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Nuclear spin in a magnetic field

A A

proton in a
10.00 T field
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Nuclear spin in a magnetic field

Nuclear magnetic moment couples to external field

A A
R (2
Mg = —H - Hg = —;-Z
proton in a
10.00 T field
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Nuclear spin in a magnetic field

Nuclear magnetic moment couples to external tield:

A A
I 2
M = —H - By = Y Z
Time evolution from external field only
(2
Uo(t) = exp(—iHpt) = exp (i - Z)
proton in a = cos(Q/2) 1 +isin(Qt/2) Z
10.00 T field

/27 = 425.7 MHz
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Nuclear spin in a magnetic field

. . Nuclear magnetic moment couples to external tield:

L o= ()
H” — —M Bu == —“3' F 5

Time evolution from external field only:

Qt
Uo(t) = exp(—iHpt) = exp (i o Z)
proton in a = cos(2t/2) 1 +isin(Qt/2) Z
10.00 T field
/2w = 425.7 MHz  Actual Hamiltonian includes extra stuft

1 .
? 1W(t)) = (Ho + H) [u(t))
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Nuclear spin in a magnetic field

Nuclear magnetic moment couples to external tield:

A A
L = (2
H“ — — M B() — “—:')—Z
Time evolution tfrom external field only:
Qt
Uo(t) = exp(—iHpt) = exp (i = Z)
proton in a = cos(2t/2) 1 +isin(Q/2) Z
10.00 T field
2/2m = 425.7 MHz  Actual Hamiltonian includes extra stuft

d

i— [¥(t)) = (Ho + H) [v(¢))

/N
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Rotating frame picture
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Rotating frame picture

Adopt: "Heisenberg" picture tor H,
"Schrodinger” picture for H

0()) = Uo(t) [u(®))

H(t) = Uy(t)TH Ug(2)
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Rotating frame picture

Adopt: "Heisenberg" picture for H, |z_“-(r)> = Uo(t)" |2(2))
"Schrodinger” picture for H

H(f) — U(}(”TH Utl(f)

.(f | ~ - | -
z;ﬁ {t(f)> =i !t_(f)>
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Rotating frame picture

Adopt: "Heisenberg" picture tor H,
"Schrodinger” picture for H

Ij-m> = Uo ()" [wo(2))

d
i(h‘

:}(r)> — H(t)

This 1s related to the "interaction picture”

Our "reference frame" precesses at £ like an unperturbed
nuclear spin
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Rotating frame picture

Adopt: "Heisenberg" picture for H, |L}(f)> = Up(t)" [(t))
"Schrodinger” picture for H

H(?‘) — Un(f)TH Un(f)

;% Lf%(r)> — A(t) }af-(r)>

This 1s related to the "interaction picture”

Our "reference frame” precesses at {2 like an unperturbed
nuclear spin

Possibleterms: H =¢gol +e,X+¢,Y +¢€,2Z

Az 8T What do these look like n the rotating frame pictures?sne



Rotating frame picture
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Rotating frame picture

H=¢pl +e,X+¢,Y +¢€,1L

H(t) = Uo(t)TH Ug(t) Uo(t) = cos(Qt/2) 1
+1sin (2t/2) £
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Rotating frame picture

H=gtol +e:A+&,Y + 6,4

H(t) = Uo(t)TH Ug(2) Uo(t) = cos(Qt/2) 1
+isin (2t/2) Z
How does rotating frame U, Uj_,lU;_, = i
attect Pauli operators” U/ZU, = Z
U'XUy = cosQtX +sinQtY

U,YUq

costY —sin QX
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Rotating frame picture

H=¢ol +e,X+¢,Y +¢€,12

H(t) = Uo(t)TH Uy (t) Uo(t) = cos(Qt/2) 1
+isin (Qt/2) Z
How does rotating frame U, Uj1Uy = 1
attect Pauli operators” U/ZU, = Z
U XUy = cosQtX+sinQtY
UYUp = cosQtY —sinQtX
Rotating frame Hamiltonian
H(t) = co1+ (g4 cosQt — &, sin Q)X

+(c.sinQt + £, cos Q)Y +¢.Z
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Rotating frame picture

H==¢col + e, X+¢,Y +¢€,1L

H(") = Un(f)TH Uo(?) Up(t) = cos(2t/2) 1
+1sin (2t/2) Z
How does rotating frame U, $1Uu = 1
attect Pauli operators” U ZU, = Z
Uf,XU“ = cosfUX+sintyY
UF,YU{, = cosQUY —sinQt X

Rotating frame Hamiltonian

H(t) = (ex cos 2t — €, sin )X
E-shift (e sin 2t + €, cos{)Y + ¢, 2
Pirsa: 1 60@[??01'&3’
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Rotating frame picture

H=¢col+e,X+¢,Y +¢€,1L

H( ) UU( ) HUU( ) Un(f) = (?0": /2 1
+isin (2t/2)
How does rotating frame U, SIUU = 1
aftect Pauli operators” U (T)ZU“ = Z
UXUg = cosQtX+sinQtY
U;';YUU = cosQUY —sin X
‘ | | rapidly
Rotating frame Hamiltonian oscillating
) ‘[' L(m*g. tozero!)
H(t) = |colH|(c,cosQt — g, sin Q)X
overall | |
E-shift (ezsin§2t + €, cos)Y {-e,.Z

pirsa: 1006008177 O01°€ )
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Rotating frame picture

H=¢col +e,X+¢,Y +¢€,1Z

H(t) = Uo(t)"H Uo(t) Uo(t) = cos(Qt/2) 1
+isin (Qt/2) Z
How does rotating frame U, ('T,IUU = 1
attect Pauli operators” U(T)ZU“ = 7
UXUy = cosQtX+sinQtY
UJ;YUU = cosQUY —sinQt X

rapidly
l oscillating
,\ hm}:{. to zero!)
Hi{t) = ‘ :“[}li—k (e cos Ut — £, sin Q)X
overall
E-shift (£,sin Qt + Ey COS QHOY ¢ c.2Z

irsa: 1 ﬁd@”ﬂ?'ﬁf

Rotating frame Hamiltonian

Page 22/106

I ~ ]



Radio pulses
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Radio pulses

Radio pulse produces a time-dependent perturbation
H= A(t) (cos(Q't — @)X —sin(Q't — @)Y)

A(f) = "envelope" or "shape" of pulse
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Radio pulses

Radio pulse produces a time-dependent perturbation
H = A(t) (cos(t — @)X —sin(Q't — @)Y)

A(r)="envelope" or "shape" of pulse

In rotating frame

H = A(t)(('()s (2 =Q)t+¢) X +sin ((Q2—Q)t + o) Y)

This will quickly average to zero unless Q"= Q2
("Resonance" 1s the R in "NMR"!)
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Radio pulses

Radio pulse produces a time-dependent perturbation
H= A(t) (cos(Q't — ¢)X —sin(Q't — @)Y)

A(f) ="envelope" or "shape" of pulse

In rotating trame

H= A(t) ( cos ((Q — )t + ¢) X + sin (2 -Q)t+9) Y)

This will quickly average to zero unless Q"= Q2
("Resonance" 1s the R 1n "NMR"!)

Resonant pulse vields

H= A(t)(coso X +sinoY)
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Radio pulses

Radio pulse produces a time-dependent perturbation
H= A(t) (cos(Q't — ¢)X —sin(Q't — @)Y)
A(f) = "envelope" or "shape" of pulse
In rotating frame

H = _—1(1‘)(('05 ((Q — Q')t + ¢) X + sin (_(Q — QN + 9) Y)

This will quickly average to zero unless QQ'= (2
("Resonance" 1s the R in "NMR"!)

Resonant pulse vields

H= A(t)(cos 6 X +sino Y) We can control

 How A(7) turns on_reffios
P - . T )
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Radlio pulses

H = A(t)(cosdoX +sinoY)
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Radlio pulses

H= A(t)(coso X +sinoY)

: . b
Total strength of resonant pulse / A(t)dt = -
o —0C ol
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Radio pulses

H= A(t)(coso X +sinoY)

: S 3
Total strength of resonant pulse / A(t)dt = A(?)
o — 0 -
>
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Radio pulses

H= A(t)(coso X +sinoY)

A
J @ .j
Total strength of resonant pulse / A(t)dt = = B\ (1)
o — 20 el
By choosing phases § =0 or ¢ = n'2, we can produce
R.(3) = e i3/2X = ¢os(3/2)1 — isin(8/2)X
F},},(J) = ¢ HP/2Y = cos(B/2)1 — isin(3/2)Y.
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Radio pulses

H= A(t)(cosd X +sinoY)

: = 3
Total strength of resonant pulse / A(t)dt = N
e 2
>

By choosing phases ¢$ =0 or ¢ = n'2. we can produce

R.(8) = e iB/2%X = cos(3/2)1 — isin(8/2)X
FA?'U(J’) = e P/2Y = cos(B/2)1 — isin(3/2)Y.

|

From a sequence of such pulses, we can create any |-qubit gate!
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Radio pulses

H= A(t)(coso X +sinoY)

OO0

Total strength ot resonant pulse / A(t)dt = -\ A(7)
of =0
>

By choosing phases ¢ =0 or ¢ = n'2. we can produce

o | &

R.(3) = e /DX = cos(3/2)1 — isin(3/2)X
Ifi_-:;(-i) = e HP/2Y = cos(B/2)1 — isin(3/2)Y.
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Radio pulses

H= A(t)(cos¢p X +sinoY)

» OO0

: ' G
Total strength of resonant pulse / A(t)dt = 7 N
o — 0 ot

By choosing phases ¢ =0 or ¢ = n'2, we can produce

R.(3) = e i3/2X = ¢os(3/2)1 — isin(8/2)X

R,(3) = e *P2Y = cos(3/2)1 — isin(B/2)Y.

From a sequence of such pulses. we can create any [-qubit gate!
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Radio pulses

H= A(t)(cos¢ X +sindY)

. - 3
Total strength of resonant pulse / A(t)dt = ~ N
J —0C —
>

By choosing phases ¢ =0 or ¢ = n'2, we can produce

R.(3) = e = cos(3/2)1 — isin(3/2)X
R«;(.-j) = e P/2Y = cos(B/2)1 — isin(3/2)Y.

—i(3/2)X

From a sequence of such pulses. we can create any |-qubit gate!

Page 35/106
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Radio pulses

H= A(t)(cosoX +sinoY)

20

1 ' 3
Total strength of resonant pulse / A(t)dt = N
o =00 s
' >

By choosing phases ¢ =0 or ¢ = n/'2, we can produce

R.(8) = e iP/2X = cos(3/2)1 — isin(B/2)X
ﬁ,;(._ﬁ) — ¢ UB/2)Y cos(3/2)1 —isin(3/2)Y.

From a sequence of such pulses. we can create any 1-qubit gate!

-~

R (%) =—iX

Pirsa: 10100001 R Y Page 36/106
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Radio pulses

H= A(t)(cosd X +sindY)

‘ . 3
Total strength of resonant pulse / A(t)dt = 7 N
J — O — .
>

By choosing phases ¢ =0 or ¢ = n'2, we can produce
R.(3) = e "3/2X = cos(3/2)1 — isin(3/2)X
Q!J(.;i) = ¢ MP/2Y = cos(3/2)1 — isin(3/2)Y.

From a sequence of such pulses. we can create any [-qubit gate!

R,(7) = —iX R, (7)Ry () = —iZ
Pirsa: 10100001 Ry(ﬂ') _ —?Y RI (T)Ry (?_/-)) _ —?H Page 37/106
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Radio pulses

H=A(t)(cosdX +sinoY)

i x ;3
Total strength ot resonant pulse / A(t)dt = = A7)
oJ —xC -
>

By choosing phases ¢ =0 or ¢ = n'2, we can produce
R.(3) = e "3/2X = cos(3/2)1 — isin(3/2)X

R,(8) = e {P2Y = cos(3/2)1 — isin(B/2)Y.

|

From a sequence of such pulses, we can create any |-qubit gate!

(

Note: Overall phases
are Uunimportandsge sios

"‘l

I\.J

)
(7/2)

..I
‘n-._l
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Radio pulses

H= A(t)(cosoX +sinoY)

: o 3
Total strength ot resonant pulse / A(t)dt = 7 K
of ) P
>

By choosing phases ¢ =0 or ¢ = n'2. we can produce
R.(3) = e "3/2X = cos(3/2)1 — isin(3/2)X
R,(8) = e ¥P2Y = cos(3/2)1 — isin(B/2)Y.

From a sequence of such pulses, we can create any 1-qubit gate!

Re(m) = —iX Ry(m)Rz(m) = Note: Overall phases
Pirsa: 10100001 Ry(ﬂ') — Y R (7) R (7 / 2) are unim portandse s












Two spins!
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Two spins!
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Two spins!

Rotating trame for both spins

; 1t ()51
Uy “ () = exp ( _)1 Zl) exp ( .)' Z-_;)
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Two spins!
Rotating frame for both spins

. g Since Q; = €2,, this
12) 3521?‘ l?gz_Jf - . -
U, “'(t) = exp Z, | exp Z 1 not just a rotation

in 3-D space
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Two spins!
Rotating frame tor both spins:

. . Since 2, = Q),. this
(12) 1t 1§20t A -
Uy ' (f) = exp - Z, | exp Zo 1 not just a rotation

= in 3-D space

Terms in H1*

1"®219 1W@e@X?® 1YWY

XO@1% XO@X®P XY
Y-:l'a 1|'.3| Y-ljn -“ X-".."J Y11n ' Ylﬁ!? Yl;ll '_» Zi'_-‘
Z;l'. :-'-E-: l:ee Z. 1) :_._:_: Xi".EE Zil- j__l: Y
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Two spins!

Rotating frame tor both spins:

. - Since Q, = Q2,. this
(12) lQ.lf ngf . : 1 "'
Ui) (f) = exp Zl exp 5 Lo 1s not _|Uf~.‘.t a rotation

in 3-D space

—_— —

Terms in HY#
Xand ¥ lead to

oscillating terms

10 @1? JH@X® B YD 1) Q7@
XL R 1(2) X1) R X('Z) X(l} R Y(2) p 42 R 2{2}
Y1) ® 1(2J Y1) & X(2) Yy R Y2 Y@ ® AL
IV 1™ ZO@XD ZO @YD 70 Q7@
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Two spins!

Rotating frame tor both spins:

- 1St 1€t
L 1) =exp ( )1 Zl> exp ( __)'2 o

) Since Q, = Q,, this

1s not just a rotation
in 3-D space.

— =

Terms in HY#
Xand¥ lead to

overall (1) o 1(2 1 ... oscillating terms
| ) R 1(-} 1( ) @ X(2) 1(1} ® Y(g} 1 1) 2 Zt"'

E-shift h

(ignore) X ®1® XOH@X® XOY® XVeZ®
YO ® 1 Yya@) RXP YO Y® YO Z3

7L 21 ZM R X2 Zm R Y@ 70 g 7@
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Two spins!

Rotating frame tfor both spins:

. . Since O, = Q,, this
{12) 1521?‘ 3S22f i - . . -
Uy~ () = exp Zi ) exp = Zo 1 not just a rotation

in 3-D space.

— —

Terms in HY%
Xandy lead to

_ oscillating terms
overall 10 21?® 1MW gX?® 1M gY@ 101 g 7@ £
E-shift :

(ierore) x{l_) ® 1(2} x{l) @ X('-'-’) X(l) ® Y(E) X(l} ® Z{'JI'
Y(l) %8 1(2) Y(ll ® X[2) Y(ll X Y(2} Y(l} ® Z(2I*
7 1@ 7MW @ X@  Zm R Y (2) yARN - WAL
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Two spins!
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Two spins!

Rotating frame Hamiltoman

HI12| ::—:[Z:lk+fgz:‘_}i+f]'_)zlll :, Z-"..’.!

T A

(Chemical shatts J-coupling
for spins 1 and 2 mediated by
covalent bonds
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Two spins!

Rotating frame Hamiltonian

Hm:. = :‘1251P -+ ':‘-‘gZ:‘"1= -+ 51-_32'1' Z*

T N\

Chemical shifts J-coupling
for spins 1 and 2 mediated by
covalent bonds

Example: Chlorotorm (with **C)
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Two spins!

Rotating frame Hamiltonian

H'u' — :leiil' -+ :T-_;»Z;‘"]i -+ :"1-_32'1I R 2

T N

(Chemaical shitts J-coupling
tfor spins 1 and 2 mediated by

covalent bonds

Example: Chloroform (with *C)

L)
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Two spins!

Rotating frame Hamiltonian

HY'* = 12" 4+ 2Z'% 4 122" @ Z'*

VT

Chemical shatts
for spins 1 and 2

Example: Chloroform (with 1*C)

Pirsa: 10100001

\

J-coupling
mediated by
covalent bonds

Cl
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Two spins!

Rotating frame Hamiltonian

HII'.ZI :le!l_i-_+_EBZ:'.:‘I +fl'_gzrlj ‘_: Zf'_!:

VT \

Chemaical shatts J-coupling
for spins 1 and 2 mediated by

covalent bonds

Example: Chlorotorm (with **C)

]
Chlorme atoms make no average contribution
. : ] 1 1
in liquid-state NMR (tumbling quadrupoles) H—C Cl
Cl
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Two spins!

Rotating frame Hamiltoman

HLI'.Zl = :_lZil-r +~‘:'_§_'Z:EI + :_1'_22[1] Zf‘.!r

7 A

Chemical shitts J-coupling
for spins 1 and 2 mediated by
covalent bonds

Example: Chloroform (with 3C)

Cl
Chlorine atoms make no average contribution
: _ ~ 1
in liquid-state NMR (tumbling quadrupoles) H—v—¢])
13C and proton have very different resonant C's C1
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Two spins!

Rotating frame Hamiltonian:

H|_1'.31 == :‘:[ZJ‘“ _+_EBZJ.'.3| + E]QZ[“ /_n Zf'.z?

7 \

Chemaical shifts J-coupling
tfor spins 1 and 2 mediated by
covalent bonds

Example: Chloroform (with *C)

Cl
(Chlorme atoms make no average contribution
. . = 3 1 1
in liquid-state NMR (tumbling quadrupoles) H—¢C Cl
L3C and proton have very different resonant C's (1
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Refocusing

H.a.:

= 1L"" + 2L + 122" ® L
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Refocusing

-~

H' = g1Z'"Y 4+ 692" + 6122V R Z

Y
= |

(Good news: J-coupling 1s an mteraction between spins. We can

Bad news: Everything else in Hamiltonian 1s also acting!

use 1t by just ntroducing a time delay.
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Refocusing

H.-l'_*: - :_lz.u + :JZ_’ +31-_JZ”'I 2 7(2)

Good news: J-coupling 1s an interaction between spins. We can
use 1t by just introducing a time delay
Bad news: Everyvthing else in Hamiltonian 1s also acting!

Consider a single spin H==:Z

V(t) = exp(—ictl)
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Refocusing

i Z:_ll +522-'2a +EIEZH] R Z'.E:

He 12) __
Good news: J-coupling 1s an mteraction between spins. We can
use 1t by just introducing a time delay.

Bad news: Everything else in Hamiltonian 1s also acting!
NN

H=¢zZ
CXZX = ~Z)

(n

Consider a single spin
V(t) = exp(—ictl)

Apply X-pulse betore and after:  XV(#)X = exp(ictZ)

Page 69/106
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Refocusing

I_:lufl'_‘; — Elzfll +522r2:- + EILZZ”] R Z['.Ei

Good news: J-coupling 1s an interaction between spins. We can
use 1t by just introducing a time delay.
Bad news: Everything else in Hamiltonian 1s also acting!

Consider a single spin: H=¢Z
m
.‘/ h“\]
V(t) = exp(—ictl) CXZX = -2
- —

XV(t)X = exp(ictZ) ——

Apply X-pulse betore and after
Second half

Putting both together: ~ XV(#)X V(¢) = 1
cancels the first!

Page 70/106
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Refocusing

H(l'.!} - 512{1] _+__E.2252? +£1EZI“ «Q Z['.!i

(Good news: J-coupling 1s an interaction between spins. We can
use 1t by just introducing a time delay.
Bad news: Everything else in Hamiltonian 1s also acting!

(n)

Consider a single spin: H=cZ
amihild

V(t) = exp(—icts) CXZX = =
Apply X-pulse before and after:  XV(#)X = exp(ictZ)

Putting both together:  XV(¢)X V(t) =1  Second half

cancels the first!

Pirsa:lD{O!O%1 " :‘—'i X{Zj)vilj}(t)(x{li :.:; X{E})Vilj}(t) == GXI)('—ZEI-z 2t Zf 1) :;:;:. 2(21917
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Refocusing

~,

H(l'.‘.’} - 512{1] + 52272.' + 5122[1} ::‘\: Z[:El

(Good news: J-coupling 1s an interaction between spins. We can
use 1t by just ntroducing a time delay.

Bad news: Everything else in Hamiltonian 1s also acting!

Consider a single spin: H =

V(t)

Z
exp(—ictl) f;@
XV(t)X = exp(istZ)

Putting both together:  XV(£)X V(t) =1  Second half

cancels the first!

1)

Apply X-pulse betore and after:

72/106
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Refocusing

H(l'_’} — 512{1] + 522'.'2') + EIEZfll ::“: Z['.E}

Good news: J-coupling 1s an mteraction between spins. We can
use 1t by just introducing a time delay.
Bad news: Everything else in Hamiltonian 1s also acting!

Consider a single spin: H =

Z

V(t) = exp(—ictZ) fg@
XV(t)X = exp(ictl)

Apply X-pulse betore and after:

(V)

Putting both together:  XV(#)X V(t) =1  Second half

cancels the first!

73/106
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Building a 2-qubit gate
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Building a 2-qubit gate

Things we can do: U; = exp(i6Z")
Us = exp(160Z*)

Uio = exp (—i0Z'Y @ Z'%) J-coupling (refocusing)

Resonant pulses
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Building a 2-qubit gate

I

Things we can do: U; = exp(i60Z")
Us = exp(20£4®)

Uio = exp(—i0Z'Y @ £'¥) J-coupling (retocusing)

Resonant pulses

00) — e'?|00)
01) — €"101)
LT 6
10) — €' 10)
11) — e*?|11)
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Building a 2-qubit gate

Things we can do: U; = exp(i0Z‘")
Us = exp(2604®)

Uis = exp(—i0Z'" ® Z'') J-coupling (retocusing)

Resonant pulses

00) — e7'7|00) 00) — €' |00)

01) — €*“|01) 01) — €*|01)
9 - UU)U 5 . ; -
Uiz 10) — €“]10) EEE T 10) — €710)

11) — e*|11) 11) — e >|11)
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Building a 2-qubit gate

Things we can do: U; = exp(i0ZV)
Us = exp(i0Z®)

Ul'.? e Pxp(_,“gzua < Zf._,.l)

00) — e "?|00)
01) — e|01)
‘ : U U)U 2 .
Ull 10) = 61(}_[1()) 1V2M12
11y = e *|11)
Choose #=mn'4: |00) — |00)
01) — |01)
10) — [10)
11) — —|11)

: 10100001

00
0
1
1

'—-‘b—*

)
)
))
)

-

> X €

Resonant pulses

J-coupling (refocusing)

—  €100)
—  €e*?)01)
—  €'|10)
—_ e 310 |11>
im /4
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Building a 2-qubit gate

Things we can do: U; = exp(i6Z")
Uy = exp(160Z®)

Uis = exp(—i0Z'"V @ Z'') J-coupling (retocusing)

Resonant pulses

00) — e~*|00) 00) — €"00)
01) — €*)01) 01) — €'*“|01)
P : UUQUQI ;
M0y — o) TR o) — e
11) — e |11) 11) — e %|11)
Choose #=mn/'4: |00) — |00) )
01) — |01) in/4
10) — |10) T
11) — —|11) |

| 7 T NIy ) (PSUe |[Waey JRRSS R LT | I



NMR quantum computing

1-qubit and 2-qubit gates provide a universal set tor
quantum computation!

Note: We must be able to address spins mdividually with
resonant pulses.

(Chemical shifts must separate similar nuclet in frequency
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NMR quantum computing

1-qubit and 2-qubit gates provide a universal set for
quantum computation!

Note: We must be able to address spins mdividually with
resonant pulses.

(Chemical shifts must separate similar nucle1 in frequency

Chemical shifts in H /(-l
trichloroethylene allow N =
individual addressing / T %
of C-nuclei. Cl Cl
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NMR quantum computing

l-qubit and 2-qubit gates provide a universal set tor
quantum computation!

Note: We must be able to address spins individually with
resonant pulses.

(Chemical shifts must separate similar nucler 1n frequency

Chemical shifts in H /Cl
trichloroethyiene allow \C —
individual addressing / g
of C-nuclei. Cl Cl

. Resonant pulses must be very narrow 1n frequency -- this
limits the speed of 1-qubit gates.
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Thermal states
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Thermal states

For a quantum computer, we want to start out in |(*

Bad news: Nuclear spins are found 1n a thermal state
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Thermal states

For a quantum computer, we want to start out in |0”

Bad news: Nuclear spins are found 1n a thermal state

1 v
p=—e /5 = \;10)(0] + A1 [1)(1]

z
’\U - (:'ﬁE“";kT R h{
/\1 = - By /KT — €XP ﬁ
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Thermal states

For a quantum computer, we want to start out in |07

Bad news: Nuclear spins are found 1n a thermal state

P |
p=—=e V' = X010)(0] + A |1)(1]

Z
Ao e Eo/kT hQ)
i e — - . e (‘i}; ) P
N, e-Ei/kT P\ &T

Protonmna 1000 T (hﬂ)

~ 7 x 107"

field at 300 K kT
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Thermal states

For a quantum computer, we want to start out in |0

Bad news: Nuclear spins are found 1n a thermal state.

1 :
p=—e kT = %, 10)(0] + A; [1)(1]

Ag e Eoikt h$)
= ——— = exp | —
N e E/kT P\ ET

~7x107"

Protonma 1000 T h{)
field at 300 K kT

Use "pseudopure” states, do computation on ~10'® molecules

1— |
Pirsa: 10100001 "A': = ( f I} ) 1 _+_ ,} ‘ !"‘> <l" ' I )7 = ljllrlt}'- 'I:’age 87/106
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Measurement
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Measurement

Free-induction decay (FID): Freely
' ‘ |
precessing nuclear spins will produce | A A A
AN

detectable radio signals at €2 U TA'A'A VAvATAvA- S 2

Only transverse (X and Y) components of V U
spins contribute

From amplitude and phase information in
FID. we can determine ensemble
averages for (X and (Y
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Measurement

ree-induction decay ( : L
Free-induction decay (FID): Freely :
precessing nuclear spins will produce | n A

AN

: =+ Ao sronale ot ) quv
detectable radio signals at €2 U TWAAA

Only transverse (X and Y) components of V u
spins contribute.

From amplitude and phase information in
FID. we can determine ensemble
averages for (X and (Y

Other ensemble averages (for traceless spin observables) may be
measured by applying 1-qubit gates betore FID
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Measurement

Free-induction decay (FID): Freely :

precessing nuclear spins will produce | I\ 0

detectable radio signals at 2 U V annvnv%"vwv
Only transverse (X and Y) components of V u

spins contribute.

From amplitude and phase information in
FID. we can determine ensemble
averages for (X and (Y

Other ensemble averages (for traceless spin observables) may be
measured by applving |-qubit gates betore FID.
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Relaxation times
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