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Why Atomic lons?

All lons work same way!
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Nielsen, Chuang, "Quantum Computation and Quantum Information,
Brownnutt et. al., Rev. Mod. Phys. (2015)

Linear lon Trap

Laser — Modulators

Photodetectors




Linear lon Trap

$2 2
 Scalar potential ¢ = (U + V coswt)— Y
0

+ Ansatz x(1) = X(1)(1 + g/2 cos(2£)) + O(g*) and time average

reduce EOM as

X () + wf;.X () =0 I.e., motion of harmonic oscillator

* The Hamiltonian is written by using pseudo potential as

N
M \p
H = Wt + Wyt + w : )+
35 (vl ol > Y e

=1 7>
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https://www.youtube.com/watch?v=KwQdM80K450



States of lon e, 1)

e, 0)
* Trapped ions have states of ~ Gz
/\Qubit
. /Fz direction is important |9, 1) X
| yw) = | spin) @ |osc.) o W2 |~ M
[g).le)  [0),[1), -
- - - @
* The oscillating states are collective modes \ ° /
L

e.g., two-qubit state |2, 2) ® | 1) = | ggl) \ /

» Set by ground state by cooling the ion | 0>

https://kds.kek.jp/event/48400/contributions/261318/attachments/177783/236136/20240329 4% ~FHH.pdf




https://ocw.u-tokyo.ac.jp/lecture files/11447/3/notes/ja/QEd_03 2 Takahashi.pdf
Nielsen, Chuang, "Quantum Computation and Quantum Information,

Entanglement Operation

* Qubit states are entangled by a coherent laser
tuned with the energy difference

Laser — Modulators \ f
Z

190) |90) 190) | Vi cos Qpt + U,

1990)  1on 4 1990)  1on2 1990)  lon 1 |99;6?

|ge0) |ge0) - |ge0) |9€0}
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Quantum Entanglement of lons for
Light Dark Matter Detection



Description of DM

* Coherent ALP and dark photon induce the electric field as

FE,. =€ \/ 2ppM Sin (mgt — @g)

Epp.. = epp+/2ppM sin (mppt — ¢pp)

* Hamiltonian of both DM case is simply written as
HX — GEX,ZQ

10



Detection by Multi-lon

o The eigenstate of ~— "~ Electric Field

from

Dark Photon DM

DM interaction can be

realized by entanglement

* Then, as rough picture,
(N X DM amplitude)” > N X (DM amplitude)?

can be realized for the probability

11



Chen et. al., PRL 133 (2024) 2, 021801.

Entanglement Operation

~HeV
* The operation of DM detection for spin state (GHz region)
| : Y %l Ubm :2 Y %f A
ssssssss |g>®m¢H — Uou 1 ——

* For the oscillation state, MHz DM mass region can be searched
(~neV)

12



Signal to Noise Ratio

» Assuming background B « N,
the SNR becomes

x N1/2

w/0 entanglement

* The mass Is scanned by

changing the trap frequency

» N = 1 case shows already good

sensitivity
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Summary

* Amplification of DM signal by using
the guantum entanglement (sensing) is discussed

* Quantum information is now quickly developing region
and there will be other applications to particle physics region

* We can use public quantum computer and
test this guantum operation

14



Appendix



Qubit

 (Classical) bit: Two-level system of classical states

e.d., On/Off of electric currents

* Qubit: Two-level system of quantum states
[g) = (1,0)", |e) =(0,1)"

 Qudit: d-level system of guantum states

16



Bloch Sphere
- Decomposition of density matrix of single qubit
[+7-0
2

p = lyXy| =

* e.d.,
I+o0,

= | g){g|

2

« Single qubit states are expressed by two angles

I+3y:(\g)+i\e) (g| —ie] V2 < o
>\ /2

19)

https://www.sgei.c.u-tokyo.ac.jp/ged/QEd_textbook.pdf



Single Qubit Operations

- Unitary matrices to conserve probability

Hadamard 7] % e e.g. Hlg) = \g>\ge>
Pauli-X X |- (1) (1) H? =1
Pauli-y [y ‘3 7)2
Pai-z [ - o O
Phase _E}_ | (1) ?
m/8 —z— (1) 67;2/4-

Nielsen, Chuang, "Quantum Computation and Quantum Information,



Single Qubit Operations

- Paull matrices give rotation operators as

| s 6 " cos?  —isin9
— ,—10X/2 — T — 3 einn — — 2 2 - -
R.(0) = e COS 21 ¢sin ZX —isin?  cos? | 0=2zxreturns minus sign
| 0 0 " cost —sing
— Y /2 T _—s7ein -V = z £ t?
R,0)=e COS 2] 2 SIn 2Y sin?  cos?
| 9 0 - 6_7:9/2 0
— —i0Z/2 T —fein — 7 = :
R.(0)=e COS 2[ 2 S1n 2Z 0 ei®/2 |

* They act as rotation around their axis,

e.g., Rz(n/z)( &)+ ‘e>> _ p—inld |g) + ™| e)
V2 V2

https://www.sgei.c.u-tokyo.ac.jp/ged/QEd_textbook.pdf




Two Qubit Operation: CNOT

 If |¢) =|1), then operate NOT gate for |r)

Control qubit |¢)

| ct)

Target qubit  |7) 1 O O O 71 oo
0 1 0 0 [ o
0 0 0 1 | no
0 0 1 0 | ny
Order of binary number counting



Quantum Circuit

« Code of unitary operations

2 2 2 t /?easurement
| | | |
| ; . ; Ubpwm ; 69_:_’7{
| | | |
| | | |
—|—| H ® () | Upwm | <> *—
| | | |
| | | |
SEeNnsors ‘g>®'nq* | H ¢ () : Ubm : C) ® :
’ | | | |
T | | .
| l | N |
H o UbmMm —D l
| | | |
| | | |
: H o : UpmMm : ® :
| ! | |

21 Chen et. al., 2311.10413



Universal Operations

- An arbitrary unitary operator is expressed exactly using
single qubit and CNOT gates

 Single qubit operation is approximated to arbitrary
accuracy using H, S, and T gates (discrete gates)

R.(a) = THTH

Two rotation operators R.(a) = HR (a)H

can cover any region

a = 27 X 1irrational number

Nielsen, Chuang, "Quantum Computation and Quantum Information,



Entanglement States

- Composite states: Expressed by tensor product
(separable)

e.g., (‘0:/—5\1))@(\0:;1))

- Entangled states: Cannot expressed by tensor product

ly1) ® [ys), OF |y y))

|00) + | 11)

V2

e.g.,

23



Entanglement States

* Pure state: A quantum system whose state is known exactly
tr(p”) = 1
- Mixed state: Otherwise, or mixture of different pure states

tr(p?) < 1

24



Rabi Oscillation

d i . e
- EOM d—’z = H,p| of Rabi oscillation is
d d d 1
(ftm = 0, (fty = —(1s,, (ftz = (1s,, p= §(I+ S20z + Syoy + 8,0)
- Rabi oscillation appears for /
/ |
resonant system | — i W

https://www.sgei.c.u-tokyo.ac.jp/ged/QEd_textbook.pdf



Ramsey Interference

m/2 pulse Phase acquisition /2 pulse

* Noises act as phase acquisition
and decrease the excitation probability

» The probability becomes P = cos” ¢ with angle ¢ from z-axis

https://www.sgei.c.u-tokyo.ac.jp/ged/QEd_textbook.pdf



GHZ State

- GHZ state iIs often used for quantum sensing

0) H *

|000...00) + | 111...11) 0) D—e
\ﬁ 0) .

o) SV

0 b

Made by simple code

https://qgiita.com/shnchr/items/696bbfd452955c2bbc2b



Noise Sensing by GHZ State

« Consider electric field sensing
N
H = — Z gEGZ(i)

* This time development becomes

i\ GHzy = o 100000 iy TIL..1T)

V2 V2

C.f. eiﬂf( [0) +11) )®N — (e igkt 0) eigEt‘_1>>®N
V2 V2 V2

28




Noise Sensing by GHZ State

A QXN
* Observable 0 =0, 6,,::0, case of ('(’);” )
(O) = cos(NgEr) (O) = cosN(gEr)
AO = (0% — (0)? = sin® (NgEf) AO = 1 — cos?N(gEr)

» Sensitivity ¢ = (0)/VAO

1 1 1 1
O =~ X — O =~ X

Nget N \E\ngt \/N

29



Result Is Histogram
« Histogram of 4000 trials

Instance: ibm-gfopen/main | OISKIT TUNTIME USAge: 45
Usage stats @ & completed: May 02, 2023 9:38 PM

Program: circuit-runner
Total completion time: 22m 54s
# of shots: 4000

# of circuits: 1

Histogram

< o

= )

Measurement outcome




Displacement Operator

N\

D(B) = exp (B&T — 6*&)
- D(p)|0) is coherent state

 For real p, p(a" — 4) x p means displacement of momenta

and Imaginary 3, p(a@" + d) x  means displacement of position

» Unitary D'(p) = D™'(p) = D(-p),
composition rule D(a)D(B) = ez @ ~PP(a + p),

and transformation D'(p)aD(p) = a + p.

31



https://kds.kek.jp/event/48400/contributions/261318/attachments/177783/236136/20240329 &x%= 2\FHHA.pdf
Brownnutt et. al., Rev. Mod. Phys. (2015)




Linear lon Trap

- (2 - y2)
» Scalar potential ¢=(U +V cos wt) 5

"o

- EOM is Mathieu equation

2
m X 4 2e(U + V cos wt) iz =0
dr? r,
d2y Y
m—s- - 2e(U +V cos wt) 5 =0
dt

"o

* lon Is trapped In stable parameter region

33



Linear lon Trap
- Rewrite EOM as

2
X 4 (a+2qcos2&)x=0

dE2 L _8eU g = 4eV
d2 v | Wl = 25 , mr%wz , m r?'; 2
— - (a+ 2g cos 28y =0

ds= w ~ GHz

» Ansatz x(¢) = X(1)(1 + g/2 cos(2&)) + O(g*) and time average
reduce EOM as

X(t) + w2X(t) =0

I.e., motion of harmonic oscillator

34



Linear lon Trap

 The Hamiltonian is written by using pseudo potential as

N oM 2 ‘pz “'
H = 72 7 ((.d 33 + wyyz- ) + ;JZZ 47'('60'7“7, — r] ('.‘5

35 Brownnutt et. al., Rev. Mod. Phys. (2015)



Energy Structure of “°Ca*

397 nm

2 . . S
S1/2

Jarlaud, et al, 2007.04149

866 nm

854 nm

D, -
D5/2

2
D3/2

729 nm

36

le) form=—-3/2 T'=1.1s"!

Kreuter et al., 2004, Barton et al., 2000, Staanum et al., 2003

| g) form =—1/2



Doppler Cooling

* Tune energy level by Doppler effect of laser

* lons are cooled to k,7~T'/2

I : radiative width of transition

* kyT < w, can be satisfied

37



Regard lons as Qubits

Connect

l//ion(?a t) — ‘ g>9 ‘ €>

How do we treat 7, r dependence?



Dependence of r

. . 1
» Quantum operations are safely done if i, ..~ \/
2Nmw,

Typical distance between ions

* Transport and swap of ions are also needed

C) b) a)
\ [\ [ | 4
(N 21 T 7T 22

SV

L g
Z D

MMQA u\@

https://www.researchgate.net/figure/Architecture-of-the-linear-segmented-ion-trap-Each-of-the-linearly-arranged-dc-segments_figl 375504288

for entanglement by laser




Dependence of

* Time evolution |y) = ¢ (|g) + e'**'|e)) cannot be removed

- Resonance laser can tune this frequency
and can vanish this effect

* This phase shift can be calculated and
we can subtract

40



Lifetime T,

* |e) state decays because It Is excited state

* The lifetime is labeled as T,

* T,(Ca) ~ 1.1 s7!

Kreuter et al., 2004, Barton et al., 2000, Staanum et al., 2003

41



Coherence Time 7,

- Decay of relative phase by noises
or fluctuation of magnetic field

ospe , ~.*
* T, ~ 0.6 s7! for |g,0) +|g,1) H;
2 0.6 ENE AN
< 0.4 [N ¢ ;
05 N ~_ _
{ ~ |
- }_\\ ~ i\\\'
0200 400 600 800 1000

Wait time (ms)

Jarlaud, et al, 2007.04149 42
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http://veraserver.mtk.nao.ac.jp/hilight/2015 chibueze.html

ok 1 1L 1 1 . T
Dark Matter (AR rrn )
T 200F p ,{_ g =
- Originally motivated by S I i _
I I

rotational velocity o g _

O D R (kpe) .
- Local DM density around the earth p,,, ~ 0.45 GeV cm™

1E 0657-56

- Bullet cluster also suggest
the existence of DM

Chandra 0.5 Msec image

http://cxc.harvard.edu/symposium_2005/prCeedings/fiIes/markevitch_maxim.pdf



AxionLimits

Axion-Like Particle

- Light ALP DM will oscillate coherently

a2 A2
a(t) = agcos(maet — ¢g) PN T Ma 1)/ 2

- ALP couples to photon as ) =
1

— Zga’yaFuyﬁuv
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AxionLimits

Axion-Like Particle

« ALP converts to electric field
IN CaVity dS Ouellet, Bogorad, (2018)

107° s
o o~
— ~ _ 10~7 ALPS-I <
Ea’z E— Ea \/zle\/I S111 (mat ¢a) s ST
10-9 Solar v
~ ) -1 / 9 T'T' 1010 s | Globular/ clusters
B 9ar 5 mq R 1 T 2 ~ 101 42 =2
ea — (maR) 10g I S _|_ o L 10—12 §§ﬁ
2 m 2 2 2 ) 2 X
a - - I— 10_13 E %
S —14 :
& 107 s
b% 1015 =
o 10—16;
10717 2
10715 R
] INTEGRAL
10_19 AL DAL DAL ARALLL DAL AL ILALALY B AL AL N AALLLL AL ALY AL Il

v 40 9 % 1 6 % _& 3% 1 A O o A B oo
@/O@A @A \\ 9@ 107 40 40 4O 10 6@ 1\0 AQ A0 AT AT 40" AQ AQ° 40

47 m, [eV]



AxionLimits

Dark Photon

» Kinetic mixing term with photon
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Detection by Single lon

HX — BEX,zZ

— EEY sin(mxt — gbx)

* When o, = my, Ey . eXxcites the oscillator level coherently

* This coherent evolution is expressed by

ﬁ(ﬁ) — CXP (5&1- — /B*a) B=axT, ax= eex e’ PDM

49



Detection by Single lon

* For small g = o, T,

D(P)|g.0) =~ | g,0) + ayT| g,1)

* Therefore, the excitation probability is

. 2 10neV
Pl(T)%T_LT+|O{)(‘2T2 T = 7T2 NO.4SX( e )

mMDMUpm MpM

Heating noise

50



Traps at ~ 300 K

Heating Noises 0} | o rapansx

10° ¢
: 110°
* Noise comes from electrodes | _
10° | @
- . f :10°
depending on trap size, frequency | 2
N 10"} >
m I : :104.-'%
and, distance from electrodes T 191 (1978 5
2 10| '43'”'[549%::133:k =
S - 43 =
etc. 5P ey 4343 17 ]
L 22 4]
a2 [61 ® [27]’ £
10 66 ®[37] 1022
- | [34]b@r— — :
 The benchmark value is taken as ;;3]3,:3056‘ oriof I8N
: 56a[56]b22]c‘. ] ®[311c §1o
[22]b  @[31]b @[19]e Q[58]b?
10" ¢ ‘
L - _1 [58]d@([58]c: 10°
n=0.1s | ook
0 T 100 | 300

Trap size, d (um)
51 Brownnutt et. al., Rev. Mod. Phys. (2015)



More Serious Calculation

- Same result is obtained by multi-level system

Hiota = wzaTa + Z w(k])b;b] + Hx + Hpeat
J
Hyeat = Z g; (aTbje_i(wz_w(kj))t + ab}ei(wz—w(kj))t>
J

d . i . —1 \]
dt <aTa) = =7 (GT@ — Z|04X\€ At <GT> T Z|06X\ff At (a> + YN,
d . it
— (@) = —ilax]e™ = 7 (a),
d ,
@t —iAt Tyt
— () = dlax|e™" = (al),

(aTa) ~ YNt + |ax|*t?

52



Detection by Single lon

« Detection Is |¢,0) state transited from |g,1) by laser

+ 95% C.L. is obtained by ordering

S/vVB > 1.645

S = Nshot‘aX‘2T2
B — NShOLﬁT*

53



Frcquency [MHZz]

107~

SHAFT

Sensitivity
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Operations

« GHZ state as Initial state

1
U = —1(9,9,...,9,0) + le,e, ..., e 0
VGhHz) \/5(\99 g9,0) + | )

- Operate H for each qubit, separate and go to osc. mode

1
Wo) = —

V2

(\g, 0)\29, 1) ) . (|9» 0)\;§|g, 1) ) =

- Both states are eigenstates of DM operator

55



Operations

- DM operator act as

1 | v (19,0) + g, 1 0) — [g, 1)\ &V
Ws) = — ezNﬁl(\g ) +19,1) B.|Q ) — |9 >)

e (\g, 0) —19:1) , 519,00+ \9,1>)®N
V2 SN

D(B) = (1 —iBeody) ePi%vib = (1 +ifioly) e v
» Go back to spin states, #®" gates act as

y) = — eV (1g,0) + Be[e,0) ) *N + 7N (Je, 0) + B |g, 0) ) *"]

b
V2

56



Operations

1 [ing N
Njél):ﬁ [ez 51(|g’0>+ﬁr ’0>)® _|_€—zN6i(‘e,0>_|_ﬁr ,O>)®N]

* le,e,...,e,0) to le,g,...,q,0) by
CNOTl,j (.] — 27' X 7N) and H® eV giveS
|‘I’5>“|97979979,0>+2Nﬁ1 |e,g,g,...,g,0>-|-...

* The excitation probability is

| {e,q,9,...,9,0[Us5) |* = N?j37

57



4. BEAA> EEFHEDIONIRE

=15 DTVAREDH

[Y)=ale; e; )+f ey g2 )+ vlgiez) +6|g192)
Greenberger-Horne-Zeilinger KR8  (GHZIKRE

|ee”.e>+ |gcg.”g> N:Zfa:\b C{:S:\/—lE ﬁ:y:o
V2
éi}ﬁo)%ﬁ [./ é 60 -@- lons
©- Atoms

(&)
o

@~ multi-DoF Photons

I
o

-®- Photons

-@- supercond. Qubits
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