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Abstract: Tradeoffs in measurement and information are among the central themes of quantum mechanics. | will try to summarize in thistalk a few
of our experiments related to modern views of these topics. In particular, | will try to give an example or two of the power of "weak measurements,”
both for fundamental physics and for possible precision metrology. One example will involve revisiting the question of Heisenberg's famous
principle, and an interpretation which is widespread but has now been experimentally shown to be incorrect. Then | will aso discuss our recent
work on a "quantum data compression” protocol which would allow a small-scale quantum memory to store all the extractable information from a
larger ensemble of identically prepared systems. Finally, | will talk about our experiment entangling two optical beams to demonstrate "weak-value
amplification,” and the ongoing controversy about when if ever this technique could be useful in practice.
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Outline

Introduction to measurement tradeoffs
* Weak-measurement reminder
* Measuring the measurement disturbance

How to count a single photon and get a result of 8
* GGlant optical nonlinearities
* Phase shift of a single post-selected photon
* Weak-value amplification of the phase shift of a single photon
* SNR tradeoffts

Can we ask where a tunneling particle has spent its time while
tunneling?

* The Larmor clock

* Weak measurements

* Experimental progress
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| () man
AAYV, PRL 60, 1351 ('88)

repare a particle in li> ...try to "measure" some observable A...
Prepar yarticle in [i> ...try to "m " some ob ble A
postselect the particle to be in If>

i

X

1

l Measurement ‘f f l_;
of A

Does <A> depend more on i or f, or equally on both?

Clever answer: both, as Schrodinger time-reversible.

Reconciliation: measure A "weakly." :>

Poor resolution, but little disturbance.

Conventional answer: i, because of collapse.

the “weak value”
(but how to determine?)
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o wavefunction

2

strong (projective)
measurement

J\
N

post selection
keep

N (__)

Q discard

x

(weak) measurement
pointer with large interaction region
initial uncertainity

each pointer observed
at a given orientation

And now, even though each pointer position seems to be pretty random,
If you make millions of measurements and build up statistics, you can

figure out the average shift --
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0 measurement

imteraction region A
distribution of

observed pointers

discard

discard

possibie

A \ pointer
frequency of '

positions
pointer position

weak value
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4 measurement

imteraction region A

distribution of
observed pointers

L

discard
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pointer position

possible
pointer
positions
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“Breaking” Heisenberg’s

] nteed to disturb Fs
jrement of X 18 _uunmn!tul to
-acise meast
Any precise m¢ i
o p = /2):

by an amount A
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““Any precise measurement of X 1S guaranteed to disturb P,

by an amount AP = h/2AX”

What I’ve always taught my students:

* This is true, but it puts a limit on measurement only.
* A much deeper statement puts a limit on reality:

"**Any state in which X 1s determined precisely 1s g

uaranteed to

have an infrinsic uncertainty in P, such that AP = h/2AX”

What I tell my students now:

Not only does the first version put a limit on measurement
only, but it’s also wrong!

Pirsa: 16090054 Page 10/53



Rotating-arm approximation for x & p...

The wave function of some particle,
P / with a small uncertainty in position
‘ ’ (so a pretty big one in momentum)

«— Asslit —if the particle is
transmitted, this constitutes
a measurement that it was
in the slit...

But if the slit is wider than the original wave function, the
particle never even sees the walls;
how could the particle be disturbed at all?
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, El
Ozawa’s relation
Heisenberg’s uncertainty principle
for variances is proved in every textbook,

and we take no issue with it: A(A)A(B) = <I A.,B]> /2

A similar relation for measurement precision
£(A) of the probe vs. disturbance to the

system 1 (B) is, however, false:

Ozawa, PRA 67, 042105 (2003):
1

e(A)n(B) + €(A)AB + n(B)AA > 5([4 Bl)
But how can you measure the disturbance due to a measurement?
You would need to know B before and after the measurement -
but unless you’re already in an eigenstate of B, this would change
the state (and the RHS of the inequality).
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1Two clever approaches

(I)Don’t measure them directly, but extract them from a series
of other measurements:

theory: Ozawa, Ann. Phys. 311, 350 (2004)

expt: Erhart et al., Nature Physics 8, 185 (2012)

(2) Use weak measurement to gently probe B before the disturbance,
and compare the weak value with the post-selected value of B in order
to tell how much the system was disturbed:

theory: Lund & Wiseman NJP 12, 093011 (2010)

expt: Rozema et al., PRL 109, 100404 (2012) (this talk)
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Proposal Using Weak Measurements

von Neumann measurement of A

(A

final (strong)
measurement of B

Vi |

weak measurement of B feeeeeeeeeiiiiiiiiiieeee :

Consider a von Neumann measurement of A

*The system becomes entangled with probe, disturbing the system

* Define disturbance to B as the RMS difference between the value of B
before and after the measurement

Lund & Wiseman, NJP 12,093011 (2010)
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Proposal Using Weak Measurements

von Neumann measurement of A

(AN

final (strong)
measurement of B

Vit |y s

weak measurement of B or A feeeeeciiiiiiiiiiiiiiiiiiiinnes .

Consider a von Neumann measurement of A

*The system becomes entangled with probe, disturbing the system

* Define disturbance to B as the RMS difference between the value of B
before and after the measurement

* Define precision of A as the RMS difference between the value of A of
the system before the measurement and the value of A on the probe

Lund & Wiseman, NJP 12,093011 (2010)
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Use a C-NOT gate as a
variable-precision interaction

How do you control the strength of a C-NOT?

al0>+

S

v|0> + 7
e Ify=1: o 100>+ f 111>

Z, has complete information about Z,

o Ify=vy" : (al0> + BI1>) l+>
Z, has no information about Z,
Setting the probe state sets the effective measurement strength

—

(cf. Pryde et al. PRL 94 220405 (2005) )
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Quantum Circuit Implementation

strong final
msm’t of X

L.et us measure the precision of Z and (variable) von
» [ s ’
the resulting disturbance caused to X: Neumann msm’t
weak of Z
. ' § . measurement
-Heisenberg’s inequality says: s ek AR
o Bl1> ;
e(Z) x n(X) > (2. X]) = (V) ; aman d
V10> + ~
. :
We will see the largest violation for <Y>=1, cosB0>+ P
which requires a Y eigenstate as input sin6|1>
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Quantum Circuit Implementation

strong final
msm’t of X

Let us measure the precision of Z and (variable) von
] [ - ’
the resulting disturbance caused to X: Neumann ARG t
weak of Z
' ' § . measurement
-Heisenberg’s inequality says: Q|OB>|‘T
>
e(Z) x n(X) > (2. X]) = 4(Y) — i H H o P

We will see the largest violation for <Y>=1, osB0>+ )P
sinB|1>

which requires a Y eigenstate as input

Do one experiment with H’s in to measure disturbance of X,
and one with H’s out to measure precision of Z
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Putting it all together

Do first C-NOT with qubit 1,

O—H~ ' :
vt ¢ cosBlo -+—é—.z
Y | ; sind|1> :
Entangled von Neumann
_ Weak Measurement
State Preparation Measurement

and Post-Selection
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= e
.

all together

Do first C-NOT with qubit 1,

Putting

BT‘ _:H'_l - . ' = Quarter-wave plate
|0>  H - : P .

; ' = Half-wave plate

O—iH= :
b y|0> 4 —_——) ¢ cos@ 0‘.-+—$—'2 ;
YOS : T ;

‘ ' ~_ = Polarization

Entangled E von Neumann ] : Beamsplitter
State Preparation ! s 1| '

Measurement

Path0 -U or o W ; u =Variable Attenuator
. D3
an w Photon | ¥ l“—- : w o1 " " ﬁ :
: -t ,' ‘ I e = 50:50 Beamsplitter
: I Path 0
l A2 ) v = Multi-mode

E path 1 : fiber to SPCM

Weak Measu
Sl s L LT H and Post-Selectio

PBS’s implement CNOTs
Polarization qubit controls the path qubit
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Results — Disturbance & Precision

1.6

. ., 08
Dashed lines are theory, solid
lines are simulations 08
accounting only for imperfect

entangled state preparation 04

- m— Djsturbance

0.2 P \
- W— Precision 1

0 - L L I 1 1
0.2 0.4 0.6 0.8 1

Measurement Strength - (cos20)
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Results — Ozawa & Heisenberg’s Quantities

Rozema et al., PRL 109, 100404 (2012)

2.5} I
" " |
Forbidden region set by
measuring of <Y> on the 5| ps
qubit after the weak
measurement and
1.5}

teleportation . .
= |{ciscnberg's quantity

Ozawa's quantity
Forbidden Region

Dashed lines are theory, solid

lines are simulations
accounting only for imperfect os |

entangled state preparation

O.f - - - L — L - . L —
0 0.2 0.4 0.6 0.8 1

Measurement Strength - (cos26)

Heisenberg’s relation is clearly violated ¢ (4)(8)=1/2([4,8)

, : . l .
Ozawa’s remains valid e(A)n(B) +e(A)AB+n(B)AA 2 Z([A. B
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How to count to 8 on a single photon
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Motivation: quantum NI,O
(e.g., weak “giant nonlinearjties”)

“@Giant™ optical nonlinearities...
(a route to optical quantum computation [see ¢.g, Munro, Nemoto, Spiller, NJP 7,
137 (05)]: and in general, to a new field of quantum nonlinear optics
- ¢f. Ray Chiao, Ivan Deutsch, John Garrison)

Pirsa: 16090054
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Motivation: quantum NLO
(e.g., weak ‘‘giant nonlinearities’)

“Giiant’ optical nonlinearities...
(a route to optical quantum computation [see e.g, Munro, Nemoto, Spiller, NJP 7,
137 (05)]; and in general, to a new field of quantum nonlinear optics
- ¢f. Ray Chiao, Ivan Deutsch, John Garrison)

Signal photon

XPM
Do W—
I’l‘n]w \ -
\ |" p C ¥ 'p = )
U%
= Alice Bob
N Vi BS4 '
' 0 Phase
‘Jut 10 Read-out

(Also of course, cf. “giant giant nonlinearities,”
e.g., Lukin & Vuletic with Rydberg atoms; Jeff Kimble ef al. on nanophotonic approaches;
Gaeta Rb in hollow-core fibres; et cetera)
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Cross-phase modulation (XPM)

]
=P}
E |
< Neff =No+nol
v
T = p

(]
o]
g/

Probe 2 | K
2 -

1 = T

m J -

Probe Frequency
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Cross-phase modulation

Meff =N0T nal

Phase accumulated:

~

-

—

Probe Refractive Index

Probe Frequency

e detuning;

ift changes effectiV
l enced by probe

C Stark sh .
: ¢ refraction expert

changing index 0

Page 27/53



PROBE
PHASE
MEASUREMENT
(f-domdin interf)

SIGNAL
PULSE

PROBE
PULSE

A. Feizpour et al., Nature Physics, DOI: 10.1038/nphys3433 (2015)

EIT COUPLING
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10
Experimental data

Linear fit
10 , e
(40 ns pulses
cold 35Rb, OD 2-3
10', zo ~ Imm ; wo~ 13 um
3 A ~18 MHz )
=10
wn
[
>
10° 1
10'
10 a 1 ) 9 4 5 6
10 10 10° 10 10 10 10

Average photon number per pulse
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80

40

20

XPS (u rad)

=00 clicks 40 ns signal pulse

® no-clicks 100 ns signal pulse
-80
Signal detuning 18 MHz +18 MHz +18MHz +18MHz +18 MHz
Average Iincident photon number: 5 Photons 0.5 Photons 1 Photon 2 Photons 5 Photons
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100

80

Sional I])

XPM

e)]
o
=

(2]

e )2 }
40 S m%
— b } &
3~ I e < m Phnse
9 20 I—J Read-out
=
w
a O -
>
0
-20
-40
o
=00 clicks 40 ns signal pulse
@ no-clicks 100 ns signal pulse
-80
Signal detuning 18 MHz +18 MHz +18MHz +18 MHz +18 MHz

Average incident photon number: 5 Photons 0.5 Photons 1 Photon 2 Photons 5 Photons
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Contribution of higher
photon numbers to clicks

7
6
25
-g Contribution of background
= photons to clicks
c
c 4
B2,
o
L
Q3
©
o
©
T 2
: npnh no
« +
1 nph no 1
nph yes
0
0 1 2 3 B 5

Average incident photon number
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80

60 ? Signal D)

XPM
wo —D2)
40 NG m%
— BS3 1S4 .
T . m Phase
9 20 I—J Read-out
=
w
a 0 e
> ]
0
-20
-40
o
-60 clicks 40 ns signal pulse
® no-clicks 100 ns signal pulse
-80
Signal detuning 18 MHz +18 MHz +18MHz +18MHz +18 MHz

Average incident photon number: 5 Photons 0.5 Photons 1 Photon 2 Photons 5 Photons

A. Feizpour et al., Nature Physics, DOIL: 10.1038/nphys3433 (2015)
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Aharonov, Albert, & Vaidmap, PRL 60, 1351 (1988)

'BER 14 PHYSICAL REVIEW LETTERS

How the Result of a Measurement of a Component o*he Spin of a
Spin- % Particle Can Turn Out to be 1

Yakir Aharonov, David Z. Albert, and Lev Vaidman
f South Carolina, Columbia, South Carolina 29208, and
Tel-Avie University, Ramat Aviv 69078, Israel

ved 30 Junc 1987)

O

may be very big if the postselection
is very unlikely (<f]i> very small)...
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Aharonov, Albert, & Vaidmah, PRL 60, 1351 (1988)
'BER 14 PHYSICAL REVIEW LETTERS

How the Result of a Measurement of a Component offthe Spin of a
Spin- % Particle Can Turn Out to be 1

Y akir Aharonov, David Z. Albert, and Lev Vaidman
(. University 0 th Carolina, Columbia, South Carolina 29208, and
nomy !1-.’- Aviv University, Ramat Aviv 60078, Israel
0 June 1957)

<f }r\} 1> may be very big if the postselection

is very unlikely (<f]i> very small)...

" alue d]llp[llltdll(lll = 2
Weak v Science 319, 5864 (05) i . o

HUHIL[] & }\ an, & ]-](mt’ll PRL

o gpplications, €&
pioneering applicatiC

| /
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single-photon

source (“system’) |!> = (‘”> “’))/\/2
B3S1
R-T0.5" e & \f) =rla) +t|b)
probe beam . b1 BS2: R=0.5+0
,ﬁ .—‘-,._’ Fr=0%5-6
mteracton v
. Inggcr
— — .(pml-wc]cdn»ln

™

. -
v

Weak Measurement Amplification of Single-Photon Nonlinearity,
Amir Feizpour, Xingxing Xing, and Aephraim M. Steinberg
Phys Rev Lett 107, 133603 (2011)
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Nonlinear

medium »
‘1|\|I|.\l b
Lens Quarter-wave Magneto-optical IJ)
a) Towards phase plate trap
sasurement

measuremer . . Hd” wave IUQU
apparatus Polanzer ,
| plate Beam splitter F

— Signal

|
!

[
NS -
ey
1
i
'
k4

( Towards F
/ SPCM
my
/s

( 4)/2| O) — —-0)/21 )
Coupling — / (14 4), ‘ ) (1 ) ||)

/
Probe ~—
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lick (urad)
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Data
theory

intrinsic per photon phase shift
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“Weak value amplification” has been proposed as a way to
enhance the signals of small ettects (like our nonlinearity...?):

Hosten & Kwiat, Science 319, 5864 (08); and, more quantitatively --

| Selected for a Viewpoint in Physics

week ending
L 102, 173601 (2009) PHYSICAL REVIEW LETTERS | MAY 2009

ton

3 ]
Ultrasensitive Beam Deflection Measurement via Interferometric Weak Value Amplification

P. Ben Dixon, David J. Starling, Andrew N. Jordan, and John C. Howell
Department of Physics and Astronomy, University of Rochester. Rochester, New York 14627, USA
{Received 12 January 2009, published 27 April 2009)

We report on the use of an interferometric weak value technique to amplify very small transverse
deflections of an optical beam. By entangling the beam's transverse degrees of freedom with the which
path states of a Sagnac interferometer, it is possible to realize an optical amplifier for polarization
independent deflections. The theory for the interferometric weak value amplification method is presented
along with the experimental results, which are in good agreement. Of particular interest, we measured the

angular deflection of a mirror down to 400 * 200 frad and the linear travel of a piezo actuator down to
14 + 7 fm

DOIL: 10.1103/PhysRevLet. 102. 173601 PACS numbers: 42.50.Xa, 03.65.Ta, 06.30.Bp, 07.60.Ly
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Short story

Weak value ~ 1/ <fli>
Success probability ~ I<fli>/>

Pointer shift gets 10 times bigger,
as data rate eets 100 times smaller; noise 10 times bigger too.
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One (of many) perspective(s) on the
signal-to-noise issues... “technical noise”

‘ TE: s N V [ ' 1QQ w2 N e
NOTE: some language issues’ A. Feizpour et al., Phys. Rev. Lett. 107, 133603
['o most theorists, “*postselection (2011) + experiment & theory to appear...
means “throwing something out’’;
to some experimentalists, it means

“doing a measurement on the system

at all” (and perhaps choice of basis) .
A Nt ' _ plnd owerasing
7 Al ~le =T A \ \
XPM : (7€ a {V)or er-
) ‘
Nl
B |
loa e F NOISE COqeldIons

WE CONTEND WVA IS USEFUL IN THE FOLLOWING SITUATIONS:
(1) limited by detector saturation

(2) most bins “‘empty” anyway

(3) noise correlation time > time between photons

(INTHIS REGIME,IT IS BETTER THAN STRAIGHT AVERAGING, YET STRICTLY
SUB-OPTIMAL. IT IS RELATED TO THE BETTER — AND BETTER-KNOWN - *“LOCK-
IN" TECHNIQUE, BUT POTENTIALLY MORE “ECONOMICAL")
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» unexpected advantage

One unexpected advantage
Given the extensive discussion in recent years over the possible merits of WVA for making
sensitive measurements of small parameters, it is interesting to contrast the present experiment

with an earlier one, in which we measured the nonlinear phase shift due to post-selected single-

photons, but without any weak-value amplification (37). In our previous experiment, a total of

approximately 1 billion trials (300 million events with post-selected photons, and 700 million
without) were used to measure the XPS due to o*-polarized photons. By looking at the dif-

ference between the XPS measured for “click™ and “no-click™ events, we measured peak XPS

of 18 = dprad. |In this experiment, where we use the WVA technique, we used a total of

around, 830 million trials (200 million successful post-selections) o extract an average XPS ¢,
of 10.04£0.6prad (for more information regarding the reported average XPS see the Probe phase
measurement section in the supplementary material). Note that this number it agrees well with

our classical calibration of the peak XPS of 13.0+1.5urad (37). It is evident that the WVA
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“Larmor Clock”
(Baz’; Rybachenko; Biittiker 1983)
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“Larmor Clock”
(Baz’; Rybachenko; Biittiker 1983)
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“Larmor Clock”
(Baz’; Rybachenko; Biittiker 1983)

Y

‘

Two components mystified Biittiker;

Feynman approach led to complex times, which mystified every one;

It turns out these are weak values, whose Real and Imaginary parts are
easily interpreted — but which hadn’t been invented yet.
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Local “Larmor Clock” — how much time
spent in any given region?

/\ —

T = 91’0t/“)!

* In plane rotation measures the tunneling time

* Spin aligns along z axis; back-action of the measurement.
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Where does a particle spend time inside the

barrier?

| 4 [ ,

1.2} trans |4

1.0 —  refl |
- N ..., ,d“
£ 08 -
£ 06 :
[

0.4 i

0.2 )

0.0 L

1.0 -0.5 0.0 0.5 1.0

X(pm)

AMS, Phys. Rev. Lett., 74(13), 2405-2409, Phys. Rev. A, 52(1), 32-42.

Pirsa: 16090054 Page 48/53



Conditional-probability “movie” of tunneling

—~ W e

e & -N time = -50
irans
-50 .30 -10 10 30 50 .50 .30 -10 10 10 50

Re [ Pt
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Localized (fictitious) magnetic field
(Raman coupling of two ground gtates)
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Preliminary evidence of tunneling
through a double barrier

(Fabry-Perot cavity for atoms)
| ——

—
—
|
e
—-——
| —
| —
| ——
—**

W

—

| —

| —

| —

| — | e—

| — | —

| — | ——
| — —
— o —
| —— L ——

m— | —

-
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Calibration of Larmor clock for free

propagation
7[ms] = 1.9(2) X O[rad]
()8 | | | | |
0.7F ﬂ
0.6} s |
5 05} .
< 04} = 1
031 U T
0.2} -
()1 | L 1 | I

v (mm/s)

(A [very low-precision| confirmation that: t = L./ v !)
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Summary o [e

* In the past, we’ve used weak measurements to study Hardy’s
Paradox, momentum-disturbance relations, welcher Weg
measurements, Bohmian trajectories & *“surrealism,” et cetera...

* We were able to generate a “big” (10-° rad) per-photon nonlinear

phase shift, and measure it — and confirm that 3
LISTEN HERE, 1I'D SMASH YOUR -
properly post-selected photons may have an ) FACE:+-ONLY YOURE SO WEAK YOU
amplified effect on the probe, as per the weak \_"'¢"T ORY UP An0 BLOWZEAY
value. | " ! q' ,i
| f‘lJ y -
» After talking about it for 20 years, we are 4

getting close to being able to probe atoms while
they tunnel through an optical barrier, using

weak measurement to ask “where they were”
before being transmitted E g S
’ L -

A
{

Lo\ Vol -
K > - 'J ~ Lo
(@ 9 A P
:: ‘.‘, ) [ AT ‘
P / \ .‘. Jr J o\
e :. | \L J \

Page 53/53



