7 simultaneously. This can be seen by the following averaging argument.
Observe that in Fig:10.7, the rate of change of the angle 7y at time ¢ is a function of
6 and B, i.e.,

dcosy .

—— =h 61 63 )

o = h(6.0,8)

where the angles ¥ and B are defined in Fig. 10.7. Because 8 changes at a much
faster rate compared to 0, i.e., [3 >> 0, the time scale separation gives

cosy(t + T) — cosg(t) / h(6(t),B(t+0))do ~0,

with error propotional to % (6(t+ 1) — 6(t)) (with @ constant), and 7 is the period

for B to rotate by 27 over which 6(¢) is«supposed to be constant. Therefore, we
can maintain y(z) very small throughout, i.e., 0 < y(r) < € for all ¢, and € can be
controlled by the rate 8(¢). Now note that 8(Z) & 7 and hence X (T, ®) ~ —X, for

€ [~B,B], where Xy = (0,0,1)7. As a result, there exists a net evolution U (®)
for all @ € [—B, B] such that

U(O))XO ~ —Xj. (10.55)
Therefore, by doing an Euler angle decomposition, we can decompose
U(@) = exp(f(®)€2;) exp(7£2;) exp(§(@)L2;),

where f(®) and g(w) are some functions of ®. Then, observe,

U? () ~ exp(f(0)€2:) exp(—g(@)€:) exp(—f(@)€:) exp(g(@)Re) =1,

U(w)exp(02,1)U(w) = exp(—w€2;1). (10.56)

This propagator U(w) can be used to reverse the direction of drift in (10.56).
Now, constructions as described before can be used to produce any rotation in
(10.42) as a function of @. This approximation in (10.55) is in L, sense as described
earlier and can be made arbitrarily good by regulating how slowly 6 is changed. In
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fact, it is possible to write down the explicit time-dependent control law that will
transfer Xy to —Xj. This is the well-studied complex hyperbolic secant pulse [19]
and is very interesting from the perspective of nonlinear control.

We hayersketched the basic ideas required to show that the Bloch equation
(10.18)’can be steered to a target state that has the desired dependence of the drift
parameter @. In many applications in NMR and MRI, one requires input control
design that only.excites spins with specific value of @ to the equator, with a final
state that depends in a specified way on @ and leaves other spins invariant.

10.3.2 Ensemble Control by Method of Multiply Rotating Frames

We again considef the problem of broadband excitation. Consider the unitary
transformation (weuse I, to denote the Pauli matrix such that the frobenius norm
el = 1)

U(@)=—i{oL+u(t)l+v(1)l,} U(w), (10.57)

where @ € [—co,co]. The goal is to design (u(r),v(t)) = A(t)(cosd(t),sin ¢ (z)),
which will synthesize the propagatorexp(—iZ1y), uniform for all @ € [—co, co] for
a given value of % = oy, wheremax{A(r)} < A. We show that it is possible to
perform a sequence of coordinate transformations

O,(w,1) =exp (iv,,IZn(w)t) ...exp (ikaZk(w)t) ...exp (i1)11Z1(w)t) U(w,t), (10.58)

such that (for notation simplicity, we suppressithe time index ¢, where it is obvious)

61(0) = ~i{ f1(©)l.(w) + Srkyeha(t) } €:(0), (10.59)
such that | f,, ()| < ¢, z(®) € x—z plane and a(z) captures oscillating components,
with zero time average, such that their assumed effect is small, and the system can
be approximated by

ﬁly} 8, (®), (10.60)

6:(0) = —i{ fu(®)Lw) + 55

2 /@) f”( I« 1, forall ® € = co,co] Then, we can perform a exp(—-iZ1,) rotation,

Wlth high fidelity in time 7 =
W T = 2myr for integer ny. ThlS ensures that U(a) T) ~ Ou(o,T)~exp(—ifly).
To achieve this, we choose the following control and resulting Hamiltonian

Hy(t) =l 4+wol+ (wj sin 017wy cos V11 8in Vot +ws3 cos V1 cos Vpt sinvar +. ... ) Iy,

Ap(t)
(10.61)
which we rewrite as

Ho(1) = @L, (@) + Ao(1)]y, (10.62)
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where spread of frequencies is @ € [wy, 4/ W% + C(Z)]. Now by choosing v in the first
transformation as exactly the center of this spread, we get

~ w
Hi(t) = (@ — 1) L, () + 711)” + A (D) +H] (1), (10.63)
fi(0)

Hi(1)

where H|'(1)ds a fast oscillating part that we neglect for now. The new frequency
fi(w) € [—e1,c1], where ¢; < ¢, A1, and H{' are written in their general form,

m—1
{ 2 Wi H cos(v;t) sin( Ut ) + wy H cos(v;t }Iy, (10.64)

m=k+1 i=k+1 i=k+1

= fil(®) Ly o) + Ol + A (1)1

H{(1) = —5fexp (i2vklzkt) L exp (—i20;L,1)

+A (1) exp (20l 1) Iyexp (— 2V, 1) (10.65)
\/€E W — Wi \/ €+ W+ Wk
Chpl = = U1 =", (10.66)

where Wy, = 2 %wy. The system obtained<after first coordinate transformation has
the desired feature that the ratio of chemical shift spread to control

/2 is
reduced over < "o for the original system. We can now iterate the above construction.
At the kth stage, (k > 0), the system takes the form

H (1) = H}(t) + H{(1). (10.67)
Combining (10.58) and (10.59), we write the total evolution as
U(w,1) = exp (—ivi L (g)t) ... exp (— 10l q)1)

.. €Xp (—iVuLy, (o)1) eXp (—iwnlyt) Op(41), (10.68)

where
O,(w) =—-i{d(t,0)} 6}(), (10.69)

and O}, is the evolution of @), in the frame of exp(—iw,/yt). The oscillating terms in
the above equation can be written as

d'(t,0) = cxcos Vit Irg + ssin Vit Ig, (10.70)
k

k(1)
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where the frobenius norm of the Pauli-matrices |lxo| = |lig| = \/Li
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. Define G, =

\/ c,%+s%+2|cksk cos 6|, where 6y is the angle between Pauli matrices I, and

Iyg- We now calculate, how well the oscillating terms d'(t,w) will average out by

bounding the/deviation of O, (®) from the identity.
Let U, denote the evolution,

n
Up = —i Y, gi(t)Us.
=k

(10.71)

To evaluate Uy, we transform into the frame of Uy, i.e., Vj = U,é +1Uk, which

gives
Vk =—i U12+1gkUk+1 Vk.

We now evaluate the Peano Baker series for Vj over a period 7, =

Ui 18(1)Ury1s

T T [T _ -
Vi(t) = I+/ Hk(‘c)dt—i—/ / H(dt)Hy(do)dtdo +..
0 0 Jo

A

2
For G; 1, < 1, we have |A| < \/iGé—Zk
Let

D) = [ su(opio.

Then note Dy (nT;) = 0. Then, using integration by parts, we write

-
/0 UL, 18U (1)dt = U] Di(t)Ujet ()]

Tk "
—i U,
/0 k+1

We can bound the second integral on the RHS by

T
uf
JuL

i gj»Di (1)

j=k+1

i 8j> Dk(t)

=kt 1

where

1
Dk(l) = v—k{cklka Sin VT — sklkﬁ cos VkT}|6.

G Yl G
Ui+ |d‘L' < \/E%Tk,
k

(10.72)

2r 7 S
Vi Let Hk =

(10.73)

(10.74)

Uk+1dl’. (1075)

(10.76)

(10.77)
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This gives that

G, 3" G GZ
Vi) — 1] < ﬁ{%Jrv—"}t. (10.78)
k k

We evolye U in the frame of U,, followed by U, in the frame of Uz and so on.
Then we write the'total evolution

Oh(w,1) =Vy...Vi = (I+EAy)...(I+EiA)), (10.79)
where |A;| =1 and
"o .G G?
E < \/E{MGH —k}t. (10.80)
Vi Vi

The total error' E. = |0, (w,r) — I| is written as

E=)YE. (10.81)
k

Two limits are of interest. When all v; = v, then

E 1 n 2 n )
= < Gel|l +)) Gipt, 10.82
7 Sy 20 + X6 (10.82)

k=1

when Gy > 3i ;| G; then we approximate;

% < %(‘j—ft (10.83)
Remark 10.1. We rewrite (10.66) as
Cn—(kt1) = 2V/CnkVn—t> W (ke 1) = O k'S i (10.84)
Define %f = 0. Then, choosing v, (1) = 2V, Wemwirite
Oy (k1) = \/ Ok (10.85)

Let gx = log, o Then, taking log of the above equation, we géet

1
An—(k+1) = Eank- (10.86)
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The above equation gives

Ch_ 1 _
10gnc<_kzl> = <?> <log C’; L 1). (10.87)
n— n

Leta=(log C’é—;‘ —1). Adding k + 1 such equations, and exponentiating both sides,
we get
Snm(ktl) _ pktigeXo g (10.88)
Cn
Then we have,
Entl) _ perine(2-5). (10.89)
Cn
By choosing,
o2
W, = 1 7”7*1. (10.90)

2
We obtain ¢, = C’CT", which gives, ¢,4* = 1, with v, = 1. Then, we have

Co (e} = 24127 (10.91)
and
_ -9 —In24
B g2y = 2! (1 ) 27) — okt (1 e zk) < 2aln2, (10.92)
A

where, forx >0, wehavee™ > 1 —xande™ <1+—x-+ ““—22 Note A =Inc, . Then
Wy < 2"kA, for k > 2. Note w,,_; = 2" (l==e,). We choose w, = % and a
typical value of ¢, ! = 100, so that oy, = .04,

The term

n w 2"
wnkr[lcos(vkt) = 2—;’21cos(f,-t), (10.93)
— =
where f; are the sum and differences of the frequencies vy. This choice of the RF-
field has rms power that scales like 2”1 A% and an rms amplitide:A. that scales like

2" A Let A, = 2"T' A, we define,

(a(7),5(7) = A" (u (A7) v (A )3

then this control input has rms amplitude 1 and will performsa uniform excitation

n—1
22 mA The ratio L ~ K, a constant, which suggests
Wn If

forco = A~12"7" in time ir<
a linear scaling of time-bandwidth for a constant rms amplitude (Fig. 10.8).

In summary, in this section, we presented a new method for performing broad-
band rotations on an inhomogeneous spin ensemble with dispersion in their natural
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Fig. 10.8 Panel (a) shows a segment of the amplitude profile of the 'RF-field in units of WLO
Panel (b) shows a segment of the phase profile of the RF-field/in units of Vl}_o Panel (c) shows
the excitation profile, the x coordinate of the Bloch equation at time 7 = 2,662 /wy, starting from
z =1 for arange of frequencies expressed in the units of the maximum-amplitude of the available
RF-field. The control input takes the form expressed in (10.61). We start with an'initial 5—% ~ 2 and
in the final frame ;—77 = 0.04. We choose vy = 3V ;. The maximum amplitude of the RF-field,
A = 1.38wy, while root mean square amplitude Ay, = 1.15wp. Panels (d—f)«depict the .same for
Ui = 2Ug41. In this case, 7y = 27.9/w0. The maximum amplitude of the RF-field, A = 15w, while
root mean square amplitude A, = 5.1wg. The excitation profile in units of Ap, is much‘broader in
this case
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frequencies. We derived an upper bound for the error in performing a % pulse. The
simulations show that the performance of the method is far superior than what the
bound was when applied to the parameters of the problem would suggest. This opens
many new_.and interesting methodological challenges in understanding the effect of
the multiply modulated RF-field.

10.4 (Coupled Spin Dynamics

Until now, we have described bilinear control systems that arise in the control of
spin % or an ensemble of spin % A rich class of model control problems arise,
when one considers dyfhamics of two coupled spin % The dynamics of two coupled
spins forms the basis for the field of quantum information processing and computing
and is fundamental in multidimensional NMR spectroscopy experiments as detailed
subsequently. Let |0) and |1).represent a choice of the orthogonal basis for the
Hilbert space of state of the spin %, for example, the eigenstates of the operator
o;, with eigenvalues % and —%, respectively. The joint Hilbert space of the coupled
spin system is the tensor product of the individual one of these. A possible choice of
the basis for the joint Hilbert space is'the tensor product of basis for each individual
space (also termed the productioperator basis), and we represent these basis as |00),
|01), |10), and |11), where

1
1 1 0
00) = =
o= Jo] = lojelo
0
An arbitrary vector in this space takes the form
a|00) 4 b|01) + ¢[10) +d|d1). (10.94)

Not all the vectors in the joint Hilbert space can/be written as the tensor product
|¢1) @ |¢2). Vectors that can be decomposed in this way aré called separable states
and those that cannot are termed entangled states. Forexample,the states

lyut) = % (10.95)
|yip) = w (10.96)

are examples of entangled states and are given the special name of the Bell states.
The Hamiltonian for a system of two coupled spins then takes the;general form

Ho=Y ay0,®1 +Y.by1 @0, + 3 JuyOy @ Oy, (10.97)
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where u,v € {x,y,z}. The Hamiltonians o, ® 1 and 1 ® oy are termed local
Hamiltonians and the Hamiltonian

He = cuy0y ® 0y, (10.98)

the coupling or interaction Hamiltonian. The local Hamiltonians only operate on
one of the/spins.For example, 6, ® 1 only transforms the first spin (labeled as 1)

oy @1[91) @ [¢2) = (oul¢r)) @92 ). (10.99)

Similarly 1'® oy, only transforms the second spin (labeled as ).
The followingmotation is' therefore common place in the NMR literature.

Iy=0,21 ; Sy=1®0,. (10.100)

The operators /;; and S, commute and therefore
u v u v

- (exp <—i%aydﬂ> ®1> ® <1 ®exp <i;bv0v>

(10.101)

and therefore

exp <_izau1u +2bvsv> |61) @ [¢2) = <CXP(_izauGu)|¢l>>
H v u

Nool i) o)

implying that the evolution of local Hamiltonians preserves separable states. The
unitary transformations of the kind

exp <i2a“0'”> & exp (ivac‘,>
m v

obtained by evolution of the local Hamiltonians are called local unitary transforma-
tions.

Entangled states can be generated starting from separable states by létting the
coupling Hamiltonian evolve. The coupling Hamiltonian can be written as

He =Y JuyIuSy. (10.102)
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Written explicitly, some of these matrices take the form

100 O
1101 0 O
IZ—GZ®1—§ 00-1 0 (10.103)
00 0 —1
and
10 00
110-1 00
IZSZ—O'Z(X)GZ—E 00 —10 (10.104)
00 01

The 15 operators,
_i{Ia,Sﬁ,IaSﬁ}

for a,f € {x,y,z}, form'the basis for the Lie algebra g = su(4), the 4 x 4, skew
Hermitian matrices. For the coupled two spins, the generators —iHy, —iH; € su(4)
and the evolution operator U(¢) in (10.4) is an element of SU (4), the 4 x 4, unitary
matrices of determinant 1. The density matrix for a two spin system is then a 4 x 4
Hermitian matrix with trace 1 and can be written as

1
p=—+Xauly+ Y bySy+ Y JuvluSy. (10.105)
4

u \4 uv
Itis customary to omit 1 in the formula for (10:105), as it does not transform under a
unitary transformation. The various terms'in the decomposition of the density matrix

have a special meaning. A density matrix p; = 1T -+ oy/; corresponds to the state of
the spin ensemble, where there are excess of Spins¥/ oriented along the z axis, the By
field direction, while there is no preferred orientation for spin S. Similarly, a density
matrix pg = IT + oS, corresponds to the state of the spimensemble, when there are
excess of spins S oriented along the By field direction, while there is no preferred
orientation for spins /.

Numerous experiments in NMR spectroscopy involve synthesizing unitary trans-
formations that require interaction between the spins (evelution,of the coupling
Hamiltonian). These experiments involve transferring, for example, the initial state
of the spin ensemble represented by a density operator.of the kind p;to a final
density operator of the kind pg and involves evolution of interaction'Hamiltonians.
Such transfer experiments are used to improve the sensitivity«of the measurement
and will be discussed subsequently. Similarly, many protocols in quantum com-
munication and information processing [36] involve synthesizing entangled states
as in (10.95) starting from the separable states. This again requires evolution of
interaction Hamiltonians between the spins.

A typical feature of many of these problems is that evolution of interaction
Hamiltonians takes significantly longer than the time required to generate local
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unitary transformations. Local unitary transformations on spins are obtained by
application of RF-pulses, whose strength may be orders of magnitude larger than
the couplings between the spins. Given the unitary evolution

n
H.+ Z MjHj
j=1

U=—i U, U0)=1, (10.106)

where H. trepresents a coupling Hamiltonian as in (10.98), we ask what is the
minimum time requited to synthesize any unitary transformation in the coupled
spin system, when the control generators H; are local Hamiltonians and are much
stronger than the coupling between the spins. Design of time optimal RF-pulse
sequences is an important research subject in NMR spectroscopy and quantum
information processing as minimizing the time to execute quantum operations can
reduce relaxation'losses which are always present in an open quantum system as
described in Sect. 10.2.1. Thisdis.the, problem of time optimal control of bilinear
control systems, as in (10.2),evolving on compact Lie groups. The present problem
has a special mathematical structure that helps to characterize all the time optimal
trajectories [10, 34]. The special mathematical structure manifested in the coupled
two spin system motivates a broader study of control systems with the same
properties.
The Lie algebra g = su(4) has a decoemposition g = p @ ¢, where

b=—i{l,Sv}, p=—i{liS}. (10.107)
Here ¢t is a subalgebra of g made from local Hamiltonians. It is easy to verify that
&€ Ct (6] Cp,_fpsplC p- (10.108)

This decomposition of a real semi-simple Lie algebra/g = p & € satisfying (10.108)
is called the Cartan decomposition of the Lie‘algebra g [35].

The coupling Hamiltonian —iH, € p in (10.106), while the control Hamiltonians
—iH; € £. We will assume that the Lie algebra’ generated by the control terms
—iH; span the whole ¢, i.e., {—iH;};4 = £. Under this/assumption, a computation
shows that the system in (10.106) is controllable for any —iHZ€p. Let K = exp(¢).
We assume that control amplitudes are unbounded a priori, and any element of the
subgroup K of transformations can be synthesized in arbitrarily’ small time. This
is typical and will be elaborated in the context of NMR applications-and quantum
information processing, where any local unitary transformation.can be produced in
negligible time compared to the evolution of the couplings.

The Cartan decomposition of the Lie algebra g in (10.108) leads to the decompo-
sition of the Lie group G [35]. Let a denote the largest abelian subalgebra contained
inside p. Then, any arbitrary element of the group G = SU (4) can bewritten as

G = K exp(a;)Ka, (10.109)
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where K,K; € K, and a; € a. Furthermore, the Cartan decomposition entails that
for —iH. € p, and K| € K, we have Kl(fiHc)KIr €p.
———

Adg, (—iH)

Example 10.1. For g = su(4), as in (10.107), one choice of a is
a=—i{lySe}; ae{x,yz}. (10.110)

Note a is three. dimensional. Then, any arbitrary element of any element U € SU (4)
can then be written explicitly as

G =exp <iZcﬂlﬂ + Zd"SV) exp <i2JaIaSa) exp (iZa”Iu + vaSv>
u v o u v

K K,

(10.111)
for appropriate choice of-coefficients ay, by, cy, dy, Jo etc.
Example 10.2. For g = su(i) and €= so(n), and p = —iA, where A is a traceless

symmetric matrices, the decomposition g = p @ k is a Cartan decomposition. Let a
be the space of all traceless diagonal matrices, where

A0 0 0 O
0L 0O O O
a=974100 .0 O
0 070 A, 0
000 0oty

Then any element of U € SU (n) can be written as U\=K exp(D)K,, where K, K; €
SO(n) and D € a is a diagonal matrix as above:

Theorem 10.1. [10] For the control system in (10:106), all the elements of G that
can be reached starting from U(0) = I in time! T >0, denoted as R(I,T), are
characterized by its closure as

R(I,T) =K exp <T2 ajzj> K.

J

where K1,K> € K, ; > 0 and ¥ o; = 1 and Z; € Adg(—iHg) M a. The points Z;
are called the Weyl points, the set of points where the orbit Adg(=iH.) intersects
the Cartan subalgebra a. Let ¢(—iH.) denote the convex hull of the Weyl points
Adg(—iH:) Na, then the reachable set can also be written as

R(I,T) = Ky exp(T¢(—iH.)) K>. (10.112)
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Remark 10.2. Inessence, the KAK decomposition of the group G allows us to write
any U € G as U = K exp(Y)K;, with Y € a and the minimum time 7 to synthesize
U is to find the smallest time T such that Y /T lies in the convex hull of the Weyl
points Z;. Given that T is the minimum time such that Y /T = ¥; o Adk; (—iH.),

————

Zj
with o > 0,%.; ;= and Adk;(—iH.) € a, we synthesize exp(Y) as
—_———
Zj
n+1
exp(¥) = [ Kjexp(—iHct))K], (10.113)
j=1

where K; € K, and_therefore take negligible time to synthesize. The optimal
trajectory consist§ of a sequence of fast control rotations, interspersed with the
periods of free evolution.

Example 10.3. In example 2;5the Weyl points Z; are

oy O, 0 0 0

0 Aga) 0 0 0
—i| g o 0 o |

0.0 021 O

00 0 0 Ay

the various permutations of the eigenvalues of H.. The closure of the reachable set
in time T is all matrices of the form

w0 040 0
01 0 000

Kiexp| —i| o o -. 0" 0 K>,
00 0w 0
000 0w

where L = (U, L, ..., y) satisfies g < TA, where A=A, 42,4 .,4,)’, and the
symbol < stands for majorization, i.e., i lies in convex hull'of the vector TA and
its various permutations.

Example 10.4. For the coupled spins, as in example 1, if we choose a = —i{lySq },
then the Weyl points Z; have the form c,l.Sx + ¢ylySy + c;1.S;, where

(CxsCy,¢7) € {slcc(l),szcc(z),83cc(3)|gi =41, Hgi X 1} ,
i
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where (cq(1),Co(2);Co(3)) are various permutations of (c1,¢2,¢3), and ¢ > ¢2 > [c3].
Then the reachable set for the system in time 7" in example 1 is now described by
Theorem 10.1 and can be explicitly written as

R(I, T)=K eXp(bllex-l-bzIySy + b3S, Ky, (10.114)

such that by > b3 > |b3|, and by < Tcy and by + by £ |b3| < T(cy + ¢ = |e3)).
As before K, K, € K = SU(2) @ SU(2).

Theorem J<gives a complete characterization of the reachable set for a coupled
qubit system. The results derive from the Cartan decomposition of the group
G = SU (4) in terms.of the associated subgroup K = SU (2) ® SU (2), where elements
of K can be synthesized in arbitrarily small time. Until now we have only talked
about two coupledsqubits. Experiments in quantum information processing and
NMR spectroscopy, involve control of dynamics of multiple coupled spins. For a
system of n spin %, the Hilbertspaceiis 2" dimensional. Unitary transformation on
such a space belong to the group G = SU(2"). The control Hamiltonians for such
a system generate the subgroup K = SU(2) ® SU(2)...SU(2), the group of local
unitary transformations that affects individual spins. Lie group decompositions such
as the KAK decomposition can be used to decompose any unitary transformation
UecGas

U = K1 exp(=iH ty)s. .exp(—iHct )K],

where K; € K are local rotations and are interspersed with the evolution of
the coupling Hamiltonian —iH. for appropriateitime. These decompositions then
provide explicit synthesis methods for generating unitary transformations in G.
There are numerous beautiful control problems of efficient synthesis of unitary
transformations belonging to SU (2"), using the coupling Hamiltonian between the
spins and the control subgroup K [11]. Finding time optimal control for synthesizing
unitary transformations in the big space G'can bedreduced to problems in Sub-
riemannian geometry and have been recently studied [30]-:Characterization of time
optimal trajectories for multiple spin systems, however, remains largely open.

10.5 Control of Coupled Spin Dynamics in the Presence
of Relaxation

Many experiments in coherent spectroscopy and quantum informatiensprocessing
require transfer between different states of coupled spin system. The presence
of decoherence arising due to coupling to the environment limits how close the
state of a spin system can be driven to a target state. In the ‘previous section,
we described problems in time optimal control of coupled spin dynamics with
the goal of minimizing decoherence effects by reducing the time to perform
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Fig. 10.9 (a) Shows.the eigenstates of the Hamiltonian Hy + H, for the two spin system as in
(10.115). The energies, are in frequency units. (b) Corresponds to an ensemble where there are
excess of spin / oriented along the Bg\field:direction. The populations in various states are shown
below the energy bars [1]

quantum operations. In this/section, we describe some problems of optimal design
of trajectories of coupled spin evolution so that they suffer minimum decoherence
loss. We show that by exploiting€xplicit,models for decoherence, represented by
Lindblad operators as described in (10:33)yit is possible to design trajectories of the
coupled spin system so that theysuffer minimum decoherence loss [31-33].

We consider a coupled spin system consisting of spin / and S. The Hamiltonian
for the spin system takes the form

H(t) =2nvil +21vsS, + nJ2LS, £2nAcos(@t + 0(r)) (I +Sy) . (10.115)
—_— Y— ~~ —

Hy H, uy (1) Hy

The first two terms of Hy represent energy of the spins / and S in a static
magnetic field along the z direction. The term 2I.S; cofresponds to the interaction
Hamiltonian, which gives a positive contribution when spins are oriented alike and
negative contribution when the spins are oriented opposite toeach other. The control
consists of an oscillating magnetic field along the xdirection; whose amplitude,
frequency, and phase, given by A(¢), @, and ¢, can be varied. In these experiments,
J < A < vy, vs. Typical values of J and A are in Hz and kHz, respectively, while v;
and vy at By field strength of Tesla are hundreds of megahertz:

The eigenstate of the Hamiltonian are the product operator<basis |00}, [01),
|10), and |11), where |0) and |1) are eigenstates of o, with eigenvalues 1 and
f%. Therefore, the energies of these eigenstates are — Hgﬁj/ 2)) I _ngj/ 2
(=vitvs—J/2) and (vi+vs+J/2)

2 2

b}

. These energies are depicted in the enetgy level
diagram in Fig. 10.9a. Observe that the difference in the energies of'the |1) and 0)
states of spin I depend on whether the S spin is in |0) or |1) state and corresponds to
transitions / and /7 in Fig. 10.9a. The corresponding energies are v; — % and vy + %
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Therefore, if one performs an NMR experiment as described earlier in Fig. 10.3 on
a spin ensemble of coupled spin / and S where / spins have the Larmor frequency
oy, then one observes two resonances, one at v — 5 £ and one at v; + £ 5

Figure 10:9a shows the state of a spin ensemble with the population in different
states. written below the energy bar. The proportion of the ensemble when spin [ is
in the state JO), vs when the spin 7 is in the state |1), is 5/4, while the ensemble has
equal number of spin S in |0) and |1) states. Writing down a density matrix for this
system thensgives,

5 5 4 4
= — — |01 1|+—=|1 1 — |11 ) (11]. 10.11
p = =4J00) (004 —[01) (01 +—[10) {10+ —[11) (1] (10.116)

‘We obtain
1

18

which signifies that we have<an ensemble of spins with an excess of spins /
oriented along the z direction. An important experiment in NMR spectroscopy is
to synthesize unitary transformations that will transform an ensemble of the kind

—1

1
Zl 4 oql + os S,

where o > 0g into an ensemble that looks like ;{1 + ogl; + 04S;. If the gyromag-
netic ratio % > 7s, then in thermal equilibrium spins / are more polarized than spin
S and therefore o > 0. By transforming the ensemble so that more of the spins
S get more polarized compared to their equilibrium state, it is possible to improve
the sensitivity of NMR experiments that determine the Larmor frequency of spins S.
This experiment is called the transfer of polarization experiment. To make matters
more transparent, we assume ¢g = 0 and drop the factor %1 as this part of the
density matrix does not transform under rotations. We consider operations that will
transform the spin ensemble from the initial state

I, —S,. (10.117)

One method for performing this manipulation is to first perform a rotation on spin
I conditioned on the state of spin S, so that |10) <> |00), while,|01) and |11) is
unperturbed. In the language of quantum information processing, this is so-called
a controlled not (CNOT) operation, and the corresponding unitary transformation
denoted Ucpt inverts the state of spin 7, conditioned on state of spini § being |0).
This is depicted by arc [ in Fig. 10.9b. Now, we can perform a.€ENOT operation on
spin S, such that the S spin is inverted if spin / is 0. As a result of the first CNOT
operation, the ensemble in (10.116) transforms to

1
|10><10|+ |01><01|+ |00><00|+ |11><11|——1+ g 2l:S:

(10.118)
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As a result of the second CNOT operation, the ensemble in (10.118) transforms to
|10>(10|+ |00><00|+ |01><01|+ |11><11| = 1 + S (10.119)

Aneother operation of fundamental importance in quantum information processing
is to transform a.separable state |00) to an entangled state of the form ‘(J())zﬂ'
Entangled states are useful resources in many quantum information processing
protocols. One mechanism of performing such an operation is to start with an initial

state |00) and transform it as

0)+11).

V2

Such a transformation simply involves doing a local unitary transformation of the
type exp(—if1 ® ox) and can bé obtained by evolution of local Hamiltonians
as described in the previous‘section. Such operations are significantly faster than
the evolution of the coupling Hamiltonians. Now, by performing the unitary
transformation, Ucnor, On thiS state, where the state of the first spin / is inverted
conditioned on the state of| the spin §, such that |00) — |00) and [01) — |11), we
obtain

00) — 10)

10) 1) 51100) +[11)

In the presence of decoherence or dissipation.in the system, the desired transfer
cannot be performed with complete fidelity. Intéresting optimal control problems
arise with the goal of maximizing the fidelity of the desired transformations in the
presence of decoherence as described subsequently. The control system describing
the transfer is obtained by first writing the/Schréedinger equation of the coupled
spin system in terms of the product basis |00), |04), |10), and |11). This gives
us that

10)

v —op— s +J u u 0 Vi
diy| i u —J+ w5 — o 0 u 11723
dt |y | 2 u 0 o — Os4d u W3

Wy 0 u u op+.0s+J Wy

(10.120)

We add decoherence into our system model by introducing fluctuations, into the
system Hamiltonian H(z) in (10.120). The resulting density matrix equation then
takes the form

P = _i[H(t) +f1 (I)Iz +f2(t)Sz +f3(t)IZSZap]a (10-121)
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where fi(z), f>(), and f3(¢) are assumed to be uncorrelated fluctuations such that
E[fi(t+7)f;(t)] = 6;;6(7)k;. This captures the fact that various terms contribute to
the Hamiltonian fluctuating. This leads to the master equation

p= —ilH(1),p] + ki [iL[il., p] + ko[iS.[iS-, p] + k3[iL.S.[iL.S.,p].  (10.122)

L(p)

Now, by choosing u(r) = 2cos wt, where @y is the resonance frequency of spin I,
and transforming intoxa rotating frame described by taking the density matrix

p(t) — exp(iHot)p (t) exp(—iHot),
we obtain that

p = —i[2JLS. + Acos¢(@)dy + Asind (1) I, p]+L(p). (10.123)
—— ————
u(r) v(t)

We can rewrite the corresponding density equation as

[z ] [0y —v o 0 0] /[z]
y1 —u~k=J4. 0 0 O y1
d | x v J -k0 0 0 X1
— = 10.124
dr | x, 0 0 0 —k—J v x|’ ( )
» 0 0 0 Jask—-ul||»
| 22 | 10 0 00—vwu O | |z]

where (x1,y1,21) is a Bloch vector associated with the two level system |00) and
|01). Similarly, (x2,y2,z2) is the Bloch vector associated with the two level system
[10) and |11).

The goal is then to synthesize u(t) and v(¢) that transfer

-1

- o O O O
- o O O O

This would correspond to the selective inversion of the transition’/ in'Fig. 10.9a.
We reexpress the above equations with coordinates Z; = % and Zy = 522
Similarly, we define X, X>,Y1,Y>. Then, we obtain the following control system:
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Zy 0 —u(t) 0 0 Z
d | x u(t) =k —J 0 ||Xx
= = 10.125
dr | X 0 J —k V(t) X> ( )
Z 0 0 —v) o0]lz

Now, the goal is tosSteer the above system from (1,0,0,0)" to (0,0,0,1)’, maxi-
mizing the value of 1. Here the parameters J and k represents the coupling and
relaxation in the system. Equation (10.125) represents a typical problem in the
control of quantum systems in the presence of decoherence where one requires
natural dynamics, represented by the parameter J, to steer the system between points
of interest and the natural dynamics is dissipative, as represented by the parameter
k. When the strength J isccomparable to the parameter k, one necessarily dissipates,
resulting in 11 < L«Since the controls can be made much larger than the natural

parameters in the ‘system, we define r; = W/Z% +X12, ) = 4 /le +X12, tan 6, = )Z—(IL,

and tan 6, = )—Zé Writing an equation for r; and r, gives us

d r1 7](”% 7.]141142
Y = 10.126
dr [rg] {Juluz fku% ’ ( )

where u; (1) = cos 0 (¢) and uy (f) = cos@s(z). The goal is that for 0 < u;(r),u(r) <
1, find the maximum possible transfer to the final state r, starting from the initial
state (r1,r2) = (1,0). Now, this problem can be solved by direct application of the
maximum principle.

Let (A41,4;) represent the costate variablefor the system in (10.126). Along the
optimal trajectory, the Hamiltonian

—K? = Juuy | [y
H(up,uz) = [ A A2 ] [lululz Sl } [rz

should be maximized. The Hamiltonian can then be written as

—kMry J&wz_l]_’z] {m]

Hul,uz = |u u _
( ) [ 1 2] ljkzr zk]rz —klzrz 0

vl

B

Then the optimal (uf,u3) should satisfy that H (u],u};) = 0. This.then implies that
uy
* 8l

det B=0and B [ ] = 0. Then substituting det B = 0 and letting’'a = %, b=2

u
2
and & = § , we obtain that

Ji-vive-e
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Now using the condition that B { ! ] = 0, implies that ”i =5 5b , resulting in
u

2

L rE e, (10.127)

I/lll"l

The optimal feedback control law for (10.125) entails that % =1+&2-¢&.

This policy leads-to an optimal value of N = /1 + &2 — & in (10.125) and this
is the largest'possible value of r, in (10.127). Infact, it is now straightforward to
write down an optimal return function V (ry, r;), representing the maximum possible
achievable value of 7, starting)from arbitrary value of r| and r, and it turns out to be

V(ry,rm) = \/nzr%qu%.

In (10.121), we assumed«that fluctuations f;(¢) are uncorrelated. Interesting
model systems arise when we consider correlations between various noise mech-
anisms [32]. Suppose, we assume that.E (f1(¢) f5(r + 7)) = k.6(t), which represents
interference effect between noise mechanisms in NMR spectroscopy [32]. The
following transfer problem arises in.this case, which is of fundamental and practical
interest. Given the control system

7 0 u(t) —v(t) 0 0 0 7
Y u(t —k, 0 ke 0 Y
d |x v(t) T fka k0. 0 X
- = 10.128
dr | X 0 0 ke -k, —J V(t X> ’ ( )
Y, 0 ke 0 J kg =u(t) Y
_Zz_ L 0 0 0 —v(t) M(t) 0 ] _Zz_

find optimal (u(¢),v(¢)) such that starting from{(Z;, Y1, X15X2,Y2,2>) = (1,0,0,0,0,
0), what is the largest value of (0,0,0,0,0,7)?

The above optimal control problem can be solved in closed form. Consider the
vectors I, = (X,Y,) and [; = (X),Y;). The optimal selution is then given by the
following two invariants of motion. The ratio

L 12 22
2_N 2_F_n- E=,/l2a_"¢ 10.12
= VIRE=8=m: & 2+ (10.129)

is maintained constant and the angle between vectors I, and{/; is maintained
constant. The maximum transfer of efficiency is then 7.

It is worthwhile to point out that researchers in magnetic resonance have
developed novel pulse sequences that have improved the transfer described in
(10.128); however, the fundamental limits of the transfer described here was not
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Transfer Efficiency
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Fig. 10.10 The figure shows efficiency of various state of the art pulse sequences as a function of
k7“ for the transfer in (10.128) for k. = 0.75. The CROP pulse sequences developed using optimal
control of system in (10.128) providethe optimaltransfer [32]

known. Figure 10.10 shows a plot of transfer efficiency of various state-of-the-
art pulse sequences as a function of the ratio Iﬁ} for k. = 0.75. The CROP pulse
sequence obtained by solving the above transfer problem using methods of optimal
control performs better than all state-of-the-art methods and provide significant
improvement in sensitivity. Furthermore, metheds of optimal control help to state
limits on how close a quantum dynamical system can be driven to a target state.

In summary, in this section, we provide some concrete examples of state transfer
problems involving control of coupled spin dynamics in the presence of decoherence
or relaxation. We showed how optimal control of these dissipative bilinear systems
can lead to design of better experiments. A systematic study of the controllability
and optimal control of problems related to Lindblad equations of open quantum
systems is expected to have immediate impact in areas_of coherent spectroscopy
and quantum information processing.
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“http://chem.mq.edu.au.”



362 N. Khaneja

References

1. N. Khaneja “On some model problems in quantum control,” Commun. Inf. Syst. Volume 9,
Numberd; 1-40 (2009).
2. R._Ri Ernsty G. Bodenhausen, A. Wokaun, Principles of nuclear magnetic resonance in one
and two dimensions (Clarendon Press, Oxford, 1987).
. C. P. Slichter, Principles of magnetic resonance (Springer Verlag 1978).
. A. AbragamThe principles of nuclear magnetism (Oxford University Press 1978).
K. Wiithrich, NMR of proteins and nucleic acids (Wiley & Sons 1986).
. J. Cavanagh_and W. J. Fairbrother and A. G. Palmer and N. J. Skelton, Protein NMR
spectroscopy, principles and practice (Academic Press, 1996).
7. R. W. Brockett, “System theory on group manifolds and coset spaces,” SIAM Journal of
Control, 10:265-284 (1972).
8. V. Jurdjevic ‘and H. Sussmann, “Control systems on lie groups,” Journal of Differential
Equations, 12: 313-329 (1972).
9. R. W. Brockett,“Nonlinear control theory and differential geometry,” Proceedings of the
International Congress of Mathematicians, 1357-1367, (1984).
10. N. Khaneja, R.W. Brockett and S.J.‘Glaser, “Time optimal control of spin systems”, Phys. Rev.
A 63, 032308 (2001).
11. N. Khaneja and S.J. Glaser, “Cartan decomposition of SU(2") and control of spin systems”,
Chemical Physics 267, 11-23, (2001).
12. D. D’ Alessandro, “Constructive controllability of one and two spin 1/2 particles,” Proceedings
2001 American Control Conference, Arlington, Virginia, June 2001.
13. V. Ramakrishna, H. Rabitz, M., V. Salapaka, M. Dahleh and A. Peirce, “Controllability of the
molecular systems,” Phys. Rev. A'51:960-66 (1995).
14. A. G. Redfield, “The theory of relaxation processes,” Adv. Magn. Reson. 1, 1-32 (1965).
15. G. Lindblad, “On the generators of quantum dynamical semigroups,” Commun. Math. Phys.
48, 199 (1976) .
16. H. J. Metcalf and P. Straten, Laser cooling and trapping (Springer 1999).
17. S.E. Sklarz, D.J. Tannor and N. Khaneja, “Optimal control of quantum dissipative dynamics:
analytic solution for cooling a three level Lambda system”, Phys. Rev. A 69, 053408 (2004).
18. M. H. Levitt, Prog. NMR Spectrosc. 18, 61 (1986).
19. M. S. Silver, R. L. Joseph, C.-N. Chen, V. J. Sank/D. I. Hoult, Nature. 310, 681 (1984).
20. David E Rourke, Ph.D. Thesis (1992).
21. M. Shinnar, S. Eleff, H. Subramanian, J. S. Leigh, Resonance Med. 12, 74-80 (1989).
22. P. Le Roux, Proc. 7th SMRM 1049 (1988).
23.J.S. Li and N. Khaneja, “Control of inhomogeneous quantum ensembles”, Phys. Rev. A, 73,
030302 (2006).
24.1.S. Li and N. Khaneja, “Ensemble controllability of the Bloch equations” IEEE Conference
on Decision and Control, San-Diego (2006).
25. 1. S. Li, “Control of inhomogeneous ensembles” Ph.d. Thesis, Harvard University (2006).
26. B. Pryor and N. Khaneja “Fourier synthesis techniques for control of inhomogeneous quantum
systems” IEEE Conference on Decision and Control, San Diego, December (2007).

27. T.E. Skinner, T. Reiss, B. Luy, N. Khaneja and S.J. Glaser, J. Magn: Reson., 163, 8, (2003).
28. K. Kobzar, B. Luy, N. Khaneja, S. J. Glaser, “Pattern pulses: design of<arbitrary excitation
profiles as a function of pulse amplitude and offset”, J. Magn. Resons173, 229-235 (2005).

29. K. Kobzar, T. E. Skinner, N. Khaneja, S. J. Glaser, B. Luy, “Exploring thedimits of broadband
excitation and inversion pulses”, J. Magn. Reson. 170, 236-243 (2004).

30. N. Khaneja, S.J. Glaser and R.W. Brockett, “Sub-Riemannian geometry and optimal control of
three spin systems ”, Phys. Rev. A 65, 032301 (2002).

31. N. Khaneja, T. Reiss, B. Luy, S. J. Glaser, “Optimal control of spin dynamics in the presence
of relaxation”, J. Magn. Reson. 162, 311-319 (2003).

oL AW



10 Problems in Control of Quantum Systems 363

32. N. Khaneja, B. Luy, and S.J. Glaser, “Boundary of quantum evolution under decoherence”,
Proceedings of National Academy of Sciences 100, no. 23, 13162-66 (2003).

33. N. Khaneja, Jr. Shin Li, C. Kehlet, B. Luy, S.J. Glaser, “Broadband relaxation optimized
polarization.tfansfer in magnetic resonance”, Proceedings of National Academy of Sciences,
USA. 101, 14742-47 (2004).

34. H«Yuan and N. Khaneja, “Reachable sets of bilinear control system with time varying drift”,
System and Control Letters, 55, 501 (2006).

35. S. Helgason Differential geometry, lie groups, and symmetric spaces (Academic Press) (1978).

36. M. Nielsen<and 1. Chuang, Quantum information and Computation (Cambridge University
Press) (2000).

37. H. Mabuchi-and N. Khaneja, “Principles and applications of control in quantum systems”,
International Journal'of Robust and Nonlinear Control 15 647-667 (2005).






Chapter 11
Common Threads and Technical Challenges
in Controlling Micro- and Nanoscale Systems

Benjamin Shapiro and Jason J. Gorman

The chapters in this book were taken from different groups, each of which has
addressed a different topic in.the control of miniaturized systems. Yet the broad
issues they had to solve.turn out to be strikingly similar. We close this book by
describing some common threads'and technical challenges found throughout the
book chapters and in the field in general. This is followed by comments on research
directions that we believe are necessary to enable future innovations in this area.

11.1 Common Threads

As editors, one major motivation in assembling this book was to see what
unifying themes might emerge when examining a number of different applications
involving control at the micro- and nanoscalés. It was clear that there would be
crosscutting technical challenges, which are discussed in the following section.
However, somewhat less expected was the, emergence of common threads in
how the contributing researchers approached a newspreblem. These common
threads comprise a high-level research philosophy»on how to approach new and
challenging control problems. Although culled| from challenges in controlling
micro- and nanoscale systems, the points highlighted‘below_largely apply to any
multidisciplinary research that involves control.
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11.1.1 Picking the Right Problems

All of the chapters in this book present applications where control can have a
strong impact such as dramatically improving the performance of atomic force
microscopy and enabling fast automated manipulation of nanoscale objects. Thus
the first recurring thréad through all the chapters is the selection of good problems
where control.can have a big impact. These problems can either be motivated by
current technological needs (e.g., the push to make AFM imaging and manipulation
better) or by.a vision that control can do something in a new way (e.g., better
material growth by in isitu sensing for online control of reactor parameters).

The problems presented in this book are just a sample. There are other examples
of control on small scales, including the control of microchemical reactors (e.g., see
[1,2]), medical implant control (e.g., see [3]), and microscale robots (e.g., see [4]).
Control is also emerging in synthetic biology, where the goal is to design novel,
robust, and tunable biochemical'systems and program them into genes to reprogram
living cells [5, 6].

Picking good problems is an art. Success at this stage is dependent on experience,
a view of the big picture, and creativity. To build up such a view in a new area, for
example, for control theorists interested in learning about miniature systems, we
recommend attending high-level seminars far outside one’s area of expertise, taking
every opportunity to “pick-the-brain” of researchers in disparate fields, and reading
widely — doing so is instrumental in‘uncovering broad needs. Even better is complete
immersion in a new environment for a significant period of time — no one we know
has ever regretted time spent in this way.

For experts in chemistry, fabrication, optics, microfluidics, or other domains
related to miniaturized systems, this book provides some concrete examples of how
feedback control can significantly improve capabilities on small scales. In every
single case that took significant time. It takes months; sometimes years, for a new-
comer to understand what questions to ask. However, once the issues sink in and the
creativity starts to work with different tools at’hand, the subsequent payoffs can be
tremendous.

11.1.2 Model-Based Control

Although the book contributors were selected without any regard forswhat kind of
modeling they use, all of the chapters proceed by either statingsa known physical
model (e.g., the Schrodinger equation for quantum mechanics) or by detiving one.
In each case, control systems were designed using these physical models. Moreover,
the modeling was not based on “black-box™ system identification (e.g. fitting a
neural network to experimental data). Rather, as much as possible, thesmodels were
derived from the physics. There are multiple reasons for this, but the simplest one
is this: if there is physics-based information (such as Newton’s laws or chemical
rate equations) that can be translated into “when this actuator is turned on like this,
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the behavior of the system changes like this,” then that information is useful and
it permits better design of controllers. Including that known information explicitly
through first-principles modeling is more effective than trying to have a computer
infer it from'limited and noisy data. Simply put, the physical information that is
knownsprovides a big advantage for control design, even though it may take months
or years to ¢xtract, understand, and use that information properly.

Although physical modeling is highly beneficial, the derived models do not have
to be petfect. Many of the chapters in this book deal with messy and complex
situations wherespristine models are not feasible. Yet physical modeling is still a
major advantage. Even imperfect models can be used to tell a controller what it
should do to make the situation better — feedback then ensures high performance
by sensing thererrors, choosing actuations to diminish them, and repeating the
correction at the next.time step to force errors down to near zero. This works even
if each correctionds imperfect. For dealing with imperfect models, the mathematics
of designing effective controllers in the face of modeling errors is known as robust
control and is a major field of study within control theory [7].

In some cases, systems€xhibit crucial behavior that cannot be fully captured by
first-principles modeling, eitherdueito a lack of physical understanding or inherent
system complexity (e.g., as‘in Chaps.2, 3, 4, 5, 6, and 9). In these cases, it is ad-
vantageous to focus fitting and estimation techniques on just the unknown portions
of the system behavior and to still codifysthe remaining known information with a
physical first principles model. Thisdeads to a “gray-box” type description, where
part of the model is known from'the physics and the rest is identified from data.

Regardless of the form of the models created, they must be useful for control
design. This means that they must be compatible:with available or emerging control
design tools. It is of no use to create a system model that contains all the physics
and is extremely accurate but is so complex that it requires a super-computer to
complete one simulation. More detailed models with'a large number of states can
be (but are not necessarily) more accurate, but smaller models fit with a wider
array of analysis, design, and optimization tools. Roughly speaking, with current
computational capabilities and algorithms, linear control'design techniques, such as
LQR (linear quadratic regulator) control design, can be used on linear or linearized
models with up to thousands or tens of thousands of states‘[7, 8]. But methods for
nonlinear control analysis and design [9, 10], such as nonlinear stability analysis and
feedback linearization, are only practical for analytical models or models with much
fewer states (typically less than tens of states). Molecular dynamic/or computational
fluid dynamic models, with their millions of states, are too,large to be used directly
for control analysis or design. The key issue is to strike the right‘balance. In the
words of the 2004 National Science Foundation panel [1l]; models _should be
“parsimonious” — the best models include only the most essential‘elements. When
large models originate from physical first principles, for example for computational
fluid dynamic or molecular dynamic models, it may be possible to.reduce the size
of such high-fidelity models while keeping most of their accuracy by using model
reduction techniques [12, 13], as was done in Chap. 2. Used wisely, this can be an
effective tool for generating small but accurate models of complex systems.
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Effective modeling is a necessary part of control design. In new domains, this
modeling must be at least initiated by a control expert since they know what types
of models are needed for control analysis and design. Once initiated, continued
modeling issalso usually carried out by the same person. However, information on
system‘physical phenomena is required from a domain expert, such that a tight
collaboration between a control scientist and a domain expert is almost always
required during.the modeling phase. The attitude that control design starts with
prerequisitedknowledge of a model in the form % = f(x,u) and that this model is
provided by thesdomain expert is self defeating. The end result of this thinking is
that the contfol expert will miss a chance to work on something new and interesting
and the domain expert will have another example of a situation where control cannot
be applied to their problem of interest. Our own experience, and the experience
reflected in the book«Chapters, is that appropriate and high-quality modeling is
essential for successful control of micro- and nanoscale systems.

11.1.3 Posing the Right Mathematical Problem for Control

Once a suitable model is available, the next step is to pose the control problem in a
form that is tractable using eXisting, understood, or at least emerging mathematical
analyses. Good decisions here can sometimes turn what initially looks like a very
difficult task into something solvable. Conversely, it is easy to do this poorly — by not
keeping in mind the limitations of control analysis and design tools, or by a desire
to attack “the most general problem” — and to arrive at a formulation that cannot
be solved. As a concrete example related_to’ control of electrowetting in Chap. 9,
consider the task of controlling the shape of liquid droplets by modulating surface
tension on their boundaries. Mathematically, this€ortesponds to control of nonlinear
partial differential equations through their/ moving boundary conditions, and it
is beyond the capabilities of current partial-differential-equation (PDE) control
methods. But if this problem is rephrased: if itis'noted_that the dynamic map from
the pressure on the boundary to the velocity inside the droplet is linear, that the
map from voltage to modulated surface tension pressure is nonlinear but static, and
that what is needed is a mapping from a few actuators (those actuators overlaid
by the droplet) to a few material points that adequately define the shape, then the
problem can be rephrased as a small least squares inversion from surface pressure
above the electrodes to velocity at the particles/material points, along with a static
inversion of the pressure/voltage nonlinearity. Now the problem can'be easily and
effectively solved, robustly, and in real-time. These kinds of pfoblem formulation
decisions are crucial — by exploiting features of the physics, difficult tasks can
turn into tractable problems. So, as in modeling, a careful balance must be struck
here between generality (more general problems are harder to solve) and usefulness
(a too specific solution will apply to only a small class of problems). Our advice is
to initially be motivated by specific applications, as is the case for all the chapters in
this book, and then to work up and out from demonstrated specific applications to a
wider class of problems.
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11.1.4 Experimental Verification

Another common thread that is present in all of the chapters is the essential need
for experimental verification. In a new area, like control of micro- and nanoscale
phendmena, there are few accepted models and the validity of the existing models
is far less /certain_eompared to, for example, models of macroscale mechanical
structures. In_these cases, it is not sufficient to demonstrate control performance
through/simulations because one can only have confidence in simulation results
when the system models have been experimentally validated over the years.
Speaking from personal experience, we have yet to encounter a group of micro-
or nanoscale domain‘experts.that will accept simulations as proof of performance.
Improved performance must be demonstrated where it counts, in actual working
systems.

11.1.5 Communication Across Complementary Fields

The final thread across thechapters is effective cross-disciplinary communication.
It is popular to invoke the importance of interdisciplinary collaboration, but the
depth of cross-immersion that is necessary,to achieve results between two fields is
striking. We have found time and again that we can only create working systems
once we have deeply understood the needs, physics, numerics, and experiments
for that application domain, or, alternately, once each of those areas of expertise
is represented in our research team. From readingithe chapters of other contributors,
we believe this need is universal. Being a controls expert just talking to a MEMS
expert or a clinician is almost always not goeod enough. The clinician must be
willing to become part of the team. The reverse s likely also true: being a MEMS
expert and talking to a controls expert is insufficient, rather, the microsystems expert
or clinician should find the right controls person and .make him or her a part of
the research team. We hope that this book will add to the impetus to create tight
interdisciplinary teams, and to educate the next generation of students, as well as
engineers and faculty, in a concrete way — not just in.name, but in real effort and
significant time spent learning things from new sources and outside disciplines. We
know the effort will be worth the rewards.

11.2 Technical Challenges

As seen throughout this book, controlling micro- and nanoscale systems presents
some unique and serious challenges in terms of the physics encountered and
implementation required. Some of these challenges are a result of scale and are
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not found in macroscale systems, while others are simply exacerbated by the
reduction in size. This section describes some of the most prevalent challenges and
limitations.

11.2.1 Noise and Fluctuations

All systems experience noise in one form or another; but at the micro- and
nanoscales, noise plays a particularly important role in system behavior. This is
because these systems are much closer in scale to the atomic-scale processes that
cause noise ‘and_they require,precision measurements that are more likely to be
affected by noise. Thezmal noise, which is due to the random interactions between
atoms and molecules in gases, liquids, and solids, is one form of noise that is
universal. When a particle is suspended in solution, the atoms in the liquid interact
with the particle causing Brownian motion [14]. As described in Chap. 6, Brownian
motion has a significant_effect on the behavior of optically trapped particles.
Fluctuations in the particle position.limit the manipulation precision and can cause
the particle to escape from the trap. Other examples of noise include shot noise in the
laser-based beam bounce method used to measure the deflection of AFM cantilevers
and Johnson noise in sensor readoutelectronics. Control issues for noisy systems are
well known. Optimal control design tedls-are appropriate to minimize the influence
of noise on the output signal. In most cases, noise in the sensor signal sets the bottom
limit on closed-loop resolution. Although there are many optimal control design
tools for linear stochastic systems, control theory for nonlinear stochastic systems
is currently limited to special cases due to mathematical complexity and remains an
open area of research.

11.2.2 Model Uncertainty

Parametric uncertainty is a major issue in micro- and nanoscale systems. As an
example, the geometry of micro- and nanofabricated structures generally has much
more uncertainty compared to structures machined using conventional macroscale
technology. When using a CNC (computer numerically controlled) mill, it is com-
monplace to machine a 5 mm feature with 25 um tolerances (tolerance/feature size
= 0.005). Using standard contact lithography for the microfabrication of MEMS,
one can typically fabricate structures with Sum features with«0.5um tolerances
(tolerance/feature size = 0.1). Therefore, in this comparison there is:20 times more
uncertainty in the microfabricated structures. Similarly, there is fat more uncertainty
in the material properties of micro- and nanoscale structures compared to bulk prop-
erties due to variations in deposition procedures, surface effects, andithe breakdown
of continuum mechanics as the structures approach nanometer dimensions. As a
result of this uncertainty, parameter identification is required in many cases, even
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when a high-fidelity model of the physics is available. Furthermore, robust control
is needed when designing a single controller to be used on many similar devices
(e.g., a large batch of MEMS accelerometers) due to such parameter variations.

11.2.3 Precision Sensing

Measuring one.ormore of a system’s state variables is a prerequisite for feedback
control at any scale. However, sensing at the micro- and nanoscales is generally
more difficult than in‘macroscale systems. This is partly due to the fact that many
of the techniqueswused to'measure macroscale systems do not scale well in terms
of dynamic range and resolution. For example, due to the diffraction limit of
light, far-field optical measurement techniques often have reduced sensitivity when
measuring nanostructures because the focal spot of light is bigger than the measured
structure. This is true when_using laser-based displacement interferometry for
nanoelectromechanical systems [15]. Other issues include difficulty in measuring
multiple state variables'of a systeém,and coupling between sensors and actuators,
both due to the confined atea where these measurements take place. Therefore,
the challenge is designing'a controller that can achieve the desired performance
with limited and noncollocated:sensing. Given some of the ambitious performance
specifications found in micro- and’nanosystems (e.g., the MEMS gyroscopes
discussed in Chap. 8), this is oftén not easy.

11.2.4 High-Bandwidth Operation

One straightforward outcome of scaling down to. micrometers or nanometers in
size is that the mass of the system becomes extremely small. For example, the
mass of a 1um diameter silica particle is approximately:l picogram. As a result,
systems at these scales are often capable of extremely high accelerations due to
their low inertia. From a performance point of view, this means that high-bandwidth
operation can be achieved. This has motivated thesapplication of MEMS to a
number of problems including hard-disk drive read heads and)scanning probe
microscopy. This advantage also presents two significant challenges. The root-
mean-square (RMS) noise within a system is directly related-to the bandwidth of
the system when there are white noise sources (e.g., thermal noises Johnson noise,
and shot noise). Therefore, high-bandwidth operation introduces more noise into the
system response, which may outweigh the benefits of faster motion. Second, higher
bandwidth requires a higher bandwidth control system. As an example, closed-loop
nanoscale resonators with resonant frequencies on the order of MHz are so fast
that digital signal processing (DSP) and field-programmable gate array (FPGA)
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controllers are insufficient (e.g., see [16]). Therefore, an all-analog controller
implementation is required, which limits tunability and functionality compared to
digital controllers.

11.2.5 Surfacedorces

Surface(forces can.dominate at the micro- and nanoscales, which can result in
very different behavior than seen at the macroscale. This is because surface forces
scale with the area of an object whereas bulk forces, such as gravity and inertia,
scale with the.volume. Seme of the most prevalent surface forces are electrostatic
forces, van der Waals forces, surface tension forces, and friction [17,18]. The action
distance of these surface forces varies significantly and is heavily dependent on
system geometry and environmental conditions. Surface forces play a major role in
the control of micro- and nanoparticle:manipulation, as discussed in Chaps.4 and 9.
Other examples include mieromotor failure due to stiction and the “jump to contact”
seen in atomic force microscopysswhere the cantilever snaps to a surface during
approach because of surfaceforces. From a controls perspective, surface forces are
a challenge due to the speed at which adhesion can occur and the irreversibility of
many events driven by surface forees (e.g., a particle stuck to a probe).

11.2.6 Embedded On-Chip Control

It is often desirable for micro- and nanoscale devices, including MEMS/NEMS and
micro/nanofluidics, to be stand-alone systems forportability and easy integration
into larger systems. As an example, MEMS accelerometers are currently used in
a number of hand-held consumer products. Therefore, they must be self-contained
and offer functionality that is compatible with.existing electronics. This requires
embedded control electronics using an application specific integrated circuit (ASIC)
based on complementary metal-oxide-semiconductor (CMOS) technology, which
presents several additional challenges. Tools for synthesizing controllers under
CMOS design constraints and then translating those controllersiinto CMOS circuit
layouts do not yet exist. Also, many micro- and nanoscale actuators require more
power and voltage than possible with standard CMOS electronies{(e.g., electrostatic
MEMS actuators (Chap. 7) require tens of volts but CMOS voltages must typically
be below 6 V). Finally, massively parallel MEMS arrays are being used for optical
displays (e.g., the Texas Instruments digital light projector (DLP)) and high-density
data storage (e.g., the IBM Millipede) and have prospects in many, other areas.
As these technologies evolve, closed-loop control will be required for every device
within an array, resulting in significant complexity in the design and implementation
of the controllers. It is expected that as more micro- and nanoscale devices move to
market, these system integration issues will become more evident and will require
serious research efforts to solve.
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11.3 Future Directions

This book hasqprovided an introduction to some of the application domains where
control has been demonstrated to have an impact. There are many other examples
of control at the micro- and nanoscales and it is safe to say that this field will
continue to grow over the next decade. Up to this point most of the research on
controlling miefo- and nanoscale systems has been application focused, with little
cross-fertilization between application domains. However, based on the common
threads notedfabove,, there is a large amount of overlap between current and
emerging applications. Moving forward it is critical that there be more focus on
the big picture that unifies these efforts. We close this book with a few thoughts on
where the field of control of miniaturized systems may be going.

At least five of.the chapters in this book relate to nanomanufacturing, which
closely aligns with current goals in nanotechnology research to move nanoscale
research and development fromtlaboratories to the marketplace. Using macroscale
manufacturing as an analogy, many ‘manufacturing processes start out as open-
loop processes with nosmethods for correction. However, once a product reaches
maturity, there is a much strofiger focus on yield, repeatability, reliability, and cost.
At this stage, the manufacturing processes are typically reevaluated and closed-
loop control is implemented, to improve production. Nanomanufacturing is now
approaching this phase and, as a result, there are a number of manufacturing
applications that can benefit from‘the control systems perspective. In addition to
those already discussed, examples where control can have a large impact include
directed self-assembly, dip pen nanolithography, and nanoimprint lithography.

All of the micro- and nanoscale systems”discussed in this book have been
engineered but there are many such systems found in nature that can equally benefit
from control. Research over the last decade insthe area of systems biology has
striven to provide mathematical formalism to biological sciences. This formalism
is a prerequisite to understanding the mechanisms, of internal control and finding
ways to introduced engineered control into bielogical systems. With the merging
of biotechnology and nanotechnology, and the increasing demand for noninvasive
medical diagnostics and treatments, it is clear that/controlling micro- and nanoscale
biological systems will be a major thrust in the coming decade.

As systems approach the scale of atoms, classical mechanics,break down, and
quantum mechanics is needed to describe their behayior. In this\book, only the
nuclear magnetic resonance (NMR) applications discussed in €hap. 10 required a
quantum mechanical description. However, it is clear that control engineers will be
faced with more and more systems with quantum behavior over the next decade.
Quantum computing is one of the biggest drivers because control’systems will
be needed for preparing quantum bit states and verifying that the proper bits
are attained. However, there are many other examples of nanoscale systems that
will require quantum-level control, including magnetic resonance force microscopy
and quantum communication and encryption. The merging of control theory and
implementation with quantum systems is expected to be a growing trend with
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massive implications in the way we compute, communicate, and further scientific
understanding in our world.

This book has largely been application driven because most practical research
on controlling micro- and nanoscale systems is still focused on solving specific
problems, whether it is improving the performance of an atomic force microscope
or ‘an atomic layer deposition process. This is the right way to start. However,
based on the common threads and technical challenges discussed earlier and the
emerging needs for control in nanomanufacturing, biological systems, and quantum
mechanical systems;, there is now enough knowledge and momentum to begin to
tackle problems at a‘level higher than a single application. Classes of problems
will need to be identified, and then rigorously approached, to maximize such
efforts.

For control theorists'approaching this subject, a common question is whether new
control theory is réquired to control micro- and nanoscale systems. It is tempting to
create grand unified control theory frameworks — these have an air of generality that
is satisfying from a mathematical viewpoint. However we know from experience
that such frameworks, unléss they emerge from real application needs, are rarely
useful. Solving specific practical problems is hard enough; control of a general
class is even more difficult/The chances that the created framework will be aimed
just right (general enough to encompass a variety of applications, simple enough to
be tractable, but powerful enough to provide useful results for a class of practical
micro- and nanoscale applications).afe slim, to none unless it is motivated by real-
world needs.

A more sensible approach is to first try existing control methods in applications
where control is needed, see how they work, andithen extend the theory to fill major
gaps as necessary. This is the approach_ that was, chosen by the majority of the
authors in this book: In Chaps. 3-9 the authors started with existing control theory,
adapted and applied it in a micro- and nanoscale setting, and only then began to
extend it. In some instances, for example, in'Chap:9, the problems were first recast
into a form that allowed standard mathematics to be used.

However, there are cases where it is clear that standard control theory does
not suffice. In Chap.2, existing model reduction and control tools were not
sufficient to control nanoparticle synthesis and processing. In Chap. 10, new
mathematical structures for infinite dimensional control and.control of ensem-
ble systems had to be developed to better manipulaterquantum systems. Thus
the answer is: new control theory will surely advance control of micro- and
nanoscale systems, but its development should be driven by concreterand high-
impact applications. We hope this book will help motivate the next generation of
researchers who will develop needed theory, and combine it.with deep . knowledge
in applications, to demonstrate the impact that feedback control can have in
micro- and nanoscale applications ranging, as the book title says, “from MEMS
to atoms.”
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theorems, 352-354
unitary transformations, 350
density matrix, 323, 324
description, 3
dispersions, 335-338
ensemble control
multiply rotating frames method,
342-348
parametric inhomogeneities, 335-338
magnetic moment evolution, 322
open quantum systems
laser cooling, 333-334
master equations, 331-333
oscillatory control, 329-331
Schroedinger equation, 321
two level system, 323

R

Real-time optical measurement, 46
Rebalance loop filter, 250
Reflectometer, 48

S
Scan controller
linearized closed-loop system, 167, 168
PD controller, 170, 171
PI controller, 170, 172
PID control system, 169
power spectrum, 169, 170
Scanning probe microscopy (SPM), 3
Scanning tunneling microscope (STM), 109,
110
Scatterometry, 51-52
Shear flow, 310-311
Sigma-delta modulation, 194-197
Simple least squares fitting
application, 60
MHE, 56
Sliding mode control (SMC), 73-74
Spectral reflectometry measurement, 58
Spectroscopic ellipsometry, 50-51

Index

Surface emissivity, 47
Surface forces, 372
Surface roughness, 57-59

T
Thermal spray. See HVOF thermal spray
coating processes
Three-dimensional particle control,
microfluidics, 308, 309
Trap scanners
AODs, 151
critical performance parameters, 153
EODs, 152
operating principles, 151, 152
Tuned gyro, 218
Two-particle separation, 289, 290

v
Variational front-tracking approach, 279
Vibratory gyros, 211, 220
Vibratory sensor model
empirical frequency response, 225-228
gyro transfer function, 225
wideband frequency response, 224
Vision-based 2-D microparticle manipulation
adhesive forces, 72-73
automated micromanipulation system,
structure of, 72
automated single-microparticle
manipulation
Lyapunov stability criterion, 84
pixel discretization, 82
single polystyrene (PS) particle, 82, 83
force modeling
adhesiveforce, 74-75
frictional forces, 76
horizontal forces, 77
material properties, 76
spinning frictiony74
image processing, 78—79
parameter estimation
linear transformation, 79
Lyapunov function, 80
sliding-mode iterative parameter
estimator, 81
sliding mode control, 73-74

V/
Zero rate bias (ZRB), 260





