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1: BEC & INTERFEROMETRY
BASICS
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Gross-Pitaevskii EQuation (GPE) QL@TDV

JQC.0RGy

In the case of Bose-Einstein condensation in a dilute atomic
gas:

o “almost everything” in the same spatial mode

o transition to a “macroscopic, classical” regime

Quantum field well-described by a classical field

. 0¥ (r) h*v? 4mh*aN )
ih - +V @)+ —— Y@ | Y,

ot 2M

(have simplified interactions to a contact ferm quantified by
the s-wave scattering length a — low-energy scattering
approximation)
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Joint

Atom Interferometry Q“a“éé‘ﬁ'zreDV

JQC.0RGy

O o—0—

O—90 00

7t /2 splitting pulse 7T swap/reflection 7T /2 recombination
pulse pulse
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. Joint
Atom Interferometry: Interactions Bad! Q”a“éé‘mrev

JQC.0RGy

Interactions
7t /2 splitting pulse . swap/reflection 7T /2 recombination
pulse pulse
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. . . Joint
Angular Motion in a Toroidal Trap Q”a“éé‘;':rev

JQC.0RG.uk

T
e Consider trap to be in a rotating frame (frequency Q)

e Invites possibility of Sagnac interferometry (optically, light
split & propagates around in opposing directions)

See also Burke, Sackett: Phys. Rev. A 80, 061603 (2009
Stevenson et al., Phys. Rev. Lett. 115, 163001 (2015
Nolan et al., Phys. Rev. A 93, 023616 (2016

Bell et al., New J. Phys. 18, 035003 (2016

S~ S O~ ~—~
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2: ATTRACTIVE INTERACTIONS
(BRIGHT SOLITONS)
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Properties of Bright Solitons Qﬂz@smrgv

JQC.0RG.k

Zakharov, Shabat, Sov. Phys. JETP 34, 62 (1972)
Gordon, Opt. Lett. 8, 596 (1983)

e Solitary waves (including solitons) propagate without
dispersion

e The 1D nonlinear Schréodinger equation (NLSE) is integrable (as
many constants of the motion as there are degrees of
freedom)

e Protection that conservation laws offer means solitons (here
meaning solitary wave solutions of the 1D NLSE) are robust to
collisions

e Particle-like behaviour and name, “soliton”

Martin, Adams, Gardiner
Phys. Rev. Lett. 98, 020402 (2007); Phys. Rev. A 77, 013620 (2008)
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Splitting (& Recombining) on Narrow Barriers QJ%%;?&QV

JQC.0RG

Helm, Billam, Gardiner,

Phys. Rev. A 83, 053621 (2012)

. (b)

05 10 15 20
Phase difference, A/

See also Martin, Ruostekoski, New J. Phys 14, 043040 (2012)
Polo, Ahufinger, Phys. Rev. A 88, 053628 (2013)
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Joint

Scaling to "Soliton Units” Q“"““&‘mr@V

JQC.0RGy

e Units of
o Position: n%/mgN
o Time:  n’/mg*N?
o Energy: mg?N?/h?

e Dimensionless 1D Gross-Pitaevskii equation (GPE)

0w (x) 1 62 qd _2/952 a)ixz |2
I =

+ e +T—|1//(X)

or | 202 " ovon vl
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Splitfing on an Asymptotically Narrow Barrier QL@TDV

JQC.0RGy

o (x) 1 62 2252
T ‘Eax2+aqznem -yl |y

I
e Delta-function barrier tended to as o —0

e Transmission coefficient for a soliton with incoming velocity v
approximately (exact for v — oo
ve 1

v2+g2  1+a?

Ty(v) = (a=¢qglv)

e Qutgoing waves are a decaying radiation term and 1 or 2
solitons, with amplitudes

Ar=max(0,2\/T,)-1),  Ap=max(0,2\/1- T,(v)-1]

Holmer, Marzuola, Zworski, Comm. Math. Phys. 274, 187 (2007)
Holmer, Marzuola, Zworski, J. Nonlin. Sci. 17, 349 (2007)
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.. . Joint
Collisions at a Narrow Barrier . CentrQV

JQC.0RGy

v(x,0) =y4(x) +y-_(x),
X+ X
2+2b

Y_(x) = sech( )e”“, Y4 (X) =

2+2b 2+

v i1 b=0
, A 2 d 0.8 /
(1) i
(11) j\ i A 04

aip)_ N § A 000 05 10 15 20

o Phase difference A/x
b=1 v=2 0¢=0.28
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. : : Joint
Dynamics in a Rotating Frame (One or Two Barriers) Q;‘j“éé‘mrév

JQc.oR

 Consider GPE in aring geometry (periodic boundary
conditions with period Lp )

0w (x) 1 0° 0 q _ /22
=|l—-——+ill—+ Sl
"o 20x2 " 0x  ovan.
+(np—1) q e—(xiL/2)2/202_|w(x)|2 w(x)
ovV2T1

e Magnitude of rotational term defined through

2nl' = QL = QDLD

|g1D|N
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. . Joint
Rotational Sensing and Sagnac Interferometry Q“a"éé‘mrév

JQC.0RG K

(b)) .
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8i: 1One barrier
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.. : : Joint
Collision without a Barrier Q“a“éé‘ﬁ'zreDV
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. Joint
Interferometric Response Q“a"é::mrQV

JQC.0RG.k

— Helm, Cornish, Gardiner,
v=0.521, 4 Phys. Rev. Lett. 114, 134101 (2015)

Two barriers One barrier

1.0
0.9
0.8
0.7
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0.5
L1 0.4
103
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0.1
L10.0

+
P~

Soliton velocity v
|\

[a—

0.0 0.5 1.0 1.5 0.0 05 1.0 1.5 2.0
Rotation Q x 103 Rotation Q x 103
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Sample Outputs

Two barriers

Joint

Centre ;

Quantum

One barrier

JQC.0RG K

W /10012 W2 /10012 0
[ ] M| [ ) |
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
M2 @mr=0 B '@m M2 @mr=0 1
= O - . = O -
-L/2 1 0 -L/2 L 0
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Durham 8°Rb Soliton-with-Barrier Setup QJ‘?;?‘%{TLQV

Nl [

barrier

science cell quadrupole coils

z shim coils

bias coils

e Make BEC in crossed-dipole 5 waveguide
trap 3N — S

. Ramp scattering length to ™" x shim coils
a=0

e Simultaneously jump to —_—
negative scattering length i (h——5
and turn waveguide off = -—z 1
soliton!
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Joint
First Experiment Q“a"éé‘,ﬂ'zr@v

JQC.0RG.k

o

Pixels

0
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&l 0
5 100
g 200 Soliton 1
O Soliton 2
S 300 - Soliton 3
= O Soliton 4
& 400 = o soliton 5 -
500 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time (s)

e Release soliton into axially weak harmonic trap with the
barrier on — and see what happens!
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Joint

Recombination (Preliminary Data) Q“a"é::mrQV

JQC.0RG K

e Split 50/50 at the barrier, then recombine at the barrier

~ N
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Joint

Recombination (Preliminary Data) Q“a“éé‘ﬁ'zreDV

JQC.0RGuK

50/50 initial splitting: ~ 80/20 initial splitting:

Recombination

High barrier = both reflected High barrier = both reflected

VA Vi
DZaN

No barrier = both tfransmitted

AN

No barrier = both transmitted
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3: REPULSIVE INTERACTIONS
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. Joint
Two-State Condensate on a Ring Q“a“é;‘mrev

JQC.0RGy

Halkyard, Jones, Gardiner,
(b) Phys. Rev. A 114, 161602 (2010)

e Consider (intfernal) two-state condensate

iha‘lfj(r) - h2v2+V(r)+( l)jhw+4nh2Nia. v m
or | 2M 2 M =TIRE 7

V(r) = Mlw>(r — p)* + w>2"]/2
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Joint

Rescaling Q“a“éé‘,ﬂ?fv

JQC.0RG K

e Assume quasi-1D regime (r, z frozen out)

e Time in units of 7= Mp?/h; hence

oy () 1 62 o
. |16 0 ;o |
: ot 2 002 lQaQ+( 1) +Z§;k|%c(9)| ]w](H)
where
27
8k =2MNpajiywroz/h Z doly ;O =1

j=1
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o Joint
Interferometric Protocol Q;j“éé‘,?zfv

JQC.0RGy

1. Apply splitting 7t /2 pulse U, , to initial state y! =1/v2x, ¢l =0

a1 (1 S l(1 1
(4 (0)_2\/ﬁ(1)’ Uﬂ/Z—\/z(l _1)

2. Imprint angular momenta (e.g. transfer of light OAM)

. _eimH eif@ - ei(m+€)9 0
(/4 0) = e_l'gg y Urm = ei(m—é)@

2/ 0
3. Allow free evolution f(T/Q) Anderson ¢t al., Phys. Rev. Lett. 97 170406 (2007)
e—i(pl T/2 e

im@@+QT/2) ei(pngzei€(9+QT/2)
2T ( o~ i92TI2 p=il(6+QT/2) )
4. Apply swap 1 pulse, followed by a second free evolution

i e—i€(0+QT)
v (0) = o ( il (0+QT) )

e—i(p1 Teim(6+QT)

5. Repeat AM imprinting and apply recombination 7 /2 pulse

v N —isin(£QT)
A8 Atomtroni
"Durham Benasque, SSQDT%TQCS May 2017
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Joint

Readout Q“a“éé‘,ﬁ'zr@v

JQC.0RGy

| | N; = N[1 +cos(20Q1))]/2
14
0.8 1
=
= 06 .
=
04 .
02r 1
0 >, L
0 /2 T 3r/2 2

QT Ny = N[1-cos(2¢6QT)]/2

e Following S(T) sequence, populations oscillate

SN(T) = Un12Upm f(T12)Ur f(T12)UpyUg 2

* Any experimentally significant change of N, from zero is a
positive response

e Same response obtained when AM imprinted on ¥, only (m=l)
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e : : el
Sensitivity Considerations Q:j"é;‘,?:rQV

JQC.0RG.k

o Optically, fringe shift relative to fringe width a common
measure of sensitivity 6; =4AQ/A;c (A the enclosed area)

* Present equivalentis 6 =A0/w =2¢QT/x (countsinstances
population alternates between 0 and N over [0,T])

e No apparent area dependence - due o fact that
interferometer may be interrogated at any time, not just when
discrete, split wavepackets recombine

e Atomic shot noise also places a fundamental limit
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4: SPIN-ORBIT COUPLED
INTERFEROMETRY (SOCI)
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. Joint
System: Spinor Condensate Q“a“éé‘mrQV

JQC.0RGy

1
* Vector order parameter w= Y W¥,|j)
j=-1
Isoshima et al., Phys. Rev. A 61, 063610 (2000)

e Gross—Pitaevskii equgﬂon Ray et al., Nature 505, 657 (2014)

0 R, | , _
i W= ==V +V—ih(rx Q) V+gaW" W | W)+ [(gF-F-upgrB-F) ¥],

ot
Fo=) WiV {klFql))
ik
* Toroidal frapping configuration v = mw? [(p — Ry)* + z°]/2

« Normal and spin-flipping scattering
gn = 4nh?(ag +2ay)13m, gs = 4nh?(ay — ap)/3m

e Consider®Rbin F=1
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Magnefic Field: loffe-Pritchard Configuration QiméTDV

JQC.0RG K

Perez-Rios, Sanz
Am. J. Phys. 81, 836 (2013)

e |offe—Pritchard field texture

B = (Bq(p) cos(¢h), —Bq(p) sin(¢h), By) “
* Quadrupole field Bq(p) =b'p,

bias field B,

e Vary b/, B, with time

Atomtronics
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Magnetic Imprinting in a Spin 1 Condensate Qﬂ%gg‘:rev

JQC.0RG.y

Helm, Billam, Rakonjac, Cornish, Gardiner
arXiv:1701.02154

(a) I ————
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Joint

Magnetic Imprinting in a Spin 1 Condensate Quangg;':reDV

JQC.0RGuK

Helm, Billam, Rakonjac, Cornish, Gardiner —
(a) @Xiv:1701.02154 Magnetic fields

[E— o [E—
o O O

/

|

1

1

1

1

]

,I

I,,’

B(®)/B(0)

JENEIINAY Relative population

nii
A

," 2N = — - nO -----

-y,

————————————————————————————

————————————————————————————

0.5
Time t/t¢
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. . Joint
Adiabatic Transfer Q“a“éé‘mrév

JQC.0RGy

e GPE dynamics dominated by

B, Bqe'?/v2 0
B-F=| Bge '*/v2 0 Bqe'?1v2
0 Bge '?1vV2  -B,

o Spatially dependent eigenstates
|+ B)=([B+Ble'?,+V2Bq,[BT B;le”'?)/2B

B=/B;+ B3

e Beam split achieved by preparing condensate in [0) state with
dominating B, , then ramping [Bz| — 0

| Z) = (~Bqe'?,v2B,, Bqe '?)/V/2B

Atomtronics
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antum Y
Interferometry G

JQC.0RGy

 Imprint relative phase difference §

Py :(_ e (@+612) e—i(c/)+6/2))

B 1+cos(6)|Z>_i 1 —cos(d) (|+B>+|—B))
- 2 2 NG

e Reverse beam-splitting (recombination)

[1+ cos(0)]
2

[ axrotepr =

e To permit accumulation of Sagnac phase 65=Q,T;, must also
diabaftically ramp By — 0

Atomtronics
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. Joint
Inferferomeftric Response Q;j"éé‘mrQV

JQC.0RGy

1.0 @

0.8 t
0.6 +

-
-- -

- ~
Pl - ~ ~
v - SV
- . . -
. o 7 ST
i N .
.
-
P
R I

n;(tr)

0.2+
’
Pl -
L - LS
- L3N

e 02 0z 08 08 10

Phase 05/2n = Q,T¢/n

e Vary Q, particularinterrogation time 717 =1T¢

* Note T¢ =2nR;m/h timescale for a particle to circumnavigate
the ring

Atomtronics

AR
"Dul“h.am Benasque, Spain, 8-20 May 2017
University



Joint
Quantum
Centre
WWW'JQC.ORG_UK

5: FISHER INFORMATION
ANALYSES
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Joint

Quantum & Classical Fisher Information Q;j"éé‘;'zfv

JQC.0RG K

Haine, Phys. Rev. Lett. 116 230404 (2016)

e In aSagnac interferometer, smallest resolvable difference in Q,

given by (Quantum Cramer-Rao bound)
5Q, = —
ZQ
 The Quantum Fisher Information % for GPE-described atomic
BEC reasonably opproximo’red by Zo = NFg, where

0¥ (r, . oY@l
Fo(t) = [fdr ‘fdr‘l’ (r, 1) 30, ]

e If limited to measuring e.g. 2D spatial density P(x, y), sensifivity
imited to AQ, =1/v\/%c, where the Classical Fisher Information
Fc=NFc and

Fc(t):fdxdy Pix

1 [OP(x,y, t)]2
,J/» t) GQZ

Atomtronics
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Joint
Split Gaussian Wavepackets on a Ring Q“""“%‘L‘EQV

Superposmon & Frmges Barrier & Populahons

SHNrrs /- A\ i/ A\

5 2 \\\\N"II/ \\\\NMI//

TN PASLLIT TP AL L
= ‘ L TTYTT I Saan ‘ ‘ ‘ ‘ LS T TYTT T Saaan ‘ ‘

‘ (b) oy ‘ ()

2 ST : T

§1 Gl U 11}
0 —é 2 1 0 1 2 C": 3 2 1 0 1 2 3

6 0

0.5 1 1.5
t/T,

1
e Blue: F, « Creen: Fip= Y —(

= p.

* Red dashed: Fq . JLRET

« Dofted: “ideal” Fo =4Fs(T;/Tc)* PL:f d6 P(09), PR=f0 d6 P(0)
—7
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(Bani)? /n;

2

i=—1,0,1

Joint

SOCI Fisher Information o Cent
b)
105 . -
| g B EE 20 T =
ol T 5 5o el N S B
@ - s On/4
103 -t T RORR
5)&5 ‘ 3 lr/4
102 x 2m/4
: |
o ] el SR =m0 3n/4
. " " om 47 /4
%= R R )
- Fg =4T;
10—1 i i i i N
0.1 02 03 04 0506 08 1.0

Interrogation time 77 /T ¢

e Foridealized 1D Halkyard-Jones-Gardiner protocol
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Fc=Fo=40T? = 4Fs(T;/ Tc)*
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c Joint
Conclusions Q;‘M‘j:é;‘mfv
e Can avoid issues of interactions in BEC interferometry

o Possibilities for rotational sensing with toroidally trapped
atomic BECs

 Time-dependent magnetic fields can imprint counterflow
states

e Coherent soliton experiments!
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. : : el
Collision without a Barrier Q;‘j"éé‘mrev

JQC.0RGy

 Because of the integrability of the nonlinear Schrodinger
equation (1D GPE without external potentials) solitons are
robust to collisions

e Collision produces a phase shift, but relative phase difference
iszeroif v>1/4

e |nteractions therefore not disruptive

Atomtronics
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. Joint
Equivalency between Sagnac and Zeeman Phase Q“a"é::mrQV

JQC.0RGy

o Appropriately scale magnetic field and angular velocity
B=puggrB/hw,, Q=Q/w,
e |f angular velocity present, can effectively substitute
B,— B,+Q,

e Hence, equivalency between interrogating z-components of
angular velocity (Sagnac phase) and magnetic field (Zeeman
phase)
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