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Quantum bit
The simplest qubit - a single quantum particle with spin %

Classical bit Quantum bit (qubit)
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n classical bits contain
information of one integer

number with value ~2".
Wave function Bloch
W) =al0)+ A1) 1) sphere
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System of n qubits is ) = Z ) and contains information
described by the vector B \ @I of n complex numbers !



Quantum computer # analogue computer

B Xx0/1¢ KBAHTOBBIX BbIYUCICHUN UHTEPPEpEeHLINS aMILUIUTYT  JTO He
IMPOUCXOAUT MOBCEMECTHO M aBTOMaTuuecku. Ilorromy BepHO'
HEKOTOPbIC ABTOPLI IPEJACTABJISAIOT ceOE€ KBAHTOBBIN KOM-

NLIOTEP KAK CJHO0KHBIM HHTEPPEPOMETP AJISI aMILIUTY/I
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System of n qubits =~ <
is described by the vector V) = ;) (x| X)

States superposition-> parallelism: change of one
qubit changes the superposition of all 2" states  Quantum computer needs:

1. Long time of quantum

0}, — ¥ — coherence (no errors).
0),—  Execution Tent of Solution | 2. Controllable interaction
i of the algorithm .. = ofthe | petween qubits.
= T = U2" x 2", T lcgnstm problem | 3 Read-out of final stat
‘0> t J¥in C]lel[ states . Read-out of Tinal state.
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CMBICT, KBAHTOBBIH ajr OPHTM J0IKEH IIPHBOJAHTL K TAKOMY

COCTOAHHIO ?wt';" HTO BEPOATHOCTDL HAUTH IMPABHILHOC

PEHICHHE )y = ?t’l,y: ~ I, Torna xax CyMMa BC]')OSTTHOCTﬁﬁ

BCEX OIHOOYHBIX pCILlCHHﬁ MaJa: Z :(lx;: Z |
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(CxeMd KBAHTOBOIO KOMIIBIOTEPA Bce npuayMaHHBIE K HACTOSMIIEMY BPEMEHH KBAHTOBBIE
dJITOPHTMEI Dﬁ_-IH._I[H.I'DT OIMHCAHHLIM CBOHCTBOM. HTH.I{., KBAdH-

TOBLIA EOMOBIOTEP OaeT UH(PPOBOE PEIICHHE 3aJa4H § C
ONpeaeNeHHOH BepOATHOCTBIY, T.€. ABJIASTCH LMGPOBBIM
BEPOATHOCTHBIM KOMIBHTEPOM.

Control of qubits
by classical devices




Method of realization of quantum algorithm

Vipasienue padoTol KBAHTOBOI'O KOMIILIHOTEpA C /11 KyOHu-
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Quantum algorithms, faster than classical

Three classes of quantum algorithms have been discovered and
comprehensively investigated: (1) algorithms with quantum hidden
subgroups of the Abelian transformation group (among them is Shor's
number factorization algorithm [1994]); (2) algorithms with amplitude
amplification (represented by Grover's algorithm for object search in an
unstructured database [1996]); (3) algorithms for modeling quantum
systems with a quantum computer.

Class-(1) and (3) algorithms apply a discrete Fourier transformation.
Performing the Fourier transformation with a classical computer
requires an exponentially large number of operations. With a
guantum computer, the Fourier transformation is performed in a
polynomial number ~n? of operations. That is why class-(1) and (3)
algorithms demonstrate an exponential acceleration in comparison
with the algorithms executed with classical computers.

The principle of Grover's algorithm is the amplitude amplification of the
state corresponding to the desired object. It gives only n12 acceleration.




be3omacHOCTh epeaaun JaHHbIX

be3onmacHOCTh nepeaYyu JaHHBIX OCHOBaHA HA MPOTOKoJe RSA
(3;mexTpoHHbIe miaTe:xu, PIN-koabl, mudpoBanue e-M3iij1, 1 T.11.)

R. Rivest, A. Shamir, and L. Adleman, “A method for Obtaining Digital Signatures and Public-Key
cryptosystems” (1977)

IIpoTokoa RSA ucnosib3yeT acCMHMMETPHIO ABYX 33144
Jerkas 3aga4a; ymuo:xenue | 77236 x [42231 - 3261753516

TPyAHAas 3aaaua. pa3aoxenue | 48151623427 | = X ?

npumep (YHIpoIieHHO):

5413251651321898498321321 BaHKoMar npoBepserT,
8491008144865156655456122 + NeJTATCSE i Ynco Z Ha
8461887001564869234651321
31535226541898991 PIN-kon

KPeAMTHAS KApTa COAEPKUT Bel BBOOuTE PIN-KOI Ecau neaunrcesa — OK !

JIJINHHOE YUCa0 Z - “Public Key” - “Private Key”



Quantum
teleportation
algorithms

One-qubit operations:
1. Hadamard operation

1 £ I
1-7(1 1)
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102) V2
1
—(X+Z)
V2
103) | l \ .
HI | = —=(0)+ 1)
Schematic protocol of teleportation of an unknown state 2 a b
from point A to point B. Entanglement is produced in the X bl ~ la =NOT E

course of teleportation and is later destroyed during qubit X = NOT = R (n)
state measurements. In addition, one of the qubits of the 3. -

entangled pair is transported from point A to point B. v A t

bl ~ | —b

4. M - measurement
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Decoherence and quantum errors
An important parameter of a qubit is
the time of decohering 7,4, of its states.

The register of L qubits loses its ;  Tdc
coherence in a shorter time: ~ de = 7
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The decoherence time t*,,

E, _
should be compared with —T_ B .
P 1 Rabi

the mean operation time

T,p» Which is about the E, ) oscillation

period of Rabi oscillations.

The ratio 1.,/ 14, shows how many computational operations can be
performed while the quantum computer retains its state coherence.

For instance, Shor's algorithm for L-digit ~ Tshor _ Topl™ _ Top ; (349)
- - - 3 - . —L _— —
number factorization requires L% operations: ¢ 74 /L* 14

How is it possible to make a useful QC?

Other difficulties: read-off and controllable interaction between qubits.
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Quantum error correction

The only invented solution of decoherence
problem is the quantum error correction

In qguantum correction protocols the requisite number of qubits and
operations is ~10%, where t is the number of encoding cascades.

For single error correction one needs ~10 qubits and operations
(while 3 bits are sufficient in classical computer). However, if
double errors are possible, one needs ~100 qubits and operations .
Error-correction operations themselves introduce additional errors.

The computations are fault-tolerant if the error correction procedures
remove more errors from the computer than they introduce.

The quantum computer can operate for an arbitrarily long
time if the error probability in one elementary quantum
operation is below the threshold value ¢, < 10°°—-10"¢



Types of qubits
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Superconducting qubit

0]

Josephson junctions

Qubit spectrum
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Qubit is a superconducting ring with one or more

from the point of view of quantum mechanics, the qubit is
an artificial system with quantum states ‘O> and ‘1>

Two-level system
— Y
—[0)

s

~ 20
T
clockwise o f
10 01
Current S
inaring ?-;
anticlockwise = (%)_45 0.5 0.55
Magnetic flux
C 1. =1_si duct
n |, =1.SIng superconauctor
Josephson -
ph D, dp * Tunnel barrier
equation V=—r-7F
L 27 dt superconductor




Qubits lifetime (Nanoseconds)

107

10%
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Qubit lifetime (ns)
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M. H. Devoret and R. J. Schoelkopf, Science 339, 1169 (2013) i - 7z
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SC qubits lifetime (coherence) :
«Moore's law» for superconductors

Quantronium
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3D cavities

error correction possible

cQED
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Fluxonium
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Fabrication of SC gubits In Russia

May 2015.
First qubits

fabricated Qubit Spectrum
in Russia *°y '

. Frequency:

75 L
\ o 7200 7250 7300 7350
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Observed Rabi oscillations

T1 = 525ns

Phase shift on RF

«Modern» transmon: T, ~20 us

i ! ! L L ! / 3. :{L \ J
0.0 0.2 0.4 0.6 0.8 10 p= ‘“’1& D 7

Impulse length, mks

M

-

Only 5<<10* Rabi oscillations are observed

—I—E‘ ) | o —
1 Rabi

E, | oscill.
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Electrons on the liquid helium surface
(general introduction).

Properties of electrons

on the helium surface:

1. Electrons float on the surface
(an electron in the bulk of helium
form a bubble of energy +0.1eV)

2. Surface electrons interact only

He TE

Substrate

with helium vapor and ripplons.
The system is very pure. All outer
particles go out from liquid helium.

[The surfons (surface He atomic levels) are
excitations with gap ~2K. They weakly interact
with surface electrons (because of small wave
function) and disappear at low temperature.]

+

3. Electrons on the surface
may form a Wigner crystal
due to Coulomb repulsion
(first observation of 2D
electron Wigner crystal)

17



Introduction

Electron energy as a function of height
near the liquid helium surface

Electron wave

“V(Z) function

- /|A00A, P

— TG = External electric field
Energy barrier '

Helium polarization by the
~1leV electron (image potential)

He Vacuum z

Electrons are clamped to the surface by
external electric field and by image forces.

A 2D electron gas is formed on the helium surface



Introduction 19

Maximal electron density on the
liguid helium surface

Above some critical density
the charged helium surface
becomes unstable.

® @& E

He & (&

For thick helium film the maximal areal density n .~ 10%cm™

For thing helium film maximal electron density n,,,~ 10t cm

This is the main obstacle to create a degenerate 2D electron gas
on liquid helium surface. However, it is not an obstacle for the
design of one-electron devices, including SET and qubits.



Idea

—==2| Atoms on the surface quantum level (surfons)

Temperature dependence
@ - He vapor |of the surface tension Ao
@ @/ (T) of both He isotopes
can be explained if we
Surfons introduce a new type of
@ @‘ﬂ excitations - surfons.

Surfon is a bound state of an atom
at the surface, which has lower
energy than He vapor and can

_| Substrate propagate along the surface

liquid helium

Surfons interact with surface electrons. On He this interaction is weak because of small
overlap of electron and surfon wave functions. However, above solid hydrogen this
interaction explains the shift and width of electron transitions.

A.M. Dyugaev and P.D. Grigoriev, JETP Lett.78, 466 (2003).
A.D. Grigoriev, P.D. Grigoriev, A.M. Dyugaev, J. Low Temp. Phys. 163, 131-147 (2011)
P.D. Grigor’ev, A.M. Dyugaev, E.V. Lebedeva, JETP Lett. 87, 106 (2008); JETP 104, 1, (08)



Electrons on the liquid helium surface
as quantum computing system

P.M. Platzman, M.l. Dykman, Science 284, 1967 (1999).

Quantum Computing with
Electrons Floating on Liquid
Helium

P. M. Platzman'* and M. I. Dykman?

A quasi-two-dimensional set of electrons (1 < N << 10°) in vacuum, trapped
in one-dimensional hydrogenic levels above a micrometer-thick film of liquid
helium, is proposed as an easily manipulated strongly interacting set of quan-
tum bits. Individual electrons are laterally confined by micrometer-sized metal
pads below the helium, Information is stored in the lowest hydrogenic levels.
With electric fields, at temperatures of 1072 kelvin, changes in the wave
function can be made in nanoseconds. Wave function coherence times are 0.1
millisecond. The wave function is read out with an inverted dc voltage, which
releases excited electrons from the surface.

21



Electrons on the liquid helium surface as qubits

To be applicable as a quantum bit the system must

« Have long relaxation time
« Can be controlled with high precision.

22

Both these requirements can be fulfilled (in principle)

with electrons on the liquid helium surface, since

a). This system is very pure (~10° Rabi oscillations are feasible)

b). It allows good control via electrodes on the substrate or above He
¢). Unprecedented transport efficiency for single electrons on He
allows the controlled interaction between remote qubits.

As a two-level system (qubit) one can use discrete electron
guantum levels (charge qubit): vertical (perpendicular to
the He surface) or horizontal, or electron spin (spin qubit).




Vertical electron levels above liguid He as qubits.

23

[ P.M. Platzman, M.I. Dykman, Science 284, 1967 (1999) |

Helium Vacuum

z<0 z>0

“p - m=1
' AE = 6K

— 'H—rBE76A

Fig. 1. The geometry for an electron trapped at
the helium vacuum interface. The Rydberg en-
ergy levels along with a typical m = 1 wave
function are displayed in the image potential
V(z) = —Ae?/z forz > 0.

A l l ,~ Filament

_'.'_V

— Electron
Layer

Confining
Electrodes

Fig. 2. (A) The parallel plate capacitor arrange-
ment for confining a uniform layer of electrons.
The holding field €_ and the filament for
charging are shown. (B) The geometry for a pair
of electrons on a patterned substrate. The
rough dimensions, the shape of the field lines,
and the control gate are included.



Vertical levels of surface electron for qubit:
read-out configuration Is very simple.

Imaging
Channel
Plate

Vacuum

Helium

Fig. 3. The read-out configuration. The poten-
tial leading to tunneling when a reverse field is
shown, along with a schematic of the position-
sensitive channel plate.

Some advantages:

1). All electrons are in the same
potential. They have exactly the
same energy level separation if
the helium film is thick.

(However, the electrodes on the
substrate, confining the electrons,
create some dispersion of energy
levels, which depends on the
electrode shape accuracy and
substrate flatness.)

2). The read-out configuration
IS possible and quite simple.

P.M. Platzman, M.l. Dykman, Science 284, 1967 (1999)

24



Dephasing (dissipation) mechanisms

1). Interaction with surface waves (ripplons)

depends on the in-plane confining potential. hI Boliin
a). One-ripplon decay for localized electrons is =0 ~

(damped due to energy-momentum conservation laws).

b). Two-ripplon decay has small amplitude because of gg;tz
weak electron-ripplon interaction: I'< 50103 s1 (for E,=300Vv/cm).

c). Ripplon-induced sideband absorption (electron transitions with emission or

absorption of a ripplon). Loss given by Debye-Waller factor eV, W=0.05.

2). Interaction with bulk phonons in helium (important mainly for the
vertical electron transition). (a) Due to surface displacement I'< 70103 51
(b) Due to modulation of He dielectric constant I'< 60104 s1.

3). Thermal dephasing: T'ec T3 ; I'(T=10mK) =100 s,

4). Electrode noise: (a). Electric noise in the electrode at T=1K, I'~ 1051,
b). Variations of shape and size gives energy-level variation for different qubits.

[ M.l. Dykman, P.M. Platzman, P. Seddighrad, PRB 67, 155402 (2003) ].



Localized electron state on the helium surface: | *°

horizontal energy levels are also useful for qubits

1.) Positively charged electrode or impurity on the substrate confines
the electrons along the surface and creates a very pure quantum dot.

e N\ TN In-plane impurity or electrode

f potential for _ g2

- — 9= - surface V(r) = ——
He? n electrons: Jr2+h
G e Vi)

2). External magnetic field also confines %/‘

the electrons.
Lowest energy levels are

H
Z%\ /e\ separated by A ~ 4K

He‘i - — One-ripplon electron transitions
— _ are exponentially damped =>
S long decoherence time.




Calculation of energy levels, and line width and shape |*/

for transitions between localized electron states.

P. D. Grigor’ev, JETP Lett. 66, 630 (1997)
P. D. Grigor’ev and A. M. Dyugaev, JETP 93, 103 (2001)

At low temperature surface electrons have inelastic
scattering only by ripplons (surface waves)

To consider the electron-ripplon interaction for localized electrons
one can apply the exactly solvable independent boson model, because
the one-ripplon transitions have exponentially small matrix element

(the perturbation theory and the path integral approach in
quasiclassical approximation cannot give an accurate answer).

Electron __"hy Lineshape and

energy levels - width 1(@) -?

Electron transition




Physical origin of the optical absorption
line broadening (sideband effect)

28

Surface deformation (ripplonic The electron transition is
polaron) under an electron in ™ accompanied by relaxation

different states is different

This relaxation leads to the transition line
broadening. The shape of absorption line
depends on the ratio between the dimple
relaxation time and electron transition time.
In general case, it may have two maxima:

AZ

.00
0.8
(1.6

0.4

0n2F

0

Helium surface
Electron energy level profiles

of a dimple under an electron

[ (®) -

Electron energy level

[ P. D. Grigor’ev and A. M. Dyugaev, JETP 93, 103 (2001) ]



The model.

Hamiltonian (of independent boson model)

Vimp(F)

i -

H=Y£C/C,+ > hoala,+> M, (& +a,)C;C,
i q 1,9

e
Pre

Ripplon dispersion Cf)§ =

q(g” + x°) tanhqd,

/‘

where x=20cm?<<q, a,,,=0.36dyn/cm, P, =0.147g/cm’.

The matrix element of the electron-ripplon interaction

M;q=[d’r ¥, [ e Q(a)F (), Q(a)=

where

F(q) =€F, +Ojo(‘9_1)ezq( L _k

Ad(e+1)z\ qz

hgtanhqd
2p, |

1(q2)j<02 (z)dz.

»
»



Solution of the independent boson model

The independent boson model is solved by the transformation

H=eSHe S, where S=)C/C, ) (M, /o, )@ -a,).
i g
The new Hamiltonian is diagonal:

H=2(s-A)C/C + 2 hoa,a,.
i q

The shift of energy levels A, = Z M /he,.
q

New ripplon operators &, =@, —Z:(I\/Iqi/wq )C."C..
|

New electron operators

C =C exp{—Z(Mqi/wq )(a; —a, )}.

30
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Calculation of light absorption line

The intensity of light absorption can be calculated using the

Kubo formula: th
Reo ﬁ(w)_—je i (t)jﬂ(t)>dt

where the current operator  Ja = 2, Pi.oCi'
1]

After calculation one obtains
Reo ﬂ(a))— Z:ni(l—nj)Pij,aPij,ﬂJ‘exp{it(w+gi —& -4 +Aj)—q§ij(t)}dt,

where @, (t) = z q’) [(n +1)(1—e'" )+ N, (1- g )]

There are 3 energy parameters In the problem: (1) Ripplon energy ®,;
(2) Temperature T; (3) Energy of surface deformation A

Or there are 2 dimensionless parameters: T.=T /@, and A=A/ha,



Results | (high temperature limit T*>>1)

32

a). Strong coupling limit
v=ATL.>1(A=A4/1hm,).

Absorption line has Gaussian shape

*_A 2
I(a)*)~ex _(a) ) y a)*—
4 AT. ()

a

b). Weak coupling limit v = AT. <1.

®;

H(@)=100) T av—3/2)

l(@.) cexp(-|a. )|, |o. |<<1.

7

Urbah rule (the temperature independent

exponential tails of absorption line) has

been observed in many solid-state systems
This is its first theoretical substantiation.

P.D. Grigor’ev, A.M. Dyugaev, JETP 93, 103 (2001)

_ O~

L. <<1;

The crossover from Gaussian to
exponential tails as the coupling
energy reduces is clearly seen.

I
10 ;
; :
0.1F -
0.01 -
hN
0.001 £ -
0.0001 L | | | |
-8 4 0 4 8

w*—A

Fig. 2. The mtensity of absorption on a logarithmic scale as
a function of reduced frequency ©* = (0 — wy — A)/w(a). At
a constant temperature 7* = 100, the coupling constant var-
1es. The solid line corresponds tov =1 (4 = 0.01), the dot-
and-dash line corresponds to v = 2, and the dotted line cor-
responds to v = 0.5 (4 = 0.005). For a low value of v, one
can clearly see the linear portions of the dependence
InZ(®*) (Urbach rule, Eq. (34)). If v < 1, a sharp peak at
@* = 0 1s also observed.
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Results 11 (low temperature limit T*<< 1)

a). Strong coupling limit A=A/w, >>1  ¢). In the intermediate case A~1

where 4=F?/32a~0.01K. is the energy absorption line has maxima:
of surface deformation due to dimple, the thing adiabatic peak which

and typical ripplon energy @, ~ 0.01K. survives as A reduces and the
Absorption line has Gaussian shape thicker quick-time non-adiabatic

(@. — A)? o — o maximum at @. ~ A.
| (@.) oc expy — — , @, = >, I
4A (1) 1.0 T T T T

a

b). Weak coupling limit A<<1l. T.=T/w, 08 ]

06 =

T. . o |

| (@.) c Al ——exp _le] +e ”0(w.) |. 04 ]

| @ | T. ozl j ]
The singularity at @. =0 reflects the very 0 T S N

. L : 4 0 4

narrow absorption line within this model. '
This limit is the most interesting for _ _
guantum computation applications. Conclusion: the horizontal electron

levels are also suitable for qubits.

P.D. Grigor’ev, A.M. Dyugaev, JETP 93, 103 (2001)
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Spin gubits with electrons on He surface

Single Qubit
IT Operations

Vertical CCD’s

3 N|
; (o> N (e ]
I — 5 —
o,
D (6)) D ()]
B Interaction and
— Transfer Region

S. A. Lyon, PRA 74, 052338 (2006)
Advantages:

FIG. 1. A schematic diagram of a possible
gate electrode arrangement for a quantum
computer. The grey regions are conducting
gates held at different potentials arranged as
a three phase CCD. By adjusting the gate
voltages o, the electrons dots with arrows
can be moved around the device. The light-
colored region on the left represents a
conductor below the gates through which a
current / can be run, producing a local lateral
magnetic field that combines with the large
constant field, B, to bring the Zeeman
transition of the electrons above the wire
into resonance with applied microwaves.

(1) very low error rate: coherence time >100s, very high electron transmission efficiency

(2) easy initial-state control: start with ground state in B and apply fixed-time rf power.
(3) Possible readout, e.g. by compare the unknown spin with a known one.
(4) Possible control of qubit interaction (!): exchange (by controlled distance) or dipole.
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Control of interaction between electron spins on He surface

0 meV

Bl B s

N / \
-4 meV \‘/ 1000 A v

: .
LHe I°§
It
Vi Vo

Fig: the overlap of wave functions of two

electrons (dots with arrows) is controlled
by changing the gate voltage V,, allowing
controllable exchange or magnetic-dipole
interaction between electron spins.

The dipole-dipole magnetic interaction
u,-u, 3(u;-r)(u,-r)

D= 3 5
¥ r

between two spins is sufficient for CNOT:
CNOT = Ryy(= 7/2) PR, (7/2) where

 _ Ram2)Vp(al2R (2)Ry (= w2Vl 2) Ry, (12)

4

1 0 0 O Vi

10 1.0 O produces a
04 W e phase gate
@ 8 B =1

R.. (o) is a rotation of spin x by angle ¢
Y277 about axis i, and turning on the
dipole interaction for a time t is
V

) 3
- Mo 8 B T
D ((I)) where =15 7

Conclusion: all necessary steps for quantum computing with electron
spin qubit on He surface are feasible [S. A. Lyon, PRA 74, 052338 (2006)]
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Proposal for Manipulating and Detecting Spin and Orbital States of Trapped Electrons
on Helium Using Cavity Quantum Electrodynamics

D. 1. Schuster," A. Fragner," M. L. Dykman,” S. A. Lyon,” and R. J. Schoelkopf’

We propose a hybrid architecture in which an on-chip high finesse superconducting cavity is coupled to
the lateral motion and spin state of a single electron trapped on the surface of superfluid helium. We
estimate the motional coherence times to exceed 15 us, while energy will be coherently exchanged with
the cavity photons in less than 10 ns for charge states and faster than 1 us for spin states, making the
system attractive for quantum information processing and strong coupling cavity quantum electro-
dynamics experiments. The cavity is used for nondestructive readout and as a quantum bus mediating
interactions between distant electrons or an electron and a superconducting qubit.

Al2 ~2cm
B
>
1t

FIG. 1 (color). Top view of electrostatic electron trap. The
ground plane and cavity center pin are shown in blue, while
the trap electrode is magenta. The configuration of center pin and
ground plane provide two-dimensional confinement. A dc volt-
age, V, is provided via a wire insulated from the resonator. To couple the motional and spin degrees of

Manipulation and readout 1s performed via a radio frequency freedom a current is sent through the center
voltage applied to the input port of the resonator with the modi-

fied signal measured by a cryogenic amplifier at the output port. electrode creating z-field gradient in the trap



What about 3He impurities on the “He surface?

Answer: 3He impurities can be
K&t\ @ /F completely! removed from “He
1 ~ surface by a cold neutron beam.
This requires a neutron source or
prepared (by neutrons) pure “He.

He

Substrate TE’H

Other methods of removing 3He impurities from “He surface
are also possible.
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Negative ions on the helium surface as qubits

[ P.D. Grigor’ev, A.M. Dyugaev, M lH
JETP 88, 325 (1999) |
He T E

Advantages: s+

« They have long spin relaxation time => high coherence.

« The negative ions are strongly localized and can be easier
manipulated than the electrons.

« Easier qubit interaction. Dipole interaction of Ca- Is stronger
than of e~ since they can be placed much closer to each other.
The interaction between Ca- spins via e is possible (RKKY).

Drawbacks:

« Only spin degree of freedom has long relaxation time and
can be used as a bi-level system for qubit.
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Electron inside liquid helium

Electron in the bulk of liquid helium form a bubble
of radius R,=18A.

He
The energy of this bubble is a sum of 3 terms:
h® g—1
E(R)= ——— +47maR* - =——1. 35
2ZMmR 2E R
potential / I I
Quantum Surface polarization
V(r)| Bubble He electron tension of helium

Kinetic energy

Elect _
W;semn The energy loss of bubble formation

function is ~0.1eV




Calculation of 1on energy In helium

The Shrodinger equation for outer electron in the effective potential
Is solved numerically for 1on inside helium and on its surface.

Model potential

for outer electron
of a negative ion

Inside helium:

Conclusion:

V(r),

Bubble He

Outer electron
wave function

F

Energy of Ca and Ba- inside helium is higher than on its surface.

AE,, =0.024eV; AE., =0.006eV.
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Results:

TABLE I. Numerical calculations of bubble energy and optimal radius in bulk liquid helium and on 1ts surface
for several typical 1ons of large radius. with characteristics of these ions.

Optimal
ElE.C[IDll affinity | Ion size Atom o1 mqlr.ecule Turning point bulbble l:adms
n vacuum in vacuum polarizability o ST in helium
, : Fo=la/dg,l) ", £ 2
Ton E,. eV ko, A B. ax 0= By R A
0, —0.46 2.87 10.6 2.23 8.0
Ba~ —0.145 4.87 270 6.5 12.0
Ca~ —0.0245 11.84 170 9 14.1
Correction to 10n Potential
Correction to Optimal energy on surface barrier for ion

lon energy
in helium volume

separation between
ion and surface

E ., taking into account
hole shape,

on surface of
thick helium film

Ton E —E;. eV h, A (estimate) eV (estimate) A, eV
O, —0.024 — — =)

Ba~ 0.024 14 —0.011 0.04
Ca~ 0.060 20 —0.003 0.065
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Negative ions on the surface of liquid helium

Feature: much heavier than electrons.

Applications:

1). To observe the Wigner crystal of negative ions directly (e.g. by
neutron scattering).

2). To separate the role of quantum effects in the behavior of
surface electrons (e.g., guantum melting of Wigner crystal at high
electron density n,~10'2 cm-~etc.)

3). To create localized qubits (spin %; in magnetic field).

4). To create new negative ions which do not exist in vacuum but
exist on the helium surface or inside liquid helium (when the
attraction of outer electron is close but not enough to form a bound
state with atom).

5) To prove the existence of surfons (atoms on surface level).
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The advantage of easy geometrical control
IS very important for managing qubits.

Several negative ions can be much
/ closer to each other than electrons
because there is no loss in the kinetic
energy. => (1) This increases inter-
gubit interaction. (2) They can be
easier manipulated. (3) Interaction

substrate ﬁ\ between ion spins can be via

additional electron (not dipole-dipole)
\ Large number of negative ions has

Positive electrode the same limitation of density as the

electrons on He surface (10° cm-2).

[ P.D. Grigor’ev, A.M. Dyugaev, JETP 88, 325 (1999) ]



Part 3: Experiments with localized *

electron states above liquid helium

“Trapping single electrons on liquid helium®, P. Glasson et al., Journal of Physics and Chemistry
of Solids 66, 1539 (2005) [ Electron Trap il

X ‘ , \
I 1\
N < I \ ’ !
7' !
K | | I
|
3§ \‘
\ \ V!
\ v/
/

- -

-

’.-—-
,—-—-

\
\
\
\

— ‘
:
£ oo 7 ! ,
) ", || \
~ W I‘I
" \' \
-0.5

:..""}. -40 40
= g | AN ‘ Vg (mV)

; e Fig. 2. Coulomb blockade oscillations by
EEEDIE N injector _SET _Gate | gyeeping gate voltage V, before (dotted)
Fig.1. Microelectronic device for and after (solid) charging helium surface.

trapping electrons on helium surface. 0.6F B[ T & Ecionwei T~

—40m/\ e
g e \_\ e ~Charggd, ,ﬁ‘
Fig. 4. Coulomb staircase for individual electrons. °"‘_“-‘\°"y> _____ j,-d‘ g
. 40mV -20
Charge steps (0.092 e) are seen in AQ*/e as 2 ool g | -t

electrons leave the trap one by one until the trap
is empty. The inset shows the potential profile of Sl e _UnCh:
the trap for appropriate values of V. e e a4
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Array of 5 localized electrons above liquid helium

a Electron Qubits b
Reservoir ~ .. o~ & A

B e - e £
ANNNNNNNNNNNNNNNNNNNNY

= B o] n [
ARRNNIITNTNITNTNHTNITININENN MNNY QNN NN DUNNY ANAN 0NN SN NN ¢

R e

4 um SET

Channel Individual Control
Electrodes

c D.G. Rees et al., (2008)




Efficient clocked electron transfer on superfluid helium *

[F.R. Bradbury et al., Unprecedented transport
PRL 107, 266803 (2011)] l't'“ SLporie Rty efficiency of 0.9999999999,
J ' sio, atleast by 4 orders higher

Memory Cell Gates Vced2 Veed3 3pm ) .
|  thanin semiconductor
I""“ devices, is demonstrated
for electrons on the surface
of micron-scale superfluid
helium-filled channels.
LR $3 RR

#  Transfer failures are undetectably
" rare also in 2D after >billion cycles

This extremely efficient transport is measured in
120 channels simultaneously with packets of up to
20 electrons, and down to singly occupied pixels.
These results point the way towards the large
scale transport of computational qubits, used for
communications in a hybrid qubit system.

¢ 3 # | Conclusion: extremely efficient transport

e i o o allows interaction between remote qubits,

pixels transferred which increases the number of qubits in QC

[9,] .

n
- —t
—e—

s
Ve —i
——

w

—_
o

# of electrons per channel
N

o




Experiments with qubits in quantum dots in semiconductors Y

A lpm: B A Prepare Fig.2 Control cycle for
-428 experiments consists
2 of preparation,
> singlet separation,
. evolution of various

kinds, and projection
onto the (0,2) singlet
state (measurement).
Measurement is
based on the spin-

-404 Vg (MV) -400

Fig. 1 (A) Scanning electron micrograph of a sample
consisting of electrostatic gates on the surface of a
2D electron gas. Voltages on gates L and R control blockaded transition
the number of electrons in the left and right dots. ¥/ W'/ ofT states onto
GBate T |ds u:ed to adjust the |:terdoft tuntr_lel cc;tilpllngé t=t, Measure (0,2)S, whereas S
(B) conductance g, measured as a unction of V, an states proceed freely,
V;; reflects the double-dot charge stability diagram. .

. allowing S to be
Charge states are labeled (m,n), where m(n) is the distinauished f T
number of electrons in the left(right) dot. v Istinguished from

by the charge sensor.

J. R. Petta ef al., Science 309, 2180 (2005);
A.C. Johnson et al., Nature 435, 925 (2005); D.P. DiVincenzo, Science 309, 2173 (2005), etc

Similar spin-qubits in QD on He surface are more efficient!
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Conclusions

1). Electrons on liquid helium surface are very attractive for physical realization
of qubit. They have extremely long coherence time: T >100s for spin qubits and

T >100us for charge qubits. In addition, unprecedented transport efficiency can
be achieved with electrons on He surface, which facilitates interaction between
remote qubits and makes accessible many-qubit quantum computations.

The read-out process is simple for charge qubits and also possible for spin-qubits.

2). The standard 2D electronic devices, such as guantum dots, filaments, charge-
coupled devices, etc. can be placed on a substrate under He film and used for
manipulations with electrons on liquid He surface (no need to fabricate anew).
Some methods/equipment developed for measuring surface electron states in
solids may also be useful for study surface electrons states above liquid helium.
Qubits based on electrons (or negative ions) on He surface are much more
efficient than qubits on quantum dots in semiconductors and similarly feasible.

3) The electrons on liquid He surface are very promising for physical realization
of quantum computing but have received unfairly little attention so far.

Thank you for your attention!
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Idea

—==2| Atoms on the surface quantum level (surfons)

Temperature dependence
@ - He vapor |of the surface tension Ao
@ @/ (T) of both He isotopes
can be explained if we
Surfons introduce a new type of
@ @‘ﬂ excitations - surfons.

Surfon is a bound state of an atom
at the surface, which has lower
energy than He vapor and can

_| Substrate propagate along the surface

liquid helium

Surfons interact with surface electrons. On He this interaction is weak because of small
overlap of electron and surfon wave functions. However, above solid hydrogen this
interaction explains the shift and width of electron transitions.

A.M. Dyugaev and P.D. Grigoriev, JETP Lett.78, 466 (2003).
A.D. Grigoriev, P.D. Grigoriev, A.M. Dyugaev, J. Low Temp. Phys. 163, 131-147 (2011)
P.D. Grigor’ev, A.M. Dyugaev, E.V. Lebedeva, JETP Lett. 87, 106 (2008); JETP 104, 1, (08)



Surface tension of liquid “He and 3He, theory and experiment.

as0

Surface tension o, [mdyn/cm]

100

300 =
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200 =
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Surface tension of He' (theory and experiment)

ripplon contribution
(without damping)

/

i=point

a[mdyn/cm]
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-
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a
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-
=
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" oe

on

Fig. 3

For comparison one takes into
account the experimental data on
temperature dependence of bulk
chemical potential

Hes

I v !

1 TIK] 2

There is one fitting parameter — the effective mass of surfons, which
determines their DOS. Another fitting parameter — activation
energy (1 is fixed by low-T part:

The best fit gives the effective masses

Estimated surfon effective mass is slightly

less than that giving the best fit.
A.D. Grigoriev, A.M. Dyugaev, P.D. Grigoriev, J. Low Temp. Phys. 163, 131-147 (2011).

M~ 2.65MY,

EH€4

EHE?

~—-45K and ~ —2.25 K.

and  MI~2, 25M35,
M}~ MJ(1 4+ npeqVag) = 2.04M),.
M3~ MY(1 +nge3Vag) =2.23M5.



Calculatio

S Surface tension of *He

Density of surfons increase with temperature:

XORAINE P
(2 )|: % T )_1:| ’84(p)—A4+2m4

The surface tension  o,(T)=0,(0)+o, (T)+Q; (1, T),

where ripplon contribution o7 (T)=—-AT"® (Atkins, 1953)

and the surface atoms contribution

—& Ax M T?% X dx

1—ex Ky 4(p) __ 24 J' |
T h A,

X+ -1
T

0 ex

A.M. Dyugaev, P.D. Grigoriev, JETP Lett.78(7),
466 (2003).



Calculatio
ns

Surface tension of 3He

Density of surfons increase with temperature:

n(M)=2 dgzp[exp(gs(pi_%’)ﬂ Ce(p=as P

2m,

The surface tension o,(T) =0,(0) + 2, (s, T),

’p |n[1+e><p(”3 —Tag(p)ﬂ

_ . rdx
o4(T) = 155.3 — 61.27° / -
{3.‘{1)(;1: + %) + 1

where  Q,(T)=-2T j

0

A.M. Dyugaev, P.D. Grigoriev, JETP Lett.78(7),
466 (2003).
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Fig. 3

Surface tension of “He o [mdyn/cm]

350 H

300 H

| solid line - total contribution from ripplons
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Surface tension of ‘He
Comparison of theory and experiment

Points - experimental data from
M. lino, M. Suzuki and A.J. Ikushima,
J. Low Temp. Phys. 61, 155 (1985);

dash line - contribution of only ripplons;

and surface states of ‘He atoms
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Fig. 1
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Fig. 2
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First excited
electron level

Lowest electron level
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Various energy levels of surface electrons

Electron transitions between
different energy levels above
the surface can be measured.

The position and width of the

transition line depends on T!

[ V.V. Zav'yalov, L.I. Smol’yaninov, JETP
Lett. 44, 182 (1986) ]



Quantum transitions of electrons on the surface 23

,(0), 10"y Experimental data from : V.V. Zav'yalov, L.I.
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v, THZz Smol’yaninov, JETP Lett. 44, 182 (1986); Sov.
ha,n,  Phys. JETP 65, 194 (1987); ibid 67, 171 (1988).

O\Q vi,(n,) =v;,(0)+
SN M The temperature dependence of the
. shift of the frequency of electron
oo transition 1->2 plotted as function
| o of the vapor density N,
I N(T)ocexpl— | /keT), p = 92K
0 5 2 s does not fit the line AE, = Mf’-a(,nv_
theoretical prediction "
If one applies the linear fit of [ |;,(Ny,) the obtained value a,=—-14A

The accepted value, obtained from atomic
scattering experiments, has different sign:

a,=0.67A

This disagreement suggests that the hydrogen vapor only
does not explain of the temperature shift of transition frequency




Quantum transitions of electrons on the surface shifted

27

due to the interaction with surfons. The shift depends on T

n, (10" em™) Experimental data from : V.V. Zav’yalov, L.

0.35 1.2 2.5 3.9 Smol’yaninov, JETP Lett. 44, 182 (1986); Sov.
Lo Phys. JETP 65, 194 (1987); ibid 67, 171 (1988).
3.2+
) ‘o e The shift of electron transition line is linear
E’ _ o as function of surfon density Ng
281 ¢
_— | | ‘ P. D. Grigor’ev, A. M. Dyugaev
0 0.4 0.8 1.2 1.6
ng (ll.'}]3 cm_z) ’ '

87,106 (2008).

This shift gives a strong proof of the existence of surfons !

The surfons exist not only on helium or hydrogen
surfaces, but in all cryogenic liquids.




Calculation of the shift of electron energy levels
due to electron interaction with surfons

The shift of the n-th electron energy level is given by
h'a, j“’ 2 (2)n, (2)dz T 2 4z =1
0 (onO Vv J ¢n0 -

0

27m

E . =E, +AE,, AE =

where @, is the scattering amplitude of electron by vapor atom.

The uniform distribution of vapor along z-axis produces the
same shift of different electron energy levels

I The temperature-dependent shift of interlevel electron
transition line may only come from non-uniform vapor

h*a,

E,.—E = EnO_Elo_Zn'm

n

[ (@5 —92)(n,(2)-n,,)dz

26




Calculation of the shift of electron energy levels
due to electron interaction with surfons

The z-dependent vapor density leads to the shift of

electron transition line:

|
I

|

|
S

n,/n

Vv \/oo

(012

\—

z/oo,

26

v12(0)

vip(ny)

Now the ground state is
shifted stronger

=

scattering length has

positive sign

>




Contribution of surface level atoms to the
electron scattering

Inverse scattering time is related to the He atom density n(z) above the

surface 1 ) ) Ah

4
r Idz Te (Z)nHe (Z m

where A is the scattering amplitude.

This He atom density n(z) contains vapor atoms and surfons.

Electron mobility 7 =7/m.

One can expect to answer another long-standing question: why the
electron mobility on liquid helium surface is ~2 times smaller than
the theoretical prediction.
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Other experiments, indicating the existence of surfons El

Mobility of surface electrons above liquid helium.

The scattering rate of surface electrons on He vapor is not

enough (~2 times) to explain the low electron mobility. The
scattering by surfons con5|derab |y improves the agreement (by a
fa«)t@r of ~1.6) but si#l not EI@@U( The electron-surfon interaction

above liquid helium is weak
because of small overlap of
electron and surfon wave

fLinctinne TC'ho vocullt 1c vinryvy
TOTTCCIOTTIO. T TIC ToJuUrc o veTy

HnBtGF e AMshape of
Slayﬂg{;\qy(g V. Lebedeva

E TRy '‘Electron mobility on a
10" 10" 0  10* | surface of dielectric media:
Gas density, 1/cm” -
Influence of surface level
atoms"’, JETP 104 (1), p. 1-
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o
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S
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First difficulty: decoherence

g ... Decoherence (the qubit lifetime™ is
: eges= limited) => inevitable errors.

‘
AN A2

. The Shor factorization algorithm of
. L-digit number needs ~L3 operations
| +~L qubits, => needs 1, /t,,> L4

Ve
[

Error-correction is useful if at least
104 coherent operations are possible.

This means that at least E, |

104 Rabi oscillations in a ‘ . 1 Rabi
gubit must be possible £ oscill.
before decoherence! 0

Other difficulties: read-off and
controllable interaction between qubits.




