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Quantum state engineering
using dissipation




What is dissipation?

Dissipation (Longman Advanced American Dictionary)

1. the process of making something disappear or scatter
2. the act of wasting money, time, energy elc.
3. the enjoyment of physical pleasures that are harmful to your health

"Diligence and Dissipation” by Northcote
Dissipation: caused by coupling with environment ¢ i



Dissipation in cold atom gases

Dissipation: caused by coupling with environment
Particle losses (1-, 2-, & 3-body losses)

*Incoherent scattering of trap lasers etc.

Usually, "dissipation” = "decoherence”

But, "dissipation” # "decoherence”

Jx



Open guantum systems

Quantum sys. coupled to a reservoir.

! @ (total) = (system) + (reservoir)

Psr - total density operator (system + reservoir)

p = ps = Tr.[psr] : system density operator

What we need is the system density operator p.
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Master equation

Master equation: EOM for the system density op.
within Born-Markov approx.

= —i|H, p] + %(QCpCT —c'ep — pele)
Dissipation
C . jump op.
v . dissipation rate

Born-Markov approx.

-Weak system-bath coupling (Born)
coupling term << H or reservoir
-Short correlation time of the reservoir (Markov)

<< dynamical timescale of sys
Reservoir has no memory. g



»

Poor man's derivation of master eq. (1)

v: loss rate
a. annihilation op. of photons

ex. Photons in a lossy cavity >
Y

Prob. of a photon escaping from cavity in ot.
AP = v(¥|ata|P)dt

\I]emi
‘l:[,> | Ot i ‘ t> AP
|§[JI10 emit) 1-AP

a|¥)
[ Pemit) = Tlata 0 (vdt/AP)' /2 a|T)
P - e et 0t |y (1—1iHdt — Lota’a)|P)
Dt — (lI,|engff6t€—iHeff5t|\I;>1/2 o (1 - AP)Y/2

Hop = H —iZlatq Measurementol o on Hermitian
2 no emission". R i
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Poor man's derivation of master eq. (2)

Density operator at t + ot
P(t + 5t) — AZDll]:jemit>(\:[jemit| + (]- — AP)H[!no emit)(‘Ijno emit|

~ | @) (V| — ot [H, |¥)(¥|]

+26t (2a]0)(¥]a’ - ata|¥)(¥] - |¥)(¥a'a)

it o+ L @apa)CaTap — p'd

Damping by
non-unitary evolution.

Jump operator = a

Quantum jump
by emission




W State preparation using dissipation (1)

Usually, "dissipation” = "decoherence”
But, "dissipation” # "decoherence”

Analogy to optical pumping
p(t) — [D)(D|

T )
I Source of I": Dissipation in cold atom gases
—Q— — - By spontaneous emission of photons
D) |1 B) coupling with vac. st.

dark state  bright state By emission of Bogoliubov excitations

(presentation by P. Zoller) $m coupling with background BEC

‘ Dissipation can be used for preparation of pure states. ‘

[Agarwal (1988), Aspect et al. (1988), Kasevich & Chu (1992),
Diehl et al. (2008), Kraus et al. (2008)]




W State preparation using dissipation (2)
Kraus et al. PRA 78, 042307 (2008).

Master eq.
dp = L(p) = —i|H, p] —I—Z QCch —cTczp chcz)
dt
1. H|¥) = E|¥)
2. Vi ¢;|®) =0 :dark st. — |W
) =y p— [E)(Y
3. Uniqueness
/\‘I’> is the only st.; Task: Construct a parent
target st. L(|[PYPT|) =0 Liouvillian

Condition 3. ‘ ¢, must be non-Hermitian.
If ¢; is Hermitian p=—ilH,pl+ o leispl, el

. pox I isalsoasteady st.; L£(I) = ‘zi



W State preparation using dissipation (3)

State preparation using dissipation! I

Advantages:

-Works for any initial state.
[Kraus et al. PRA 78, 042307 (2008)]

- Self-driven: no need of active control.
"Just wait."

-Engineered dissipation can overwrite unwanted one.

Jr



Dissipation-induced coherence

Example: Pumped single-mode field with loss
[G. S. Agarwal, J. Opt. Soc. Am. B, 5, 1940 (1988)]

Pumping Hamiltonian:

H = %(a +a")
Master eq.:
d
d_? = —i[H, p] + %(Qa,pa,T —a'ap — pa'a)

— %(QCch — cTep — pcle) = Dle)p

with ¢ =a+ig/y
9 _ pllp=0 f&onlyif (a+ig/v)p=0=pla+ig/y)!

dt
mm) o =|—ig/v)(—ig/v| :coherentst.

"Dissipation-induced coherence"l iAi



W Matter-wave interf. and 2-mode sys.

Matter-wave interferometer : interferometer with cold atoms
EX. cold Bose gases in a double-well pot.

Release from the trap.
Expand & interfere

Measure the force field, etc.
from the interference pattern.




W@  Squeezed st. in matter-wave interf.

Uncertainty relation AX;AXs; > &

Squeezing: decreasing uncertainty of one variable

(in expense of increasing the other's)

Two-mode case o

Number squeezing &nv = (AS%)/2/\/N/2 < 1
Phasg squeezing &phase = (AS2)2/\/N/2 <1
(@ ?ahase fluct. S = (ajay + alay)/2 \ |
Sy \ . I number fluct. Sy = (alas — alay)/2i Grond et al.

(2010)
S, = (a,Jlral — agag)/Q

Bloch éphere
Phase sq. st.: High visibility of interf. pattern.
Good for readout.

Number sq. st.: Small phase diffusion.
Longer phase accum. time. 6



» Bottom lines

GW & Makela, PRA 85, 023604 (2012)
Caballar et al., Phys. Rev. A 89, 013620 (2014)

Dissipative preparation scheme of
phase- & number-squeezed st. using cold atom gases

 Proposal of the physical setup

- Resulting master eq. leads to a pure squeezed st.
In the ideal limit.

-Squeezing develops on a rapid time scale o« 1/N
due to the bosonic enhancement.
71



Two-mode Bose squeezing
using dissipation




Squeezing jump operator

Coherent st.: |¢) o (e¥¥/2a] + e7*/261)N|0)

Squeezing jump op.  [GW & Makeld, PRA 85, 023604 (2012)]

c :[(aJ{ +al)(ar — a,g)]—l— em (—l<e<1)

1

|¢—0> (a] +al)™1|0) ¢ =) o (a] —al)™|0)
IS a dark st. IS a dark st.
- Jay —ag,al +al]l =0 v a1 +az,al —al]l=0

\ S

_—

c=2(14+¢)S, —2i(1 —¢)S,
when €=1, ¢=45. x AN

Dark st. is a Fock st. with AN=0. 91



! 2-mode squeezing
Coherent st. analysis (valid for N>>1)

(S2) =~ {S2)® with (S.) ~ N/2 + O(N°)

d  _. .
E(Sj,;) =Tr [psg,z]
master eq. d

- — (S,

—(Sy ) = —ANY(1 = €)(S} ) + N*y(1 £ ¢)°
In the steady state

N b : E <S,§>1/2 1 —e
umber squeezing param.: N = N2 ~
N/2 1+€
G241/2 7
Phase squeezing param.: & pase = <\/1‘}z7/2 ~ /5 T
— €

€ >0 = number sqg. & phase anti-sq.
£ <0 = phase sqg. & number anti-sq. .




-System: a-atoms in "spherical cow" trap

Y—
@9-% AN /Lﬂ N2
V V

site 1 site 2

- Environment: background BEC of b-atoms

Reservoir of superfluid phonons i
0



= Setup
Setup: |trapped atoms| + | background BEC

system
-States 1& 2 are Raman coupled to two excited states
with even & odd parity.

- Atoms in the excited states decay into the states 1 & 2
through s.f. phonon emission.

\ 0 c—|a1—|—a2) a,l—a2]—|—€| —ag a1+a2)]
e>,0 F

| A2 I F 2
Q2 Ay ey 0(20)

€ —
‘ F Ql AQ ¢e1,0 (370)
E2 1

), : effective Rabi freq.
A, : detuning

12,./A,] <1 :far-detuned

ﬂ Two excited states are
=9 adiabatically eliminated.

site 1 site 2



Conditions

For the coherence btwn site 1 & 2: k20 < 1

- For the coherence btwn F1 & F: ko — k1| < Kk, ko
((.d < €1, 62)

\ c—|a1—|—a2) a,l—a2]—|—€| —ag a1+a2)]
| A2

gDE}Q,O F2
- F
- Qs Ay Cbeg,o(ﬂ?o)

- F . Ql AQ ¢e1,0(m0)
&2 1

), : effective Rabi freq.
A, : detuning

12,./A,] <1 :far-detuned

ﬂ Two excited states are
=9 adiabatically eliminated.

site 1 site 2



» Hamiltonian

H = H, + H, + Hy
trapped atoms || Bogoliubov excit. | | coupling btwn.
(a-atoms) (b-atoms) a-atoms & Bogoliubov excit.
2T Qqp 1/2
H,, ~ Z gkALbk + h.c. gk = \/Pbsk/
I
k+£0
AT Z A ot o transition of a-atoms
k — ki1 'ng y én’,i’ N d)n,i
o

Ty

level site A]gni?Ii), = /dx eikwxgbjhi(ﬂ?)én’,i’ (33')

g.st. ¢,;, ~VN > excit.st. .0~ 1
Keep e, — g and neglect e; — e;.

Born-Markov approx.

o(t) = — [O 4 Teg[Has (1), [Hun (t — ), plt) )] 241



» Master equations

Lp~ % Z Chn (e—i(en—eiz)t[an, FI ]+ h.c.)

n,n' =1,2
I = FQT = CLC—
Ci1 =1, Cyp =ne’, Cr1s =€, Co1 = ne
U(kl, kz) _— kQ’YQ/kl’Yl Tn X k’n|9kn|2/v(kn)

-ldeal limit: w =€ — €1 — 0
kz—)kl & Yo — Y1 - 77_>]-

Lp~ %(QCpCT —cTep — pcte)

with ¢ = F; + €F5

Master eq. with squeezing jump op.! I Bi



» Master equations

n,n' =1,2

Lp~ % Z Chn (e—i(en—eiz)t[an, FI ]+ h.c.)

I = FQT = CLC—

Ci1 =1, Cos =ne’, Ci1z =€, Co1 = 7e

n(klakQ) = kQ’YQ/kl’Yl

Yo O K |Gk, |° /0 ()

Large w limit: W = €2 — €1 =7

rapidly osc. factor

exp[:

E?:(GQ — El)ﬂ — 0

7
Lp=~ [(2F1pr —{FF1,p}) + ne*2F:pF] — {FJanP})]

2

Two processes Ef F1 & F» contribute incoherently. I 1
§)



w Time scales

EOM of {S?,,> by coherent st. approx.

d
(S} ) = —ANY(1 = &)(S} ) + N>y(1 £ )’
 Time scale for squeezing: = !
1 I = AN =)

Short time scale 7, «1/N 4=® Bose enhancement

Dephasing time scale: T, =27/w = 2nw/(e2 — €1)

( Squeezed st. is generated at 7, <t <1, J I
. 1



»

Plp]

1.6

14}

Time evolution for ideal & large-w cases

08|

06 L

-
h'l'-
—————

pure st.: P[p] = 1
max. mixed st.: P[p] =

ideal case m) pure steady st.
Squeezing

ideal case (&n)

large-w limit §

ideal case (¢p)

|deal case
ss |1 TE€ ss _ |1 —€
P=V1-¢> N7 V14+e¢

€ <0 = phase sq. ((p < 0)
€ >0 = number sq. (éy < 0)

1 + ne?
1 — ne? |

Large-w limit

gss,inco L £ss,inco
P SN




W Time evolution for intermediate cases

Plp]

1.6

N=100, €=-04,n=1

Ty [ To

08Ff

ngl

| 1
110

14}

- ¢

1 0.001
1 0.01
1 0.1

Change from nearly ideal
to large-w regimes

7,/T. T Wy purity |

exp|tiwt] ‘ oscillation of ¢

P

s§s,lnco

(Behaviors of P & ¢ resemble
Incoherent cases when

7 /Tw 2 1




= Suppression of dephasing

Parameters: ¢ =—0.40 T, = 0.053 s 7 /T, = 0.049

100 fp------c g e

0.98 |

il.
|

0.96

Plp]

¢p, €y (dB)

0.04F |

0.92

0 000 0005 0010 0015 0020 0.000 0.005 0.010 0.015 0.020

t(s) t(s)

"Stroboscopic" method (cf. Polzik et al.)

Switching driving lasers off and on

continuous evolution == stroboscopic elements with 7int
Tint Tint Tint

t = () om— t=10 .—>+—>+- -- ru
off & on
Dephasing can be suppressed! | ﬁoi



» Summary & conclusion

GW & Makela, PRA 85, 023604 (2012)
Caballar, Diehl, Makela, Oberthaler & GW, PRA 89, 013620 (2014)

Dissipative preparation scheme of
phase- & number-squeezed st. using cold atom gases

- Proposal of the squeezing jump op. & its physical setup

Atoms in a double well immersed in a b.g. BEC acting as a reservoir.

- Master eq. is derived starting from microscopic physics.

- Squeezing develops on a rapid time scale o« 1/N
due to the bosonic enhancement.

- Dephasing can be avoided by switching the driving
on and off, which leads to robust steady squeezed st.

 Ingredients for experimental implementation using Rb atoms.



Thank you for your attention.




System-reservoir coupling

System-reservoir coupling: Atoms & Bogoliubov excit.

»~ 14ra, NP A
Hu = ” b /d% Piaiids = gr(Albk + huc)
k=40

Ve . trapped atoms
= /o + 5@5( ) : background s.f. atoms

Sk cWJb Z ukbked( Y4 ’ngle_ik'r)

\/_

bk Bogollubov excitations

k2
gk X 5,1/2 = \/meEk . static structure factor of BEC I
3



» Master equation

~ —i(en—e' )t ;
Lp >~ : Z Chm (e [Enp, )] +h.c.)

n,n' =1,2

FleQTEch_ Cy =a1 + a2, C_=a1 —a

Ci1 =1, Cos =ne’, Ci1z =€, Co1 = 7e

N = kaya/kim Yo  knlgn, |*/v(kn)
¥ o< kiogm @, (0)(Q1 /A1)




W Towards implementation with cold atoms (1)

Trapped atoms (a-atoms): Rb85 (set a,;=0), N=10°
Background atoms (b-atoms): Rb87

0. = 2.5um 04 S 2o K 0,

\ @92,0 knlﬁg <4 1
| A2

‘ Q2 o= W T: o x 19.0Hz W <K Wey
A1) QOE"E,U |
I \) | 4N (s 1 e
‘ 01 -Q [ E1 = Wey = 2m X 500Hz
o1 A MRPe | l Q1 /A1] =0.075 < 1
' 2X0 ' Oy = 100nm 122 /A5 =0.15 K 1

site 1 site 2 wwenp = 27 X 11.9kHz
o — 300nm 5



W Towards implementation with cold atoms (1)

Trapped atoms (a-atoms): Rb85 (set a,;=0), N=10°
Background atoms (b-atoms): Rb87

Cbg _> ¢61 b ¢82
Oe = 2.0p4m two-photon Raman coupling
@, 0 Acousto optical modulators
| A2 ’ Frequencies with > few Hz
—————————— e A S GEy 4 S & precision.
‘ (X2 (e w = 27 x 19.0Hz
A1) De1.0 |
T SEN LY (A e
‘ 01 -Q [ E1 = Wey = 2m X 500Hz
Do A NN l Q1 /A] = 0.075 < 1
' 2X0 ' Oy = 100nm 122 /A5 =0.15 K 1

site 1 site 2 wwenp = 27 X 11.9kHz
o — 300nm 6



Realization of double-well potential

Gati et al., Appl. Phys. B 82, 207 (2006)
g. st. extension (osc. length)

}'t crossed dipole beam g = \/h/mw

dipole trap beam For Rb:
o~100 nm m w = 20-30 kHz
standing light wave (feasible)

Difficult part:

interwell dist. 2 xo = 700 nm

V(x)/h [kHz]
_— kJ

interference patter by
2 beams of A=1.4 ym,

but challenging.
o i

-100 0
X [um]



» N dependence

N dependence for fixed 7 /7.,

/T, =002, e=-04, n=1

Purity Squeezing
S A A A A Q0 E - -rorrrrrrrrio oy
: = _f 0.95 \ 7
.f 090 £ / -;
N=10 1 & 085F "
-— N=50 1 *080¢E \ Y
3 T L 075 N - ]
DU N =100 070 b o= :
6 8 10 0 2 4 6 8 10

t) T t/ T,

IlV dependence saturates already at N~100! ‘

In numerical calculations, we can use smaller N~100

for the same value of 7, /1., .
(i.e., adjust y to get the same 7,/1.,) 8
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