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Abstract: Quantum mechanics is down to earth - quite literaly - since the electrons within the tiny crystals found in a handful of dirt manifest a
dizzying world of quantum motion. Each crystal has it&€™s own unique choreography, with the electrons entangled in a myriad of quantum dances.
Quantum entanglement

also holds the promise of futuristic Quantum Computers - which might be comprised of electron and nuclear spins inside diamond, or of atoms
confined in traps, or of small superconducting grains, among a plethora of suggested platforms. In this talk | will describe ongoing efforts to
elucidate the mysteries of Quantum Crystals, to design and assemble Quantum Computers, before ruminating about &csQuantum Cognition&€s - the
proposal that our brains are capable of quantum processing.
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Crystals

Come in many shades

And many shapes

And with many “uses”:
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‘Look” inside crystals

Periodic array of atoms

Cu0,
LaO
LaO
Cu0,
-9 LaO
LaO
-9 CuO,

a= 3.784

Many different atoms

Many arrangements

Many, many crystals
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“Quantum Crystals”

Why Quantum?? ‘_/1(/:'5“‘/ i.,_,.i‘j |
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Heat: Thermal energy

Motion of atoms:

Ludwig Boltzman
1844-1906

Cold Hot

Atoms bounce around faster in hotter cystals, have more energy

Boltzman constant

Thermal-energy per atom kp ~ 107 J/K

ral r
v3 F Boltzman const. x Temperature

Pirsa: 16080013 Page 6/56



Pirsa: 16080013

Atom Vibrations

Crystal of Atoms: Ball and Spring model

Vibration (Oscillation) frequency?

oe®
@

f;llum ~ 1012 ('-.\'('1(‘5/:4(‘('

L {/// /II'II/ Z { 77

-a 0 a
Position

./‘:_:Ilihu' ~ 100 ('_\'('l(‘H/H(‘(‘

Page 7/56



Quantized Energy

Energy and Vibration-frequency are linked:

Planck’s constant, h (1900) h~6x 107 J-sec

Quantum Energy EQ — hf

Max Planck
Allowed energies are discrete: Quantized
1858-1947
\ o / m.
n=1 [2‘(\‘) i
0

i
g

Position

Quantum energy vs Thermal energy ?7?
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Cold or Hot: Quantum or not?

L';;T - [‘:(2

kT < E .
< e EQ S hf

Cold: Quantum Hot: Thermal

“Quantum” » ¢
Temperature: T - h’j/kb’
Quantum (cold) Thermal (hot):
{ G i T > T
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Are vibrating atoms Quantum?

_ fatom ~ 1012 cycles/sec
, i J

mgf‘&?*‘?fw?“?‘f@“ Tiiom ~ 100 K

? M? -mg M%m%m;

Room temperature? Somewhat... Tiroom = 300 K

At liquid Helium temperatures, yes! ]liqni(l—llv =4 K

How to increase frequency?

Increase Tension of string
Reduce weight (mass) of string

/‘ /ii-nsinm
oy ! L

11ass
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Electron Vibrations

Copper Atom

Rl Electrons rotate around
; s ~ Y and jump belween atloms
:’: e\ A
EETCAER! r 15 n
) \'\:f o ./ul(‘.(:trnn ~ 10 ('.Y(Tl(‘.h/h'(!(f

o TP \ nucleus
olactron ol - -
electron shell [1.'. S o) ~ l(].) [\-

electron

Electrons are so light that room temperature is *very* cold

Ti‘()()ll’l << T*

lectron

Electrons in Crystals always behave Quantum Mechanically
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“Quantum Crystals”

Copper Wire

i i;‘\
Insulation

atoms A

—— o] o
| |

" Electrons have spin

Pt B B— B—b b=}

bt St Rocp Be—p smp
¥ <
\ Nolectron flow
electron

copper atom

nucleus

Challenge:

*  Many, many electrons, 104 /\/\/\
* Electrons are particles and waves T
* Electrons have “spin”

Electron “particles” Electron "waves”

Pauli Exclusion - 2 electrons cannot be at the same place at the same time
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Theory of Quantum Crystals

“Electrons do their own thing™: (Pauli exclusion)

up-spin
l / electron

Lev Landau 1908-1968

i

Explains why copper conducts, why quartz does not,
why silicon is a semiconductor, and much more...
(enabled computer revolution)

But sometimes they don't...
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“Complex” Quantum Crystals

“complex crystals should conduct — like copper”.
But do NOT Each electron gets stuck:

Manganese-Oxide

“Mott Insulators”

Electrons spins can rotate (oscillate) ...
Quantum mechanically

But how?

Sir Neville Mott 1905-1996
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Can Quantum motion “melt” the order?

Yes!! Spin Liquids
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Caricature of a Spin Liquid

i}

HHH
HHH
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==

“Spin Liquid”
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What *is* a Spin Liquid?

A spin liquid has no Magnetic order, no Chemical-Bond order, no order whatosoever!

What does it have???

Quantum-Entanglement

Chemical-Bond crystal:
product of local chemical bonds

Non-local Quantum Entanglement
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What *is* a Spin Liquid?

A spin liquid has no Magnetic order, no Chemical-Bond order, no order whatosoever!

What does it have???

Quantum-Entanglement

Chemical-Bond crystal:
product of local chemical bonds

Non-local Quantum Entanglement

Einstein called this:

“Spooky action at a distance”

Pirsa: 16080013 Page 19/56



Non-Local Quantum Entanglement
et e=me = o1 t0] - {0t lof

Alice and Bob break bond % | 4 /%
Alice

Bob
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Non-Local Quantum Entanglement

Chemical bond “built”

from 2 electrons | 1 Omm=( = { Voo }- { tod }

Alice and Bob “share” a chemical bond, holding opposite “ends”

Ro——i0f = [for 10R}] - {Zer e}}

Alice Bob Alice Bob

Alice and Bob are one-together, that is, Quantum Entangled
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Non-Local Quantum Entanglement

Chemical bond “built”

from 2 electrons l T | - = { ) | }‘ { t b }

Alice and Bob “share” a chemical bond, holding opposite “ends”

ooy - (2o n%) - {2 _s)

Alice and Bob are one-together, that is, Quantum Entangled

s Quantum Entanglement “Useful”?

(i.e. make money)
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“Quantum Computers”

Motivation:

As computer components
get smaller, approaching limit
where quantum effects
become paramount.

Moore's Law

Progress in Microelectronics
The number of transistors doubles every 2 years

10,000,000,000
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Il Source:
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Is this a problem? ... or an opportunity?

Computer using “quantum processing” more powerful
than ANY imaginable conventional computer

Richard Feynamn (1981)

Peter Shor developed algorithm for prime

factorization on a Quantum computer (1994)
Peter Shor (1994)

(Most secure encryption method - RSA:
prime Factorization is “very slow”)

200 digit number factorized in 170 CPU years on Pentium

A quantum computer could readily (prime) factorize a 300 digit number!

Challenge: Controlling Quantum Entanglement

(controlling “Spooky action at a distance”) ’?
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Qubit Computers

Classical bit (0,1) , replaced by quantum-spin, [ T l]

’QUblt> _ CL’ T> —|— b‘ l> a,b complex numbers

Qubit Quantum Computer: Build computer one “spin” (Qubit) at a time

b1
TR —>
‘v

Requirement: ISOLATE from Environment!

Challenge: Need isolation and control
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Qubit Computers

Classical bit (0,1) , replaced by quantum-spin, [ T l]

’QUblt> — CL| T> -} b‘ l) a,b complex numbers

Qubit Quantum Computer: Build computer one “spin” (Qubit) at a time

Requirement: ISOLATE from Environment!

Challenge: Need isolation and control
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Power of a Quantum Computer

Multiple Qubits can be entangled (non-locally)

cf. Alice and Bob “sharing” T ....... 1
a chemical bond

Alice Bob

Allows non-local storage, control and computation

Qubit Computer
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Quantum Isolation is Hard
Proposed Qubits

Nuclear
\ spin
Electron/nuclear Eloctron e, Superconducting
spins in diamond 38 ' junctions
Q 0
/ O V,
e 0,—,’)C|J
ql Yo
D Atomic v
|||;Ip;mq structure Q C1 0
(o)
(o} o

Nuclear spins

in solids/liquids Trapped ions

Trapped atoms
Electron charges/spins

in quantum dots
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Quantum Isolation is Expensive!!

Superconducting Qubits

Solid state Qubits
(diamond, quantum dots)

Topological Qubits
(“spin-liquids™)
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Quantum Isolation is Expensive!!
The “Players”

Superconducting Qubits

Google
IBM, NEC

Solid state Qubits
(diamond, quantum dots)

HP

Topological Qubits
(“spin-liquids™)

Microsoft

Apple?
Facebook??
Twitter???
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“Quantum Cognition”

Quantum Processing in the Brain???

Roger Penrose argued (1989):

« Classical physics cannot explain consciousness
* Brain harnasses quantum mechanics (wf collapse)
* Consciousness - quantum gravity in microtubules.

The skeptics (especially physicists) laughed and scoffed...

THE EMPEROR’S
NEW MIND

CONCERNING SOMPUTERE, MINDS ,
RdSOF PHYE

T
-‘-lo“l “
‘h

[
©

e
a v
ROGER PENROSE

Page 31/56



Why the laughter?

Biological Processes are slow:
4 - N i
.,-.,'”J 3 ; ‘F , v e ” J J, [
¥ A : & M
e 3y B3 TARITTAN L DL

protein folding, rate neuron spike-firing, frequency

ftola ~ 10%Hz fepike ~ 102 Hz

” - % i
Body temp much hotter than T lin)cl‘\' >> 1" = /’-./ //‘ B

Bio processes are thermal, not quantum

Body is too hot for Quantum effects
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But, this assumes thermal equilibrium...

Quantum processing requires “isolated qubits”
What is isolated from wet environment in biology? Nuclear spins!

Proton/neutron spin $=1/2
some atomic nuclei have spin
( e.g. Na nucleus, $=3/2)

® e
@ ren
be L
nr
.
Na+ ion in water: nuclear spin b "'N + *" *
entangles w/ environment on time: " ., 8 *" "
. by
R
be LI

INa ™~ —SecC

10
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But, this assumes thermal equilibrium...

Quantum processing requires “isolated qubits”
What is isolated from wet environment in biology? Nuclear spins!

Proton/neutron spin $=1/2
some atomic nuclei have spin
( e.g. Na nucleus, $=3/2)

@
@ rer
be L3
N
.
Na+ ion in water: nuclear spin 4 "'N + *" *
entangles w/ environment on time: " ’, 8 *" "
l\.- ’ L1
b b

INa ~ —SecC '/?]Ji ~ 10sec .
L 10 )

Lithium nuclear spin is more isolated!
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Lithium

An atom: 3 6.941
1342 1.0
180.7
L .
[He]2s @ ro
0.534 1 @ toun

A “drug” for tempering mania and bipolar disorder,
(discovered in 1949, FDA approved mid 1970's)

|
b |

How does lithium work?

How do any psychiatric medications work?7?7?
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Lithium Isotopes

Lithium-7 Lithium-6
3 protons, 4 neutrons 3 protons, 3 neutrons
1]
® G-Lithium
7-Lithium ‘
' N
‘ T ¢e
N
1 28 1628
Natural abundance 92% Natural abundance 8%
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Feeding Lithium isotopes to rats

CVS Pharmacy Lithium:
92% Li-7, only 8% Li-6

Cambridge
Isotope separate: 95% Li-6 or 99% Li-7 Isotope

Laboratories

Experiment: Feed Rats Lithium isotopes

CVS Lithium Li-N (natural)
Li-7 purified

Li-6 purified

control

Any behavioral differences??
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Li Effect on Rat Behavior and Offspring ?;?GLZI:SI‘

Table 2. Effects of Intake of Li Isotopes during the Postpartum Period

Behavior Control Li-N Li-7
Nest building Average Absent Absent
Nursing Average Infrequent/ [nfrequent/

short duration short duration

Grooming of pups Average Infrequent Infrequent
Retrieval of pups Average Infrequent [nfrequent
Grooming of self Average Absent Absent
Reaching for food Average Infrequent Infrequent
State of alertness Average Low Low
Cannibalization of Yes No No

pups
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Li Effect on Rat Behavior and Offspring ?;g)ﬁL;;SY;ggﬂAz‘g 21’ 1261
121:1258-1

Table 2. Effects of Intake of Li Isotopes during the Postpartum Period

Behavior Control Li-N Li-7 Li-6
Nest building Average Absent Absent Excessive
Nursing Average Infrequent/ Infrequent/ Very frequent/

short duration short duration long duration

Grooming of pups Average Infrequent Infrequent Excessive
Retrieval of pups Average Infrequent [nfrequent Excessive
Grooming of self Average Absent Absent Average/excessiye
Reaching for food Average Infrequent [nfrequent Average
State of alertness Average Low Low Very high
Cannibalization of Yes No No No

pups

One less neutron makes all the difference!
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Lithium Isotopes

Lithium-7 Lithium-6
3 protons, 4 neutrons 3 protons, 3 neutrons

<
B-Lithium

du /e ©
¢ &&t ¢ k&@ !

Nuclear-spin Entanglement times for Lithium in water

t[‘,i_’? ~ 10sec
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Lithium Isotopes

Lithium-7 Lithium-6
3 protons, 4 neutrons 3 protons, 3 neutrons

B-Lithium

Nuclear-spin Entanglement times for Lithium in water

tric7 ~ 10sec t1:.6 ~ Omin
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Nuclear-Spin Quantum Processing in the Brain?

Requires many (seemingly) unrealizable conditions;

(i) Biological element w/ very isolated nuclear spin. A Neural Qubit
(i) Mechanism for transporting thru brain,
(iii) Mechanism for entangling pairs of nuclear spins

(iv) ...

Can such conditions be fulfilled (in biology)?
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Nuclear-Spin Quantum Processing in the Brain?

Requires many (seemingly) unrealizable conditions;

i) Biological element w/ very isolated nuclear spin: A Neural Qubit
i) Mechanism for transporting thru brain,
iii) Mechanism for entangling pairs of nuclear spins

Can such conditions be fulfilled (in biology)?

Approach: Reverse engineering
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A Neural Qubit?

Common biological atom w/ long nuclear-spin entanglement time?

Requires:

« Atom w/ nuclear spin S=1/2
* Atom in small molecule that tumbles in water
+ Other atoms in molecule have S=0

Bio-chemical elements: C H N O P S
Bio-electrical ions: Na K Ca Cl Mg
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*The* Neural Qubit

Common biological atom w/ long nuclear-spin entanglement time?

Requires:
« Atom w/ nuclear spin S=1/2

* Atom in small molecule that can tumble in water
+ Other atoms in molecule have S=0

Bio-chemical elements: c@w o(P)s
Bio-electrical ions: Na K Ca Cl Mg

Nuclear Spin S = 1/2

Phosphorus P-31 nucleus: The only possible neural Qubit
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P-31 in small molecule w/ S=0 ions?

Yes: Phosphate ion

Phosphate in biology:
ATP-ADP metabolism,
DNA backbone, cell walls

PO~

ADENINE

3 PHOSPHATE GROUPS

Yatud
N g

Nuclear spin entanglement O

. . | -

time for phosphate in water O—[I:): OF H binds:to phosphate;

| P-31 and proton spins entangle
~ O~
tp =~ 1sec

Can another cation (w/ S=0) out-compete H+ in binding to phosphate?

Pirsa: 16080013
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Yes! Calcium (Ca**)

Hint: Bone is Calcium-Phosphate

Gabed STAT bagbd 1 oL

“Posner Molecule”
(discovered in 2010)

Bone “precursor”

Cag(PO4)6

Nanometer diameter

Ideal for Quantum storage/processing of P-31 nuclear spins
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Quantum entangling nuclear spins??

Di-Phosphate (PPi) “Fo-d ATP — AMP +PPi
¢ o
o o
o—TP 0 P o} o—TP o) P o}
0' 0'
Ortho-PPi (triplet) Para-PPi (singlet)

Angular momentum, odd/even

L = %1, 43, £5,... Li=0,%2, ¥4, ..

Key: Chemical reaction

? Q,
o _p Fo o PPi — Pi+ Pi
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Chemical reaction: PPi to Pi + Pi

PPi rotates in enzyme pocket PPi grabbed, held and split

Ortho-PPi harder to “catch” since L=odd

Singlet entangled Pi pairs preferentially leave pocket
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EPR singlet showers

Released Pi pairs are singlet entangled

singlet
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EPR singlet showers

Released Pi pairs are singlet entangled
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Quantum storage/processing...

Entangled Pi's form entangled Posner molecules (storage)

NEURON

POSNER

2 CLUSTER
S

Pairing/melting Posner
molecules (processing)

- < ¢
<= = =C1'---.\

Entangled neurons
(neurotransmitter release)
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Goal: Synthesize a Quantum-Brain?

Fluid w/out Pi, add PPi + enzyme - )

P o P
o p [ < O
f"a v  — f‘" e

\
\
‘ O

I

; I

I

Pi's form Posner molecules § : o
Lorescence
‘ Fluorescence O

Pour into 2 test-tubes, acidify to melt Posner,
released Ca'* fluoresces

Entanglement, if present, causes
correlations between fluorescence
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“| can calculate the motion of the heavenly bodies,
but not the madness of men” — Isaac Newton

Anybody want to “one-up” Newton??

DARK QUARKS
New e
GUNDAT
- - How
L
TWITCH CONTROL
Noise of muscles
!
SPECIAL REPORT Medicine's gene-editing revolution

v
5 fic diting reve

iy -

END OF HIV? pre-sex pill could eradicate virus in a decade

“Neurons that (quantum) entangle together, jingle-jangle!') together” - MPAF
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(1) Urban online Dictionary:

jingle jangle ©
Description for something that is beautiful, easy, carefree and/or simply wonderful.

Hey! Mr. Tambourine Man, play a song for me,

I'm not sleepy and there is no place I'm going to.
Hey! Mr. Tambourine Man, play a song for me,

In the jingle jangle morning I'll come followin' you.

(Bob Dylan: Mr. Tambourine Man)
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Quantum Crystals

Attempt to ascertain complex Quantum
behavior of electrons in crystals

Quantum Computing

Attempt to controllably entangle and manipulate
isolated quantum “spins” (Qubits)

Quantum Cognition

Attempt to determine the fundamental
underpinnings of consciousness
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