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Dynamically unpolarized single-
photon source in diamond with
intrinsic randomness

MNaofumi Abe, Yasuyoshi Mitsumeri, Mark Sadgrove & Keiichi Edamatsu

ion is one of the al properties of light, providing numerous applications in science
and technology. While ‘dynamically unpolarized’ single-photon sources are demanded for various
quantum applications, such sources have never been explored. Here we demonstrate dynamically
unpolarized single-photon emission from a single [111]-oriented nitrogen- vacancy centre in diamond,
inwhich the single-photon stream is unpolarized, exhibiting intrinsic randomness with vanishing
polarization correlation between time adjacent photons. These properties not only allow true random

number generation, but may also enable fundamental testsin quantum physics.

In classical optics. the polarization state of light is represented by Stokes parameters c)rth. Poincaré sphere'. Pure
(lincar, and elliptical) polarization states correspond to the surface o
is at the er of the sphere, unbiased relative to any pure polarization In quantum opt
single photon is expressed by a two-level system, i_e., a qul olarization state is represe
matrix or a Stokes vector. The unpolarized state of a si ponds to the completely mi
a qubit. This means that lh: unpolarized state of a nbtc phohn is a statistical mixture of any two c:rthc:}_,cna]
polarization bases.

ssential to s.hu\\ that the pu]an/
, such dynamically unpolarize

rarged nil Lrogen-vacancy
over l}\¢ Im Iu\ decades!™-12

rtically polarized
andl._u]a. o l}u

The deges fted due to ccmpl ng tolc
effect), lh by causing orbital mi ixing between E, an vit! i
ibility of cmitted phmc:—n rom a [111]-oricnted v both the zero-pl
line under ne nant excitation™ and the pl excitation®. This is |
to the static Jahn-Teller effect'®. decreases to 0% (L.

larized) exhil depe vith thermal equilibrati 3 . This T° dependence is

dence of the dynamic Jahn-Teller effect. This temperature dependence implies that single photons emitted from

Tohoku University, Research Institute of Electrical Communication, Sendai, 980-8577, Japan. Correspondence and
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Exp erimental violation and reformulatic
of the Heisenberg’s errordisturbance
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2 Ly 2013 of ane ohser
their product shoukd be no less than the Emit set Ilyth:tx constant. Hm,m'am 1988 showed a
Rbished madel of position measurement that broaks Heisaherg's relation and in 2008 revenled an akternative
17 0y2013 relrtion for aror and distarbance to be proven universally valid. Here, we report an aperimental test of
Ozawa’s relation for a mab-pﬁcmn poarizetion qubit, smh(hnganmmnlchsufﬂmmn
outhbylinear
realizes an indirect mensurement mode] Hhat bresks s relation th
Corrqpondence and 2 B >
Sor marials experimental parameter and yet validates Ozawa’s refation.
shoukd be & ddrsemd to
KE. (sda@risc bhoku Mty principle by in 1927" can be siated as: Any measurement of e
uajp} position Q of a partide with the erar QP causes e di &P) au its stisfying
o0eps :
*Curronta ddroax
Deparkment of It shoukd be emphasized that Heisabarg" not only derived this relation from the famoas cray microscope
et ‘thoeght L bat he also grve a maiy ical jusification”, in which he used the rebrtion
Beckical and 5
Computer s SN PPS 3

Enginsoring, Duks
University, Durham,

NC.USA AV K5 where £7%sstands for the mean value in a given state.

Heisanberg" indeed proved Eg. @h(hm-mmmmbmnwmm’mtﬁr

nﬂiwmﬁnﬂlmlﬂu’ﬁl(ﬂ)hmmw the f

far the stmdard deviations s(Q), s(P) of the pasition Qaud the momentom P, defined, for instance, by s(Q)25

(1><Howerer, Bg. (2) does not of
llml}mhr?mﬁl-(l)ﬁunﬁl-(z)m it ions, which

d by Eq. (D.mmﬂmmbqg:

(HL) themenmrement with the aer -2

callapss the wave function so that the post-mensoremeant sandard
dmmx(mumnmm oQ%ia,800$ s(Q), and that (H2) the arror -8QPand the distarbance g(P) do

Under on (H2), wecan

‘the premensrem ant mamartom is s» small that all the post-mensorem ant momartum is cansed by the men—
surement, ia, a(P)5 £°$ s(P),where £72mtands for the past measurement menn vakua. Theu, ho uses .

(2) to conclade Bg. (D).

In 1929, Robertn ® generalized Eq. (2) to a arbitrary pair of cbsyvables A, Bin the form

S&AREPS ;.HA,B&-.

where [A,B]5 AB2 BA ingly, the farm of Hei ’s rebriion

BARBPS ;lll\. BSj

SO TIFG FPORTS | 3:2221 | DOE 10.1038/arop02221

BH L UV=FETHRIBRM DGHF

25
2.0
1.5

1.0

0.5"

Quantities Hand O

0.0

0.2
Measurement strength (cos 20)

04 06 08

State Preparation Measurement (A=Z)

. 0 0
HWP
v) / (9)

| VBS(tr)
ND Pol. WP x
o
Pol.or HWP N a’v
HWP(¢+71/4) Mi[v) -
M| $) Box
Dm!
DUI

www. quantum. r 1ec. tohoku. ac. Jp



2

Y - =F% - Sadgrovetfe

LEES/ ETHEERAVE

FERXR=FFy bHOMEFIERELVL
MEFBZ L. X EIFERICHELSEREE
A9 45, COFRBZENLFHRD=FR
BT /N4 AT EFH L WLWIEENR D FEEH
T2,

‘NMASREF Ky FIZBWTEF Ky ke
DEFNBEIOMEEIERHICK 2448 0EHF
BFOERIIZRLTI, (Phys. Rev. BE£20174
15E)

‘NASREF Ky FIZBWTEF Fy b

DREFMEGMRICHET 5 EIREIDER
A2 B Zh(Phys. Rev. BE520134E 18 %)

T/ 74 =0T

=
SZx T/ ERICHECEALCADH S L
MR[IFERIRENBEEFIZRN.

—

It &
MBEERORSZHEIT 2 &
3D, —cOFMEZMAL. &%
LIRDEAFEZEIT D .

F /) T7AN—IZAFBF%
ETHLOLWEFORIREZIRE
Physics 552016 18#)

S/ T 7AIN—I"H/NMEIREZ
_EIZERL. EFrFrY ML DE
FHEDSNFIEIZRIN
=E£20145F 18 %))

EHHRIZBITAEF
NTHETF

ST NFTIXERUDAI
HEREHLEREDERZTFRAL TS
DERMIMPADEFNFRPREZEA L
FimDEREEEDIRLEZBIET

Ra=DFAZIREL. =FXRIE
DELAIZEII L=, (Phys. Rev. Ai52016
L)

59 o
(New J.

Ao

ERC
i
(Phys. Rev. let

A

e R

S

L

—
[ —

=]

HE L9 5T—<
HREEFHER L UVLFEH

rh
=2

D,

r=io

+ It

NF

—\"

T/

HllfE T /N1 R

p(r') =—=VP(r)

0> %8 B 1E|

\f Az AW =EFIIRDGHFH

BaF Puz|eting Maw [ Pl 1930 17) 063003 oy iew S =
H N Paslisted v parinmby
New Journal of Physics Bore | Bsacie Foiatsch

WP Istiuts of Physins | Scellsonstt ani s

ol Phaia

Isutints

T 0 EY SRk Bl 31 b Rt of Pt

PAPER

@ﬁ"‘w“ﬁ

Composite device for interfacing an array of atomswith a single
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We propose a method of tra pping stoms in arrays near tothe surface ofa compodite nanophotonic

mmyhshedesboro o device with optimal coupling v a singecavity mode. Thedevice, comprised ofa manofiber mow nted
W T T
r———

arhaamdcecdand

o a grating, allows the formationol periodicop deal trapping potentials near 1o tee manofiber surface
along with a high cooperativity manofiber cavity. W e medel the device analytically and findgood
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agreemen Uwith numen cal simuobations, We numen cally demonstrate that for an exper mentally
realistic device, an array of raps canbe formed whose centers colnclde with theantinodes ofa sngle

r:p(r)=—VP(r)
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Trapping

cavity masde, guaranteel ng opt mal coupling to the cavity. Addit onally, wesimulate a trap su itable for
a s rgle atoanwithin Db m ofthe fber surface, potentially allowing larger coupling tothe ma nofilber

thars Govuar o vosd v vvpri cal g ded moade trapp ing vec i gues.

1. Introduction

Interactions of stomswith the elsctromagnetic fid d near micn and nana-scale dislschn o strochresis coment
atopic of greatintenest [ 1,2 ]. Onthe one hand, stomsin the vicinity of microscopic resonators @ninberact
stronghy with photons in the resonator keading to quantum information appliations such assingle phoin
switching[3]. On theather hand, recent advances have hen made in trapping arrays of atoms nearthe surface of
nanafihers using guided modes [4-9] for whi ch large optical densities are realimbl e—a fature which isalso
omdudwe o quantuminformation aswell 2smore general quantum aptics applications. Trapping of single (n)
atowmes near to nenastructrs hased cavities has als o ssn racent advanaes [ 10-12]. Monethsess, 3 number of
challmges rermain in this anea. One issue is the rapping of 2ims inoptimum pasitions for oupling to
nansawavegu de-has el cavities [1 2] Unlike in runming wave resonains, in Fabry=Perot type sending wave
resonatars, the atoms should bealigned to the fieed cavity antinode positions to maxim ze the coupling. In
standard, freespace cavity QED experiments .. this problem hasalreadyheen solved by the introduction of
trapping light at twice the wavelength of the avity made Such cavity anti- node-aligned trapping ha
appliations to ainmic == forganization [ 13] and atnmic spinsqueezing [ 14, 15]. However, the methad of
trapping el in free space cavities does not translie well to the nanmwaveguide @se due to the different
effective refractiveindeax of knger wavelength modesin the nanow aveguide.

Anatherchal lenge isthe vectorlight shift imparted on the stoms when they are trapped 1sing the guided
mide of 2 nanswaveguide [ 16]. As anadditional matter, the ohservation of coll active excitation efiecs such =
superradiance using nanafihers [ 17 ] woukd he greathy simplified if the spacingof a trapping amaycoukl he
dacoupled from the wavdength of light used to createit

Here we describe a scheme totrap atom sin amays nearto the surfce of 2 aympas ite nenostructune which

(b}

can potentially solve these problems aswell as provide new features companed to the afrement oned studies.
The device we consider here i 52 nanos tructure mmpris ad of 2 nanofiber mounted on 2 grating. Similar devies
have recently heen experimental ly i mvestigated for the purposs of mhancing the coupling of 2 quantum emitter

to the guided maodes of an optical nanafiber [ 15201 Here, wewil |showthat byilluminating such a device, itis

£ 2007 K0P Pubinboing 16 ol eaiiochor Pl witiche Cacllaball

| B —
- .
.-
A
-
-
o
- .
v 3

Quantum mechanics

redicts superposition
of position states even
or macroscopic objects

WD

X~

cavity
v’ positive-spring

Triangular .
E - align

=-=m== Misalign

mssd mMIirror rotation

ms) radiation torque

» Low thermal noise and high intra-
cavity power can be compatible.

:

!

|

111 I»
....'..- m

B0 Bs0

Alnmi

L

7 lpum)

SRR AR ) 2 -
UTLRLLE L LR -

“IV*m

E

PHYSICAL REVIEW A 0d, 033822 (201&)

Direct measurement of optical-trap-induced decoherence
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Tatroduetion. Various types of optical potentials have been
nsad bo change the dynamics of mechanical systems, including
atoms, thin membranes, and suspended mimors in order
to, .., observe signatures of shot-noise radiation-pressure
'Iu ctuations [ 1], enhance the quality factor of the system |2 I

prove the sensitivity of gravitational-wave detectors

'M—“'I Since an optical patential works a5 an ideal spring fw
the rapped mode in terms of enerp sipation. it can reduce
the number of quanta in the mode (the so-called optical dilution
effect) so that even a low- fmquonu massive ascillator will
exhibit quantum beh cands this quantum
mgln'-r i= underaay af cavi ity optomechan-
ics [11], particul: m'l\ i er':uj -caw fl.‘&ll'l'f\lb:h.ﬂ'n.\pll..l
linewidth is broader than that of the mechanical resonance.
Although the bad-cavity condition is often not promising in
terms of coherence because of the slow mechanical oscillation,
il enables us ko detect gravitational waves [12], and poientially
to probe deformed commuiators [13,14], generaie entan-
gled states [15-17), and test wave-function collapse models
[18-22].

The reported limits of optical dilution so far are due to posi-
tion sensing noise resulting from frequency fuctuations of the
Taser [10], the structural effect of the mechanical oscillator [2],
and also parametric instability [5.23-25]. Additionally. the
reduction of the thermal decoherence rafie (i.e.. the derivative
of occupation of the mode with respect o the tme) has been
observed indirectly by measuring the stationary state of the
trapped mode [10]. However, at the same time, the oplical
podential induces heating of the cscillator so that it increases
decoherence, which is analogous 1o the “noise penalty™ in an
active feedback system [26]. The excess decoherence anises
becanse the passiv
subjects the oscil

frequency fluctuati :.lll
e | 5
“nobuyuki.mstsum .‘\\‘\.
pE2 ARl () [
e -
delocine &
scren Bl

Three mirrors are
1. 5-mg pendulum 2. fixed flat mirror
3. controlled curved mirror

7 FE

the pscillator 1o s

Fmed miimr

the thermal decohsrence rate for such as:
hizstic forces resulting from the: frequency fuc

enable futnre advances in the probing of
deformed commulaiors.

fundamental limit on the reduction of decoberence even in the
absence of active feedback.

In this paper, we report an experimental stady of optical-
trap-induced deccherence. We cool an optically trapped
pendulum made (suspended mirror) based on measurement of
the pendulem’s displacement (cf. [27-31]). By tuming off the
oooling, we measure the ime evolution of the r"lI:I.|1 cooled
made, and hence the thermal decoherence rate. We measare
this rate as the oplical rigidity is varied. We find that the
reduction of decoherence is limited by the optical-trap-induced
decoherence, whose effect &5 proporticnal to the frequency
noise spectum 53 ot the resonance ag of the rapped mode.
For an optically trapped oscillator, the condition

Silaser) = 0 n
ey

must be satisfied in order to measure the quantem coberence
of the oscillator, where gy is the optomechanical coupling per
single photon. Since wer must be laper than the decoberence
rate, this is more siringent than the requirement for achieving
ground-stale cooling [32]. Condition (1) is experimentally
challenging in the case of using a sive mechanical
oscillator, but we show that it is feasibl the presence of
frequency stabilization.

Experimental desipn. We us2 an optical cavity co n5|51J1_g
of 2 suspended 5 mg (= m;) mirmor, & suspended (] =
& (= my) mirror which is attschad to coil-magnet achaators
for active feedback, and a fived mirror |I|5 lia)]. This
design makes the svstem stable with respect to the mimor's
yaw motion [33]. The cavity is pampad by an optical laser
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