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Probing Quantum objects with microwave signals

Santa Barbara 2010 Boulder 201 |
see Andrew’s talk at 3pm

Saclay 201 |

Berkeley 201 |

pm



Example: measuring the state of a Qbit

1) — %N\AMNVHV\MNW%W

all) + B[0) I cos(weavt) + @ sin(weavt)

[see Lecture V]



Why do we need good amplifiers ?

not quantu




Why do we need good amplifiers ?

1) — %NWWNMW\W\MW

all) + B[0) I cos(weavt) + @ sin(weavt)

strong measurement
Qi single shot Qi

quantum limited

Goal: evolution of the quantum object directly given by the measurement outcome



Two kinds of linear amplifiers

phase preserving phase dependent

. . VG, 1.
&out = \/E&in ‘|—N Aout — T(ain + a;fn) + 2\/a(a'in — Cl,m)
[&outaaiut] =1= [-/\A/‘Tv-/\?] =G —1 [&Outadiut] =1

ANZ:%<{/\7,/\7T}>Z G2_1 ANZ >0

[Yurke et al., PRA (1989), Bell Labs]

[Caves, PRD (1982), Caltech HEMTs] [Castellanos-Beltran, Nat Phys. (2008), Boulder]

[Yamamoto et al., APL (2008), RIKEN]...



Two kinds of linear amplifiers

phase preserving best commercial amplifiers

CNF >

COW NOseE FARCTORY

[Caves, PRD (1982), Caltech]



Core of the amplifier: 3-wave mixing

HM,,;Q,3 — ﬁg(g)(agayap -+ aSaza}LD)

[see Lecture ll]

Basis of amplification
stimulated emission

I:—’Mix‘1570]705P> — Oéphg(g)‘257 :—IaaP>

signal A lw —i M H WM*
2 -~

-
pump — iy




Implementation in optics: non-linear crystal

Huypiw = hg(g)(agaﬁap + aSala}fD)

>)4m

non-linear crystal
pump

idler

ﬁMix\OS,OI,OéP> = aphg|ls, 17, ap)

A

0 lws <@~ spontaneous parametric
m down-conversion
i -




How to reach the quantum limit for microwaves ?

NN A 7, -
eed to minimize the number ’ ()
Nof ir?f;rmation ch:rlnels tob3 — $ M( HH H”H >

superconducting circuits |:|| > no dissipation
P J collective degree of freedom

GHz signals ::> no thermal photons at dilution
fridge temperatures

proper filtering :{> no



= i
L

T77

3-wave mixing term needed
§ § Huypiw = ﬁg(g)(asalap + CLSCL]CL]LP)



Non linear element: Josephson junction




Non linear element: Josephson junction




Non linear element: Josephson junction

to get alalap, we use vy
ST

need to decompose »® — vy



Josephson Parametric Converter (JPC)

spatial decomposition using a ring

U=aXYZ+uX°"+Y"+7)+0(..%

Y@@
N
/
I I
Y@ O N
B ®
Iy Iy
O®

symmetry forbids undesired terms

N XK

magnetic flux provides current bias

O & Ibias

but phase slips possible !

[see Lecture IlI]



Josephson Parametric Converter (JPC)

[Bergeal et al., Nat. Phys. (2010)]



Josephson Parametric Converter (JPC)

NSV AN
SH 0 G_<1—p2>

- [r— (-) ]
P = \/_ - \/ps Qsszz

N 4 I

Tfompmite == 3

- - - — 41—
JG JG
- —— —— <«
N i

[Bergeal et al., Nat. Phys. (2010), Lecture Ill]



Realization

]()%5,LLA



Cabling of the dilution fridge

|dler Out Signal Out

Idler In Pump Signal In
+40d§& 2&400“3
+40dBk Z§4Od3

300K
_-E)ds_l_ B ﬁ)dEl_ | TOdEI_
7K | - | — 4 - | —
30dB 23 dB 30dB
I+3’>O dly\ I /&30 dBI
aK | 7 T | —
—30dBI 20dBI 30dBI

I X




Resonance frequency as a function of field

35 mK
arg(r)(°)
180
>
90
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-90
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Pump OFF signal  Qcoupt = 104

9.57

50

925

f (GHz)
\O

8.75¢

8 .5 O ! | |
—100 —;O 0 50
Icoil (IUA)




Resonance frequency as a function of field

35 mK
arg(r)(°)
180
90 U
0 ©wolo

_90!

—180
X v Z
200 200 2p0



3-wave mixing with the Josephson ring

2 d — ()

U W(X2 + V2 4 22) | best non-linearity

wolo T aXYZ unstable
)
—4 - | |

_z _x o & I 31 g
2 T4 4 2 5 ~ 2 2 2
PR Hr~aXYZ+p(X2+ Y24 22)
200 290 290
4
2 b = (I)()/Z
U 0 average non-linearity
wolo stable
—2 LN
_47r s | T T 3
T A S S



Gain as a function of pump power

35 mK 6.5( 9.5
. = @ /2 .
idler ... 025 signal
S 6 5 o
5.75+ 8.75
0 -5 0 50 “lo0 -0 0 50
Icoil (IUA) Pu m P O N Icoil (,uA)
I L L AL e e o
20 ] P = 1.3 dBm *: 20 P,=13dBm -
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R L1 I I I DOV (Y| | Nung g w0 AL Gl
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fidler (GHZ) fsignal (GHZ)

A f =~ 20 MHz for G = 100



How to improve the JPC?

® &

X A
Z . . .
f ) magnetic flux provides current bias
0 0
Y@ d & b & [yiag
>
® ®
phase slips possible !

Iy Iy

©®

frequency tunability with the flux > cannot be tuned if stability required

robustness of the amplifier > requires stability




How to improve the JPC?

® P

X A
Z . | .
f ) magnetic flux provides current bias
0 0
Y@ d & b & ]bias
>
® ®
phase slips possible !

Iy Iy

@®

/ but phase slip because
- ext - Y0
aedly; Iy cos( )
-
/ goes negative when > 5



How to improve the JPC?

Y. 9@

magnetic flux provides current bias

O & ]bias

phase slips possible !

Solution: add inductances

U+ U A E4L (2X% 4 2V? + 77)

12
nophaseslipif L j = @ > — L

I 5




New generation




Resonance frequency as a function of field
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Gain as a function of magnetic field

35 mK maximal gain (dB)
E | |
0 5 10 15
idler signal
2
resonance @ Ppump=0 dws by IOLL

tunability ! A 27 o



Varying the critical current

small I()

medium I,

large I



Resonance frequency as a function of field

o meas® [Ny ® meas® [;.;) / —— theory with L =10.06 —0.07nH
Lseries = 0.07 — 0.08 nH
, still OK with £20%
N I
(ED 3.4
— 8.2
= I
£ 8.0
S :
738 To = 0.5 A

~50 =25 0 25 50

Icoil (NA) . , 2
ES.O ; L
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3.6
= 8.4
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Gain as a function of pump power

35 mK @ 26
fpump — 14071 GHZ, ]COil — 3 IL[,A’ %8.2 '
éﬁS.O— b
78!
~50 -25 0 25 50
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Gain as a function of pump power

35 mK @ 26
fpump — 14071 GHZ, ICOil — 3 IL[,A" %8.2 '
éﬁS.O— b
78!
~50 -25 0 25 50
Icoil (IUA)

signal
30 &
10
8.47" amplification
ﬁ 3 <ﬂc/x=
3 amplification % qﬂj/]/\
: TN
8.46 03 .
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. 0.1 ’
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845
\ \ IXR22X2222, 0 10 20 30 40 50
~10. =75 -s. 25 0. Gain (dB)
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Gain as a function of pump power

35 mK _ 86,

- 8.4

fpurnp — 14071 GHZ, ]COil — 3 ILLA’ %8,2 '
éﬁS.O— b

78!

~50 -25 0 25 50
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\ signal
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10 . amplification
| N e\
3 \ 3 “
3 03 b
lasing
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Noise calibration

SAAti ““ﬂf Pump |
(\ L N " SA
N_*,

50 O s =

Normal metal tunnel junction:
a good noise source




Noise measurement

g
eV
V) RiSpi(w) 2 X o
ZO 4hw %
L ) N -2,
Zo 1 kT
R VA
-5 -3 _16V | 3 5
hw
hw > kg1 = R; (V, ws) — MaX(Q‘QV‘, 2hw5)
%\ (eV)? + (hws)?
4
(WS) — 0 4 (wS) Aw If Rt = Z() and RtCtWS <1

perfect matching



Noise measurement

SAW |

@ 5l sA
W
50 O s L
X hws,hw] > ]CBT
hw
S5O Q(WI):TI
’6‘/‘ hwg
=M
'"'é) 5 (VawS) aX( 9 ’ 9 )
2
, 2+
5 3
hw | -2
n |
0 hw




Noise measurement

fpump = 14.071 GHz, Pyymp = —3.56 dBm, 1.5 = 3 pA

& /th € /hws
4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4
10 9
110 ~ — T 4.5x10 | [ ]
m I /N
220 / , 2 10 N
-~ f ~. N, ‘
,o.. E l ) (i \
9x10° % & ‘| 40x10° % 3 s
S 5 210 s % enp R
tot (W) | 5 $ Stot(wWr) % O ,/ \\ s
hw RN r B % O .,
PP Rt S ¢ I 8T 0 s
8% 107 v 345846847 s 3.5% 10° X 56 561562 §
| LY f (GHz) ¢ | % f (GHz) &
% S k! :
| % / | % /
7% 10° % : 3.0 10° Y $
1 % ® I % 4
% e s ,‘
s .‘ .... :
9““‘ 9““‘
6x10%s6" "100 =50 0 50 100 150 25x10950 100 =50 0 50 100 150
(1V) (uV)

slope change at e = hwg even for Sio(wr)



Noise measurement

Jpump = 14.071 GHz, Pyymp = —3.56 dBm, I = 3 A

& /th € /th
4 -3 -2 -1 0 1 2 3 4 4 3 -2 -1 0 1 2 3 4
10 9
110 ~ — T 4.5x10 | [ ]
m I ~
o
=20 ’\ \ = 20 A‘
K R= f \ K = \
9x10° % & ‘| 40x10° % 3 s
S v 2110 g % 2210 4
tot (W) | 5 $ Stot(wWr) % O ,/ \\ 4
hw o8 g s B I N~ K,
S : AR P I : % 0 &
8% 107 v 345846847 s 3.5% 10° X 56 561562 §
| LY f (GHz) ¢ | y f (GHz) &
% S . :
| % / | % /
7x10° % £ 3.0%10° kS g
i X s | % &
F .‘ .... : ‘ f
97 S R N O RSt RS R 97 S A A RS AU A AP R
6x10%50 100 —50 0 50 100 150 25x10950 100 =50 0 50 100 150
(1V) (uV)

Can we use it to calibrate the added noise ?
YES, but need to determine the impedance matching of the junction



Noise measurement

B AR Re|Zeny (ws)]
|Rt + Zenv(WS)‘2
x insertion loss

D =~0.2—-0.71

~ (0.38 — 0.71

S

50 Q) -
550 Q<WS) _ TS

C,~05—1pF, R, =44 Q,Zy =50 Q,w/2r = 8.6 GHz



Noise measurement

1 x 1019

9% 10°

Stot (WS) ﬁ

hw S

8% 10°
7 % 10°

6% 10°

Jpump = 14.071 GHz, P ymp =

€ /th
-4 -3 -2 -1 0 | 2 3 4
| | |
as
= 20 /
E /f\
X))
— 10
E:

2150 —100 -50 0 50 100 150

(V)

fit D=0.30,7" = 40 mK

~3.56 dBm, I = 3 A

€ /hws
o4 -3 -2 -1 0 1 2
45%10 ‘ ‘ ‘ ‘
@20 A
| o)
4.0x%10° '§b
Stot(wl) E)
hw] , =
3.5x10°
3.0x10°if
2.5x%10°

Y150 —100

0 50 100 150

(V)

fit D=0.31. 7" = 40 mK



Noise as a function of temperature

‘ eV + hw ‘ eV — hw
55 RtSH(w):(eV+hw)coth( T )—I—(eV—hw)wth( T )
5.0
— 40mK —
51345
I
40
35
0%  —100 0o 100 200
Vo (V)

note: other junction and amplifier



Conclusions

Ring of 4 Josephson junctions in cavity realizes a
non-degenerate parametric amplifier for

microwave photons

[Bergeal et al., Nat. Phys. (2010)]
[Bergeal et al., Nature (2010)]

Bandwidth tunability and stability
achieved using additional inductances

e [hws

-4 -3 -2 -1 0 I 2 3 4

1)(1010 | | |
m
2 20 A
9| 'g ’l} \
9x10% 5 / \
Stot (WS> , 'c;:s \
hos | N2 & ™~
8% 10° \ 3.45 8.46 8.47 /

GHz)

Proper calibration of attenuation between 109
noise source and amp needed to prove | \
quantum limit is reached |

’_/
G
= o0
N
@
G

ol
6><19150 —-100 =50 0 50 100 150
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Thanks !



Thanks !

Nicolas Roch Emmanuel Flurin Philippe Campagne Michel Devoret
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