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Abstract
Detection of moving charge in free space is presented in the framework of single electron CMOS devices.
It opens the perspective for construction of new type detectors for beam diagnostic in accelerators. General
phenomenological model of noise acting on position based qubit implemented in semiconductor quantum
dots is given in the framework of simplistic tight-binding model.

1 Motivation for weak measurement of moving charged particles

In nature matter has the attribute of having electric charge.Interaction between charged particles is the foun-
dation base for atoms and molecules. Currently various experiments are conducted with charged particles as
present in CERN and DESY accelerators. The controlled movement of charged particles as protons, electrons,
light and heavy ions or other elementary particles takes place under static and time-dependent electric field and
magnetic field generated in well organized pattern that is consequence of Maxwell equations. In particular one
uses the magnetic focussing to keep the accelerator beam confined to certain finite geometrical space. Moving
charges generate electric and magnetic field what is reflected in time-dependent electric field and time-dependent
vector potential field. Such time-dependent electric and magnetic field can be sensed by various types of de-
tectors. If movement of the charged particle is traced only by time-dependent fields that are generated by
observed particle one can deal with weak non-invasive measurement. Moving particle will always bring some
action on the detector. On another hand the detector will respond to the action of external time-dependent
magnetic and electric field. This detector response will generate counter electric and magnetic field that will try
to compensate the effect of field trying to change the state of detector. Therefore one has mutual interaction
between moving charged particles and detector. However if the speed of moving particles is very high this
interaction will take very short time and will only slightly deflect the trajectory of moving charged particle that
is under observation. Therefore one deals with weak measurement that is changing the physical state of object
under observation in perturbative way [1]. Now we will concentrate on the description of the detector of moving
charged particles. One can choice various types of detectors as measuring device for example: superconducting
SQUIDs, Josephson junctions, NV-diamond sensors or single electron semiconductor devices. Because of rapid
developments in cryogenic CMOS technology and scalability of those detectors we will concentrate on single
electron semiconductor devices as most promising detectors for massive use described by [1], [3], [4] and [8].

2 Single electron devices as detectors of moving charged particles

Quite recently it has been proposed by Fujisawa and Petta to use single electron devices for classical and quantum
information processing. This technology relies on the chain of coupled quantum dots that can be implemented
in various semiconductors. In particular one can use CMOS transistor with source and drain with channel
in-between that is controlled by external polarizing gate as it is depicted in Fig[l] Recent CMOS technologies
allow for fabrication of transistor with channel length from 22nm to 3nm. If one can place one electron in
source-channel-drain system (S-CH-D) than one can approximate the physical system by two coupled quantum
dots. It is convenient to use tight-binding formalism to describe electron dynamics with time. In such case
instead of wavefunction of electron it is usefull to use maximum localized wavefunctions (Wannier functions) of
that electron on the left and right quantum dot that are denoted by |1,0) and |0,1). One obtains the following
simplistic Hamiltonian of position-based qubit given as

H = Ep(1)[1,0) (1,0[ + Ep(2) |0, 1) (0, 1] + [t]12 |1, 0) 0, 1] + [t]2—1 |0, 1) (1,0] . (1)



Here E,(1) or E,(2) has the meaning of minima of confining potential on the left or right quantum dot. It can
be recognized as localized energy on the left or right quantum dot. The tunneling process between left and right
quantum dot or classical movement electron between left and right quantum dot can be accounted by the term
|t|1—2 that has the meaning of delocalized energy (energy participating in particle transfer between quantum
dots). If electron kinetic energy is much beyond the potential barrier separating left and right quantum dot
that one can assign the meaning of kinetic energy to the term |¢|;—2 or |t|2—1. The quantum state of position
based qubit is given as superposition of presence on the left and right quantum dot and is expressed by the
formula

|1/1> :at‘1a0>+6t |071>7 (2)

where |1,0) = wg(z), |0,1) = wg(x) are maximum localized functions on the left and right side of position
based qubit. In case of position dependent qubit we have

g0 = (552 o) = B ). ®)

For simplicity we consider E,1 = Epy = Ep,ts12 = t;. We have two eigenergies By = E, —t; and Fy = E, + 1,
and eigenstates are as follows
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In general case we have superposition of energy levels Ey and Es as 1) = cg1€'?2! |E1), + cpoe’®?2 |E2), and
in details we have
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where |cg1]? + |cg2|? = 1 (sum of occupancy probability of energy level 1 and 2) and |a(t)|> + |3(¢)|> = 1 (sum
of probability of occupancy of left and right side by electron). Under influence of very quickly moving charge

we have
o d Epy+ fi(t)  tsiz + f3(t) _

More exactly we have
g (5t0) = (ormbor Bor) (G) = (5 fee 522 20) (560) =20 (50)

Single proton movement in proximity of position based qubit

Nprotons Nprotons Nprotons
A=Y ViRt —ti(k), fa(t) = D Va(k)S(t —tri(k). fa(t) = D (Va(k) +iVa(k)3(t =t (k). (8)
k=1 k=1 k=1

In general case one shall have effective values of Epcrpi1(t), Epefra(t), ters—si12(t) and tesr—s21(t) given by
formulas
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. o, 0
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+o0 h2 d2
tessmna) = [ dowip(e)(— s+ Vi) + Vylt) i ),
+o0o . h2 d2
tegsomlt) = [ dowp (@)= + Vir(o) + Vi(®)wn(e), Q

where wr,(x) and wg(z) are maximum localized states (Wannier functions) in the left and right quantum dots
and where V,q(2) is the qubit polarizing electrostatic potential with V() as electrostatic potential coming



from proton moving in the accelerator beam. For simplicity let us consider 3 terms perturbing single electron
qubit Hamiltonian

[1(t) = Vio(t — t1), f2(t) = Vao(t — t2), f3(t) = (V3 +iVa)o(t — t2) (10)

and we obtain the modified Hamiltonian of qubit as

. (a(t)) _ ( Ep1 + Vid(t — t1) tsi2 + (V3 +iV4)6(t—t1)) (a(t)) _ B (a(t)) (11)

dt \B(t) toz + (Va3 —iVa)o(t —t1) Epa + Vad(t — t1) B(t) B(t)
and is the system of 2 coupled differential equations
zhjta( t) = (Epr + Vid(t — t1))a(t) + (ts12 + (V5 +1iVa)o(t — 11))B(2),
iho 5( ) = (Ep2 + Vad(t —11))B(t) + (t51p + (Vs — iVa)6(t — t1))a(?), (12)

that can be rewritten in discrete form as

lﬁ@( a(t +6t) — a(t — 6t)) = (Eyy + Vid(t — t1))a(t) + (tas + (Vs 4+ iVa)d(t — t1))B(t),

Zﬁg(ﬂ(t +0t) — Bt = 0t)) = (Epa + Vad(t — 1)) B(E) + (£512 + (Vs — iVa)o(t — 1)) ex(?), (13)

Applying operator ftl " ' to both sides of previous equations with very small 6t — 0 we obtain two
algebraic relations as

ih(a(ty) — a(ty)) = Viatf) + (Vs +iVa) B(t]),
ih(B(t]) = B(t7)) = VaB(E) + (Vs — iVia)a(t]). (14)
Linear combination of quantum states of qubit before the measurement is expressed by quantum states of qubit

after weak measurement that was due to the interaction of qubit with external passing charged particle so we
obtain

(i — Vi)a(t]) — (Vs +iVa)B(t]) = iha(ty),

(ih — V) B(t]) — (Vs —iVa)a(ty) = ihB(ty). (15)
Last equations can be written in the compact form as
(ih=Vi)  =(Va+iVa)\ (a(ti)\ _ ., (o)
(o o) (i) == () 1o
or equivalently
a(th)) _ i ( @h=Vi)  —(a+iVi)\ " (alty)
(Gen) = (% o) (i) ()

and it implies that quantum state after weak measurement is obtained as the linear transformation of the
quantum state before the measurement so

< (t1+)> _ h ( (h+1iVa) ( ZV3+V4)> ( (tl)) (18)
BtH)) — (h+iVi)(h+iVa) + VE+ V2 \(-iVa— Vi) (h+iV1) ) \B(t)
and hence
@@U:MCWJ>@@0:CWIMQ>GmQZ
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Now we identify diagonal parts of matrix M as M 1

(R*(h* + V3 +VE+VP))

My, = +
M (Ve + VR VD2 + R2(VE + VE + 2V + VE)))
i (M(—R2Vy + Vo(—=Vi Vo + VE + V2))) ) =
(W 4+ (=ViVa + V& + V2?2 + B2 (VP + V5 4 2(VE + V)
1
pu— X
(W 4+ (=ViVa + V& + V2?2 + R2(VE 4+ V3 4 2(VE + VP)))
X[(R2 (R 4+ VE +VE+ V) + i1V + Va(-ViVa + V2 + V)] =
1 .
[M,1,1) + iM;(1 1)) (20)

(h4+(—VlVQ—I—V32—&-‘/;12)24-7712(‘/124-‘/224—2(‘/})2—&-‘/;12)))



and M272

Mo = (R*(P* + Vi + Vi £ V)
22T (W (Ve + VR + VA2 + RA(VE + VE + 2(VE + VD))
(A(=h2Va + Vi(—ViVa 4+ VE + V2))) )
(Bt + (—ViVa+ VE+ V22 + R2(VE+ VE+2(VE + V1))
1
X
(At + (=VAVa + V& + V)2 + 2V + V3 + 2(VE + V)
X [(R2(h? + V24 VE + V2) + i(h(=h*Va + Vi (=ViVa 4+ V2 + V2)))]
1
(M + (Vo + VE + V22 R2(VE + V3 +2(VE +VP)))

+

+i(

[Mr(z,z) + iMi(2,2)}~

Non-diagonal parts of matrix are given as

(W(—h(Vi + Vo)V + (B2 — ViV + V)Vy + V)
(Mt + (Vo + VZ + V2 + R2(VE +VE +2(VE +VP)))
i (R(R*V5 + B(Vi + Vo)V + Vs (=ViVa + V2 + V2))) ) =
(Wt + (=WVa + VE + VE)? + R (VP + V3 +2(V3 + V2)))
1
T (Ve VA VER + RR(VE+ VR +2(VE+VR)))
X [(B(=R(Vi + Va) Vs + (B — ViVa + VE)Vi + V) +
—i((h(h?V5 + (Vi + Va)Va + Va(=ViVa + Vi + V)] =
1
(Rt + (=ViVa + VE + V)2 + R2(VE + Vi +2(VE + Vi)

M2 =

[M,(1,2) + iM;(1,2)]

and
Mot = (—( (M(h(Vi + Vo) Vs + (B = ViV + VZ)Va + V)
’ (Bt + (—ViVa + V2 + V)2 + R2(V2 + V2 +2(VE + VD))
(W(=h*V3 + h(Vi + Va)Vis — V3(=ViVao + VE + V7))
(B + (—ViVa+ VE+ V22 + R2(VE+ VE +2(VE + V)
1

(A + (~ViVa + V2 + VD)2 + I2(VZ +VE + 202 + V7)) |
X [=(h(R(Vy + Vo) Vs + (h* — Vi Vo + V2)WVi 4+ V) +
+i(h(=h*Vs + h(Vi + Vo) Vi — Va(=ViVa + Vi + V)]

) +

+i( ) =

1
(W + (=ViVa + Vi + V2)2 + 2(VE + Vi +2(V7 + V7))

[My(2,1) + iM;2,1)]-

(23)

We recognize energy transfer during proton movement in close proximity to position dependent qubit so the

quantum state after weak measurement is given as

|w>m — ei¢E1mcE1me%t |E1> + esz"”cEgme%t |E2> _
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We obtain the quantum state after weak measurement in the form as

- ; By ; By
eiPEim . e-wt (1 1) Mii Mis +e?Eiop et 4 eiPE2cpqeh t
Elm — — = - . E . B
ﬁ M271 Mg,g _61¢E1CE167%75 + 62¢E20E2€T§t
and
-t ' By i B2y
eiomame oy = i (1 1) Mi1 Mg\ [+eEriegiemt + ei?E2cpe
m T . E . E
\/§ M271 M2_r2 _e“bElCEleTét + eszCEQeT;f’t
We have

1
V2

VP gy = —= (cpoe ORI EID (M, 4 4 My 5 — My g — Ma ) +

+CE1€(i¢E1)(M1,1 — Mo — Myy+ Msp)) =

(27)



and

P epy = —=(cpae P FCEITEIDN (N | — My o+ Myy — Mao) +

N

+CE2€(i¢E2)(M1,1 + Mo+ Myq+ M) = (28)

Last expression are given with parameters of weak measurement as

1
X
2(ht + (—ViVa + V@ + V)2 + R2(VE + Vi +2(VE + V)

elPEIm CE1m =

X “h(cmm@fﬂ + V2 +VE 4201 Vs + 2Vs(Va + Vi) 4 2V Cos[pr1] +

tepa(R(=VE +V5) + 2(h* = ViV + Vi)Va + 2V)Cos|ppa + (BEr — Ea)t] +

tept(RP (Vi + Vo — 2V3) + (Vi + Vo + 2V3) (ViVa — Vi — V) Sin[épi] +

+epa (Vi — Vz)(fl2 - WiVo+ V32) +2r(Vi + Vo)Vu + (Vi — ‘@)V42)Si”[¢E2 + (B, — E2)ﬂ))} +
+i[(h(epi (—h2 (Vi + Vo — 2V3) — (Vi + Vo + 2V3) (ViVa — Vi — V) Cos[¢p]

—cpa (Vi = Vo) (2 = ViV 4+ Vi2) 4 20(Vi + Vo)V + (Vi — Vo)V2)Coslpma + (By — Eo)t] +
e h(2h% + VE+ VE+ 2V Vs + 2Va(Va + Va) + 2V2) Sin[ép1] +

tepa(h(=VE + VE) +2(0% = ViVa + V)Va + 2V{) Sinlops + (B - Ex)t))| (29)
and consequently we have
ip 1
e EQWLCEzm — X (30)

20+ (—ViVa + V2 + VA2 + R2(VE + VE +2(VE + V)

X [[(h(CEgh(QBQ + V12 + V22 — 2(V1 + VQ)V?, + 2‘/32 + 2‘/42)008[¢E2]+

—cp1 (R(Vy = Vo) (Vi + Vo) + 2(h? — ViVa + VE)Vi + 2V2)Cosppr + (—E1 + Ex)t]+
+CE2(FL2(V1 + Vo + 2V3) (Vl + V5 — 2‘/3)(‘/1‘/2 - V32 - V42))Sin[¢E2}+
tem (Vi = Va) (7% = ViVa + V) = 20(V + Va)Vi + (Vi — Va) V) Siml6r + (—Er + Ex))] +

i [h cra (B2 (Vi + Vo +2V5) + (Vi + Vi — 2V3) (Vi Va — V2 — V2))Cos[d o] +

(=
+CE1( ( )( V1V2+V3)+2h(V1+V2)V4 ( Vi +V2)V;12)COS[(,Z5E1 - (El 7E2)t]+
+cE2h(2h2 + V1 + VE —2(Vi 4 Vo)V + 2VE + 2V 2) Sin[¢ o]

—epy(h(Vi = Va) (Vi + V2) + 2(% = ViVa + VE)Va + 2V Sinfo s — (Ex — Ex)t))]

It is quite straightforward to obtain probability of occupancy of energy E; by electron in position based qubit
after weak measurement (one interaction with passing charge particle) and it is given as

2 h?
Coim)” = G+ (CViVa + V2 + VAP £ (VE + V2 +2VZ + V2)
x[(ch1(4R* + (Vi + Vo + 2V3)?) + cho (Vi — Vo) + 4V2) +
+2cpicpa(—(Vi — Vo) (Vi + Vo + 2V3) + 4hVy)Cos[ppr — ¢p2 — (E1 — Ea)t1]
—4cprcpe[M(Vi — Vo) + (Vi + Vo + 2V3) V4] Sin[pp1 — ¢p2 — (E1 — E2)t1])] (31)

In similar fashion we obtain the probability of occupancy of energy level Fy by position dependent qubit



that is given as

h2
4R+ (—ViVa + VE+ V22 + R2(VE+ VE +2(VE+ V)

(CE2m)2 = X

X | Chp (4R + (Vi + Vo — 2V3)%) + 3y (Vi — Vo) + 4V))

—2cgicpa((Vi — Vo) (Vi + Vo — 2V3) + 4AVy)Cos[ppr — dre — (E1 — Ea)t] +

+dcpicpa(R(Vi — Vo) — (Vi + Vo — 2V5)Vy)Sinfpp1 — ¢pe — (E1 — Eb)t]

Consequently we obtain phase imprint on energy eigenstate F, given by the relation

1
X
200 + (—ViVa + VE+ VA2 + RR(V2+ VE +2(VE+VE))

etPEIm —

x “h(c};1|h(2ﬁ2 + V2 +VE 42V Vs + 2Vs(Va + Vi) 4 2V2)Cos[op1] +

e (R(=VE + V) + 2(h° = ViVa + Vi)Va + 2V))Cos[gpz + (E1 — En)i] +

tepr (B2 (VL 4 Vo — 2V3) 4 (Vi 4 Vo + 2V3) (Vi Vo — V2 — Vi) Sin[ppi] +

+epa((Vi = Vo) (B2 = ViVa + Vi) 4 2h(Vy + Vo) Vi + (Vi — Vo) V) Sin[¢ps + (E1 — E2)ﬂ))} +
+i[(h(cpr (—h* (Vi + Vo — 2V3) — (Vi + Vo + 2V3)(ViVa — Vi — V) Cos[¢p ]

—cpa((Vi — Vo) (h? — ViV + V) + 2h(Vy + Va)Va + (Vi — Va)V2)Cos[ppa + (B1 — Es)t] +
cp1h(2R% + V2 + V5 + 2Vi Vs + 2V3(Va + V3) + 2V2) Sin[¢p1] +

teme(B(=VE+VE) +2(h — ViVa + VAV + 2V2)Sin[pps + (Ey — EQ)t]))}H X
h2
(A0t + (—ViVa + VE + V)2 4+ R2(VP + Vs +2(VE +VP))))

*[(chy (407 + (Vi + Va + 2V3)%) + (Vi — Va)? +4VE) +
+2CE10E2(—(V1 — ‘/é)(vl + ‘/2 + 2Vg) + 477,‘/2;)008[(;5]31 — (bEQ — (El — Eg)t]

1
2

X

X

—4CE10E2[FL(V1 - ‘/2) + (‘/1 + V2 + 2‘/3)‘/21]5“7‘[¢E1 - ¢E2 - (El - E2>t])]

and phase imprint on energy eigenstate E5 given by the relation



1
A/ (RBP4 (—ViVa + VE + V2)2 + (V2 + VE + 2(VE + V)

etPE2m —

[z [h(—cEQ(h2(V1 + Vo +2V3) + (Vi + Vo — 2V3)(ViVa — Vi — V) Cos|dps] +

+ep (—(Vi = Vo) (B2 = ViVa + Vi) + 2R(Vi + Vo) Vi + (=Vi + Va) Vi) Cos[pm — (Er — Ea)t] +
+epah(207 + VP + V3 = 2(Vi + Vo) Vs + 2V5 + 2V7) Sin[¢ 2] +

—cp1(B(Vy = Vo) (Vi + Vo) + 2(h? — ViVa + V)V + 2V3)Sinjér — (B — Eg)t]):| +
+ | (h(cgpah(2h? + VE+ Vi —2(Vi 4+ Vo)V + 2V + 2V Cos[ppa] +

—cp1 (Vi = Vo) (Vi + Va) + 2(h° = ViVa + Vi) Vi + 2V Cosldpr + (—E1 + E)t] +
+ep(RP(Vi+ Vo + 2V3) + (Vi + Vo — 2V3) (V1 Va — V¥ = V7)) Sin[¢ms] +

tem (Vi = Vo) (1% = AVa + Vi) = 20(Va + V)V + (Vi = Va) Vi) Sl + (~En + Ex))))]

(B (417 + (Vi + Vo — 2V5)%) + ¢, (Vi — Va)? +4V)

X
1

—2cgicpa((Vi — Vo) (Vi + Vo — 2V3) + 4hVy)Cosppi — dra — (Er — Eo)t] +

+cepicpe(R(Vi — Vo) — (Vi + Vo — 2V3) Vi) Sin[dpp1 — ¢pp2 — (E1 — E2)t]))

(34)

In general case of the position based qubit with complex values of hopping coefficients t512 = ts, + its; brings

eigenenergies
1
E, = 5 (\/(Epl — Ep2)? +4 (3 +2,) + (Epr + Ep2)> ’
Epl + EP2)>

1
By =3 (V(Epl = Ep2)? + 4 (65 +15) +

that are referred to the eigevectors
i(tsi—its,) (\/(Epl_Ep2)2+4(t§i+tzr>_Ep1 ""EpZ)

|E > _ 2\/ t?ﬁtir\/i (\/(Epl_EP2)2+4(t§i+tz'r )_Epl +Ep2> 2+t§i+t§'r
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2
\/i <\/(Epl—Epz)2+4(t§i+t§r)—Ep1+E,,z> 12,412,

i(tsi—itsr) <\/(Ep1 — Ep2)?+4(t2, 42 )+ Ep —Em)
bl

2
2 \% t?ﬁ%\/% (\/(Epl_Ep2)2+4(t§i +t§r)+Ep1_Ep2> +t§1+t§r
Vi,

2
\/i (\/+(E,,1—Ep2)2+4(t§i+tgr)+E,,1—EPQ) +t2,+12,.

and

|E2) =

The quantum state before weak measurement is given in the form as
i Byt a(t),
E1> + CEQGWEQ@ ﬁz’ E2> = (6&; )
/) x

) = cprei®Fre e

B (1),

and the quantum state after measurement is given in the form as
am(t),>
x

|¢t> _ CElmewElme% |E1> + CEQmeiaﬁEzme% |E2> _ (

and for the weak measurement taking part at time instant ¢; we have
Ml,z) <a(t1)7>
),

<am(t1+),> _ (M1,1
Bum(t),), Moy Maa) \B(t7)



or equivalently
" . . o M Mz
(et Bne)"), = (o507, (3t A7) (%)
Last two relations implies

am ()

1:(am@f)*,ﬁm(tf)*,)m(5’;@’) =(a<t1>*,ﬂ<t1>*»)x(%§; %) (%;j %) (‘E&ﬁ’)ﬂ

Mik’l Mg’l Ml’l M1’2 = i = 1 0 (37)
My, M3,) \M21 Mao 0 1/
Such reasoning can be conducted also for many particle states. Basing on the conducted analysis we obtain the

parameters of the quantum state in eigenenergy representation after weak measurement at time ¢; in the form
as

that simply implies

1¢E1mcE1 ]:Jn t1
fi(tsfitsr)(\/(Eplpr2)2+4(t§i+t§T)pr1+Ep2> NGEs
X
T [ (VB B A8, ) B B ) itz VOB Byt Bt (B =B P 42)
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=e 2 \/tz +82, 4+ 2 (—Ep1 + Epatr/(Bp1 — Ep2) 2 +4(t2,+12,) x
2 BT 4 (Vo B (B 2, ) By B ) 2442, A Bt Bt (B B )
o Miqa(ty) + Mi2B(t)Y _ e’%( V- EPZ)ZHL(;“ng)HEpﬁEpZ) 1y
Msa(ty) + Ma2B(t))
( - ltsr) (\/(Epl - Ep2)2 +4 (tgz + t%r) - Epl + Ep2)
2 (My 1(t7) + My oB()) +
t2+t2\/ Ep — Ep)? +4(t2, +12,) — Ep1+E,,2> + 12, + 12,
Vi 12, _ _ ,
5t =L (ngla(tl ) + szgﬁ(fl )) = 61¢E1’"CE1m. (38)
w + 12, + 2~ By + By + /(B — ) + 45 + 2,))?
and
ei¢E2mcE2m — e*%tl

+z‘(tmitw)(\/(Eplprz)z+4(t%,.+tgr)pr2+Ep1) e
° Vit tter

s \ 2 2 VA2, (- Boa By +/ (Bt — Bpa) 2 +4(2, +42,))%
2/ 1 (VB =By 4 (2 442,) = Ba B ) 12,442, et b (Ep =) SRS

« <M1,1 MI,Z) <0é(t1),
My1 Mso) \ B(t])

. H(tsiﬂ-t”)(\/(Epl7Ep2)2+4(t§,.,+t§T)7Ep2+Ep1) NG )

tifi’t.%r\/% (\/(Epl7E:D2)2+4(t§i+t%r)7Ep2+Epl>2+t§i+t§r \/tzi+t27‘+i(_E’J2+El"l+\/ pl_Ep2)2+4(t§i+t§7‘))2
o (Mipalty) + Maof(ty),
My oty ) + Ma2B(t))

%(\/(Epl7ET_,2)2+4(t§i+tgr)+(Epl+Ep2))
= e ih t X

[ +i(tsi - Z‘tsr) (\/(Epl - Ep2)2 +4 (tfz + t%r) - Ep2 + Epl)

2
2 V tiz + tg'f\/ Pl - Ep2)2 + 4 (tgz + tzr) - EP2 + Epl) + t?z + tzr

w + 82+ (= By + Byt + /(B — Ep)? + A + 12,))?

(Myralty) + Mi2B(t)) +

(MQ,la(tl_) + MQ,Q/B(tl_)))‘| = ez¢E2mcE2m~
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Figure 1: (Top left): Scheme of position based qubit as given by [6] and act of weak measurement by external
charged probe [3]; (Top right): Act of passage of charged particle in the proximity of position based qubit
and renormalization of qubit confining potential due to the external perturbation; (Middle): Scheme of various
energy levels present in qubit [4]; (Bottom): Differentgqubit eiegenergy levels for different confining potential
cases. It is worth mentioning that passing electric charge can induce quantum system transitions between many

energetic levels.




3 Dynamic of two qubit electrostatic entanglement under influence
of weak measurement

We have the following two interacting qubit Hamiltonian for isolated quantum system given in the form

Epl + Epl’ + d¢1121/ ts2 ts1 0
’ 2
[ Ejq+Ep + 42 0 ts
H= 2 pLT IR . ' (39)
:1 0 Ep2 + Epl' + & ts2
’ 2
0 ta 13 Epa + Epy + dzyzl
Placement of external probing particle affecting only qubit 1 modifies this Hamiltonian
2
Ey + fi(t) + Epy + df " ts2 to1 + f3(t) +ifa(t) 0
2 Ep1 + f1(t) + Epy + g 0 ts1+ f3(t) +ifa(t)
— ’ 2
tr 4 f3(t) —ifa(t) 0 Epz + fo(t) + Ep1r + g ts2
' 2
0 to + f3(t) —ifalt) 2 Epz + fa(t) + Epy + 7
Let us investigate the equations of motion for 2-qubit system under influence of external charge particle. Let
us assume that the quantum system is given as
"
(1)) = 3; L @OF + e@F + )] + ha@)) =1 (40)
Y4
We end up with 4 equation system given as
2 d
[Ep1 + f1(1) + Ep1r + ﬁ]%(ﬂ +ts272(t) +ta173(t) + [fs(t) + ifa)]s(t) = ihn(2), (41)
2 d
toov2(t) + [Ep1 + f1(t) + Epr + é]%(t) + [ts1 + f3(t) +ifa(t)]a(t) = ih%w(t), (42)
2 d
(t33+ Fo(t) = i) () + [Byo + falt) + Bype + 2—1a(8) + tiora(®) = ih (1) (43)
2
* . * q d
(t31+ Folt) = ifs0)r2 + E2235(8) + (Bya o+ Folt) + By + 7—=)(t) = ih () (44)
with single proton movement in proximity of position based qubit generating
Nprotons Nprotons Nprotons
A=Y Vik)st— k), fa(t) = D Va(k)s(t —ti(k)), fa(t) = Y (Va(k) +iVa(k))5(t — 1 (k). (45)
k=1 k=1 k=1
that in most simple version has the form
Sr(t) =Vid(t — 1), fa(t) = V2o (t — 1), f3(t) = (Va) +iVa)d(t — t1). (46)

Applying operator ft 1ot . dt’ to both sides of |41| equation with very small 0t — 0 we obtain 4 algebraic relations
as

iRy (8) = (t7)) = Vi (6) + [Vs + iValvs(t]),
(2 (1) — 72 (t7)) = Vavo (tF) + [V + iValya(t)),
ih(ys(t) —v3(t7)) = [Va — iValma (¢7) + Vars (1),
ih(ya(t) = 7a(t7)) = Vs — iValya (t7) + Vaya(t)). (47)
and is equivalent to the relation
ih—V; 0 —[V5 + V4] 0 () T (ty)
1 0 ih—W 0 —Va+aVal | | v2(t0) | _ | ne(t) (48)
ih | —[V3 —iVi] 0 ih— Vs 0 v3(t7) v3(t1)
0 —[Vs — V4] 0 ih—Vy 7(ty) Ya(ty)

10



what brings the system of coupled quantum states of position based qubit after the passage of charged particle
at time ] in dependence on the quantum state at time ¢; with condition ¢ = ¢; + At for At — 0 is given in
the algebraic form as

’Yl(ti:) o

(t]) 1

ih-vi 0 ~[Va +iVi] 0\ (k) n(ty)
(%OM ey WSJ”‘”) (32223) (32523)Mw<f1>>

0 —[V3 —iVy] 0 ih—V; Ya(ty) Ya(ty)

Myy1 Moo Mys May - _
Ms1 Mss Mss My )[%(tl)xl>+72( 1) |z2) +3(ty) [23) +ya(ty) [24)] =

My Myo Myz Mag
= M(|E1) (Er| + |Bs) (Ea| + | Es) (Es| + |Ea) (Ba)) v (1) [21) + v2(t7) |22) +75(87) [23) + 7a(ty) |za)

(Mm Mo Miz M,

1 1 ]:

= M((E1||z1) v (t7) + (Bu| |v2) v2 (7)) + (Bal lws) va(ty) + (B |2a) va(ty)) |B1) +

+M((Ea|z1) i (ty) + (Bl |22) 2 (t7) + (Bl lvs) v3(t7) + (Ba| |za) va(ty)) | E2) +

+M((Es|z1) v (t7) + (Bl |22) v2(t7) + (Bs| |vs) v3(t7) + (B3| |za) va(t7)) | Es) +

+M((Egl |z1) v (87) + (Bal |22) v2(t7) + (Eal [23) v3(t7) + (Eal [24) va(t7)) | Ea) =
|Ev) (Erl|@1)  |Er) (Exllze)  [Ev) (Erllzs)  |Ev) (Brllza)\ [m(t))

_ |E2) (Es||z1)  |E2) (Ea||w2)  |E2) (Eal|ws) [E2) (Eallxa) | | 72(ty) | _
|E3) (B3| |z1)  |E3) (Es||v2)  [Es) (Es||xs) [Es) (Es||za) | | v3(t))
|Eq) (Eal|z1)  |Ea) (Eal|ze) [Ea) (Eallzs) |Es) (Eall2a)) \alty)

’Yl(ti)
=31\ B (Brlloa), (Billez), (Balles). (Brllen)) | 2200 |1] +

Ya(ty)

n(ty)
+M|E2>[<<E2| lz1) . (Ballz2), (Eall|zs), <E2|9C4>> 13,8}% I+

Ya(ty)

m(ty)
L 1) [(Bal o) (Balle) . (Balfoa), (Balloa)) | 2080 )| +

Ya(ty)

’Yl(ti)
N 1B [(Bslo2) . (Ballaa) . (Ballas), (Esllon)) | 2000) 1]

Ya(ty)
My My Mz Mg\ [((Eillz) yi(ty) + (Bl [2) 2 (ty) + (Eil [23) v3(ty) + (Eil [v4) va(t))
_ [ M2y Map Mz Mag | | (E2llw) vity) + (Eaf|z2) v2(ty) + (B2l [2s) vs(ty ) + (B2 |za) va(ty)
Msy Mso Mss Msa | | (Esllz) vi(ty) + (Bsl22) v2(ty) + (Es| [2s) vs(t1) + (Es| [v4) va(ty)
My Myo Myz Mya) \(Ea||z1) (1) + (Eal [22) v2(t7) + (Eal [23) v3(t7) + (Eal [24) va(ty)

11



and matrix M can be rewritten as

(V2 —ih) 0 —(iVa+ V3)
o ik " 0 (Vo —ih) 0 zV4+V3
(VF+ Va2 + (h+iVi)(h+ive) | —(=iVa+Va) 0 (i ~ih)
0 —(~iVi + V3) 0 v1 — ih)
1
= X [(B2(Vi + V&) + i(h(R? — ViVa + VE + V2))]
BB (V2 4+ VR +2(VE+ V) + (Ve + V2 + V2)? o
(Vo —ih) 0 —(iVa + V)
y 0 (Vo — ih) 0 zV4+V3
—(—iVi+ V3) 0 (Vi — ih)
0 —(—iVi + V3) 0 v1 — ih)
_ 1
W (V4 V42 (V2 V) + (ViVa + Va1 VR
1000
o 0100
[((hQVg(Vl+V2))+(hz(h2—V1V2+V32+V42)))+2(77’L‘S(V1+V2)+V2(h(h27V1V2+V32+V42)))] 00 o0 ot
0 0 00
000 0
) : 0 0 00
[(BVA(VE + Vo)) + (B2 (12 = WV + V3 + V) + (=R (Vi + Vo) + Vilh(R? = Vo + VE+ VI [ o o 1 o] +
000 1
00 10
2 . 2 2 2 0 0 0 1
(B2 + Va)) +i(h(R = ViVa + VR VIS || 0 0 o] +
010 0
0 0 -1 0
. 0 0 0 -1
+[7’(h2(vl + ‘/Q)) - (h’(h2 - Vl‘/Q + ‘/232 + V42))]V4 +1 0 0 0 ‘| .
0 +1 0 0

One ends up with algebraic condition for the quantum state just after ¢; = ¢ so we have the relation between

12



quantum state at tf and t] expressed in the algebraic way as

CELm el¢E1m€ - |E1>+CE2m€zd)E2me 2 |E2>+CE3m6%€1¢E3m |E3>+CE4m€ iPBa, |E4>
7 (t)
_ (+) _ 1 «
W) | B R (V24 VE 4+ 2(VE + V) + (—ViVa + V2 + V)
’74(t1)
1 000
‘ 1
[((BVa(Vs + Va)) + (R (8 = ViVa + Vi + V) + (=B (Vi + Va) + Vo ~ViVa + 2+ VD) 0 5 o ol +
0000
0000
F[(RVIVE + Vo)) + (B2 = VaVa + V3 + V) + (=R (Vi + Vo) + Vi ~ Ve + 2+ V)] |0 o 1 o] +
00 0 1
0010
2 . 2 2 2 0 0 0 1
=" (Vi + Vo)) +i(h(R” = ViVa+ VE+ VDIV | | o g o] +
01 00
0 0 -1 0 Y1 (t7)
) o 2 2 2 0 0 0 -1 Y2(ty) | _
Hi(R(Vi+V2)) = (A" =ViVa+ VEHVEOIVA | 1 g g ] vat) | T
0 41 0 0 Ya(t])
W+ 2 (V24 V24 2(VE+V2) + (—WVe+ V2 +V2)
+{(A2Va (Vi + Vo)) + (R2 (A% — ViVa + VE + V) +i(=R3 (Vi + Va) + Va(h(A? — ViVa + VE + V) |1 (ty)
+{(A2Va (Vi + Vo)) + (R2 (A% — ViVa + VE + V) +i(=R3 (Vi + Va) + Va(h(h? — ViVa + VE + V2))) | 72(t])
+ | (R2VA (VL + Vi) + (R2(h2 = ViV + V2 + V2))) + i(—R3 (Vi + Vi) + Vi (h(h% — ViVa 4+ V2 + V2) | 4s(t7)
+ | (R2VL (Vi + Vi) + (R2(h2 = ViV + V2 + V) + i(—1P (Vi + V) + Vi(h(h? — ViVa 4+ V2 + V2) | a(t])
— (R (Vi 4+ Vo)) Vs + (B(h2 — ViV + V2 + VAN VA] — i[(R2 (Vi + Vo)) Vi + (l(h? — ViV + V2 + V2)) V] [ys(t])
= [P2(Vi + V2))Vs + (W(h? = ViV + Vg + V) Vi — i[(R* (Vi + V2))Va + (R(R? = ViVa + Vi + VE))Va] |a(ty) ]
— [(A(R? = ViVa + V2 + VE)Vi + (B2 (Vi 4 Vo)) Va] 4 i[(R (Vi + V2))Va — (R(R* — ViV + V& + V) Va] | 7 (t7)
— [(h(R? V11/2+1/32+m2))v4+(h2(vl+vz)) ]+2[(h2(V1+V2)) — (M(h? = ViV + V& + V2)) V5] w(t;)
:M[CElei(bEl |E1>+CE2€1¢E2 |E2>—|—CE3€ 3h 1¢E3 ‘E3>—|—CE467¢E4 |E4>]
Last equation implies 4 relations
cElmewE“"eElht <E1|M[cEle“z’Ele 2 |E1>+CE2€Z¢E2€ i |E2>—|—cE3e 2 '3 \E3>—|—CE46’¢E46 L |Ey)] =
7(ty)
o | e(ty)
= (Ey|M L
EAM o)
Ya(ty)
(49)

. ~ . Eqty . Eot, Egty . . Ej t;
cEZme“ﬁE’me% = (FEs| M[cElem’Ele% |Eq) + CE2€Z¢E26% |Es) + cEge%e“i’Ei" |Es) + cE4e’¢E4e% |E4)] =

()
= (By| M | ti_g (50)
1)

13
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Figure 2: Concept of two electrostatically interacting qubits and charged particle

. Byt
1PE3m ¢ 31

t t
CE3me <E3|M[cEle“z’Ele 1ﬁ |E1>+CE261¢E26 25 |E2) + crse L '3 ‘E3>+CE4€Z¢E46 e |E4)] =

Egty

. Egt E
CRame PEime = (B M[CElewEl |E1> + CEzewsE2 |E2> + cpze  me9B | Eg) 4 cpuet?tie

1
— <E4|M 72
V3

The probability of occupancy of eigenergy E1, Fs, E3 and E, for interacting qubit system after measurement
of charged particle passage is given by |cg1m|?, [cE2m|?;|cE3m|?;|cEam|? and phase imprint of given eigenenergy
state is given by factors e'?Fim ei®2m ¢i¥pam egidpam  Tet us consider the case of two symmetric qubits whose
system is depicted at Fig. 2.

We have the following Hamiltonian

Ep + Epr + Eg1,10 itas; + tosr it15; + t1sr 0
f{ _ tosr — itZSi Epl + Ep2’ + Ec(1,2’) 0 Z‘tlsi + t1sr (53)
tls’r - Zbtlsi 0 Ep2 + Epl’ + Ec(2,1’) it2si + t257‘
0 tisr — it1s; tosr — ttas; Epo + Epr + Ee2,21

that can be simplified by placement of 2 qubit system in the geometrical configuration giving the following
2

2
electrostatic energies as Eq,11) = Ee2) = Ea = 4 and Eyo11y) = Ecn2) = B = ——=—t—=. We set
v/ d2+(a+b)2
E LAl

p2 = Epor = Epy = Ep1r = Ep, and we introduce E,, = 2E, + q and E,,1 = 2E, +

\ /d2+(a+b)

First simplfied Hamiltonian of 2 qubit system has the structure

Eyp ts  te 0

=14 0 E. (54)
0 ts ts Epp
and we assume that t5 € R. The eigenstates of simplified Hamiltonian are
1
_Oﬁ _(L
En=| o |[1B2=] 12 (55)
1 V2
+ﬁ 0

14



and

A\ (Epp_Epp1)2+16t§_Epp+Epp1
2 )
\/2(’\/ (Epp_Eppl)z""thg_Epp+Epp1) +32t§

4t

s ~ ,
\/2<\/ (Epp_Ezwl)Z""lﬁtg_Epp+Epp1) +32t§

|E3) = 4t, (56)

_ E = ,
\/2<\/ (Epp_Ezwl)Z""thg_Epp+Epp1) +32t§

(Epp —Epp1 )2+16t§ —Epp+Eppr

2
\/2(\/ (EPP*EPPI)2+16t§*E1’p+Em’1) +32t§

and
(Emo_Emvl)2+16t§+Epp_Em>l
2 )
\/2( (E,,,,—Epp1)2+16t§+E,,p—Epp1) +32ts2
4t
V2( : ) vt
2(\/(Epp—Epp1)2+162,+E,p—Epp1 ) +32t2
|E4) = 4t (57)
2
\/2( (Em?_Eppl)2+16t2+Emo—Eppl) +32t§
(Epp_Epp1)2+16t§+Epp_Eppl
2
\/2( (EPP_ElJpl)2+16t3+EPP_EPP1) +32t3
We obtain

S

V2
1 .

+5[\/§cE2el<¢E2*Emtl> (2V3 +i(h — 1)Vy)

e®eimep, = (ihe'Frrt (cElei(d’El*EPPtl)(f?z'h + Vi +Vs)

1.
—[CEg exp (22 (tl \/(Epp — Epp1)2 + 16t§ — tl(Epp + Epp1) + 2¢E3>>

[E2,(Vo — VA) + 4t <4t5(V2 — Vi) +i(h+ 1)V4\/(Epp — By )? + 16t§> +

+Epp(Vi — Va) (\/(Epp — Epp1)? + 16t3 + 2Epp1> + Epp1 (Vo — Vl)\/(Epp — Epp1)? + 16t3 + Eﬁpl(‘é = W)]]x

1

\/(Epp - Epp1)2 + 16t§\/16t§ - (Epp - Eppl) (\/(Epp - pp1)2 + 16t§ - Epp + Eppl)

ei¢E4_ %itl ( (Epp _Eppl)2+16t§+Epp +Epp1)

+

+ [CE4 X

pp

[E2,(Vi — Vo) + dt, (4ts<v1 Vo) +i(h+ Vi) (Bpp — Bppr)? + 16t§) +

Epp(Vl - VQ) (\/(Epp - Epp1)2 + 16t§ - 2Epp1) +

+Epp1 (Vo — Vl)\/(Epp — Epp1)? + 16t + Eipl(Vl = Va)]] x
1
)
\/(Epp - Epp1)2 + 16t§\/(Epp - Eppl) (\/(Epp - Epp1)2 + 16t§ + Epp - Eppl) + 16t§
« 1
V2 (B2 + ih(Vi + Vo + Va(Va — iVi)) — ViVa + Va(Va — iVa))

(58)

The probability of occurrence of quantum state in energy E; after weak measurement is therefore equal to
le!®E1m e, |2, and
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) ) 1 )

e [ihezEppln [i[ﬁcElez(éElepptﬁ(QVS +i(h—1)Va) +
HCESe(%z‘(m/<Epp—Ep,,1>2+16t§ft1(Epp+Epp1>+2¢E3))

(_i(h + 1)V4(Epp - ppl) (\/(Epp - pp1)2 + 16t% - Epp + Eppl) +

+4tS(V2 - Vl)\/(Epp - pp1)2 + 162 + 16i(h + 1)t3V4)]
1
X

\/(Epp - Epp1)2 =+ 16t§ \/16152 - (EPP - Eppl) (\/(Epp - Epp1)2 + 16’5% - E;n;n + Eppl)

+(cE4ei¢E47%itl (V/(Bpp—Epp1) 241682+ Epp+Epp1 ) y
X[i(ﬁ+ 1)V4(Epp - Eppl)(\/(Epp - Epp1)2 + 16153 + Ema - Eppl) + 4tS(VI - VQ)\/(EPP - pp1)2 =+ 16753 + 16i(h + 1)t3V4])

y 1 ] n CE26i(¢E27Epplt1>(—2ih + Wi+ ‘/2) ”
2
\/(EPP - EPP1)2 +16¢2 \/(Epp - Eppl) (\/(EPP - Epp1)2 +16t2 + EPP - Eppl) + 163 \f

1
X
V2 (h2 + (Vi + Vo + Va(Va — iVi)) — ViVa 4 Va(Va — iVy))

and

ei‘bESmcE?)m — _[,L'he%itl (‘ (Epp_Epp1)2+16t§+Epp+Eppl)
1

(5(\/56—7;151(EpP+EpP1)(cEzei(Eppt1+¢E2) <4ts(V1 _ Vg) + i(h—i— 1)V4 <\/(Epp _ Epp1>2 =+ 16t§ _ Epp + Epp1>)

_CElei(Eppltl+¢E1)((Vl - ‘@)(\/(Epp - Epz)l)2 + 167"3 — Epp + Eppl) + 4i(h+ 1)t5V4))—|—

+[2iCE3\/16t§ - (Epp - Eppl) (\/(Epp - Epp1)2 + 16ts% — Epp + Eppl) exp (%Z (tl \/(Epp - Epp1)2 + 16t — tl(Epp + Eppl) + 2¢E3))

1
2h E,p — Epp1)? + 1662 — 2t,Va ) +i(Vi + V> E,p — Epp1)? + 1662 + 4t (Vi + 2iV3
( (\/( v = Ept) ) ( IV (Epp = Epp1) ( ))]\/(Epp—Eppl)QJrthg
depats(Epp — Epp1)(2Vs +i(h — 1) Vi) exp (%Z (2(]3}34 —t (\/(Epp — Epp1)? + 16t2 + Epp + Epzﬂ)))
\/(Epp - Eppl) (\/(EPP - pp1)2 +16t2 + EPP - PPl) + 1613
1
X

)

)] %

(59)

2\/16tg — (Eyp — Ept) (VB = Bpp1)2 + 162 — Epp + Eppn ) (12 +ih(Va + Va + Va(Va = iVa)) = ViVa + Va (Vs — iVa))
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and

. n i(¢E1_Eppt1)
e PBm e _[Zezltl(Epp+Epp1+ (E,,p_Eppl)2+1ot§)h(<Epp_ ot + By — Byt )2 +16t2) ((e e

V2

+[6_i(Epp+Epp1)tl(e2 i(26 5+ 1 (Epp+ Bop1+y/(Bpp—Epp1) 741622 ) \/16?5? — (Epp — Epp1) (‘Epp + Epp1 + V (Epp — Epp1)? + 161&2)6133 +

+CE4e%i(2¢E4+t1 (Epp+Epp17\/ (EpP*EpplﬂJﬁth%)) \/16753 + (Epp _ ppl) (Epp — Epp1 + \/(Epp _ Epp1)2 + 16t§))]

1
)(Vi —ih)
2\/ PP ppl 4 16t3

v ) 1. )2 2
— 7 —sit1 ( Epp+E. + E,,—E +16t
G0 Epplil)CE2 2¢pae PE1—3 1( ppt+Epp1+y/(Epp—Epp1) S)ts

+H(- 75
\/16153 + (Epp — Epp1) (Epp — Epp1 + \/(Epp = Epp1)® + 16t§)
%ms 62 (2¢>Es (Epp+Epp1)t1+t1\/(Epp*Eppl)ZﬁLthg)ts )
\/16t§ - (Epp - Eppl) (*Epp + Eppl + \/(Epp - pp1)2 + 16153)
(tVa—V3))+
ei(¢E2—Epplil)cE2 2CE4ei¢E4*%it1 (EPP+EPP1+\/ (EPP*EPPIPJAG%) ts

4t (( 75 +

\/16153 + (EPP - ppl) (Epp — Epp1 + \/(Epp - Epp1)2 + 16t§)
9 Li (2¢E3 (Epp+Epp1)t1+ti/ (EPP*EPPI)ZJFIME) .

- crac L))+

\/16753 - (Epp - ppl) (*Epp + Eppl + \/(Epp - pp1)2 + 16@)

_|_(( —i(Epp+Epp1)t1 ( (2¢E3+t1 (EperEplef <Epp*Epp1>2+16t§))

\/16t§ - (Epp — Epp1) <_Epp + Epp1 + \/(Epp Epp1)? + 16t2)cE3 +

+CE462 (2¢E4+t1(E”’+EW’1_ Vv (EW—EPNP"'wt%)) \/16t§ + (Epp — Epp1) (Emo — Epp1 + \/(Epp Epp1)? + 16t2>))

1 CElei(¢E1—Eppil)

2\/ o — Epp1)? + 1613 V2
(Vi = Vo)) + (Enp — Epn -+ v/ gy = By )2 5 168 ) (([e 57 om0t (o3 (20500 B /BBy THI0D)

\/16153 - (EPP - Eppl) (*EPP + Eppl + \/(EPP - Epp1)2 + 1615%)0153 +

+CE4€2 (2¢E4+t1(Epp+Epp1— (Epp—Epp1)2+16ts2 ))\/16753 4 (Epp — Epp1) (Epp — Epp1 +/(Bpp — Epp1 )2 + 16t§))] %

i(¢p1—Eppt1)
1 B cEle pp )(Va — i)
2\/(Epp - pp1)2 + 16t§ \/i

2CE4ei¢E4—%it1 (EPP+EM,1+\/(Epprppl)%rwtg)ts
\/161‘% + (Epp — Epp1) (Epp — Epp1 + \/(Epp — Epp1)? + 16753)

9cR3eti(20ma— (Epp+Epp1>t1+t1\/m)tS |
B — Y(Vs + ihVa)) +

\/16t§ — (Epp — Epp1) (*Epp + Epp1 + \/(Epp — Epp1)? + 16t§)
CE2 + 20E4ei¢E47%”1 (EPP+EPP1+V(EPP’EPP”z“Gt?)tS
\/16@ + (Epp - Eppl) (E ppl + \/ PPl 2+ 16t§)
QCEge%i(mﬁEs*(EperEppl)t1+t1\/ (Epp*Epm)Q*mtg)t ei(¢E1—Eppt1)
S [—

_ )(Va — ih) — 7 2
\/1675? - (Epp - Eppl) (*Epp + Eppl + \/(Epp - Epp1)2 + 16t§>

(2= Eppit1)

V2

CE2

el (dm2—Eppit1)

+[67i(E”p+E”1)tl (eéi(2¢E3+t1(E“’+ET’P1+ (EPP_EPP1)2+16t3)) \/16152 — (Epp — Epp1) (_Epp + Epp1 + \/(Epp — Epp1)? + 16t§)cE3 *

+CE462 (2¢E4+t1 (EPP+EPP1 V(Epp*Eppl>2+16t§))
1
2\/(Epp — Epp1)? + 1613

[(Va +ihVa)))]

\/16t§ + (Epp — Epp1) (Epp — Epp1 + \/(Epp — Epp1)? + 16t§))}

1
X

17
\/16t2 ( Pp Eppl) (Epp — Epp1 + \/(Epp - pp1)2 + 16t§) (hQ + i(V1 +Va+ (VS - iV4)V4)h —Viva+ V3(V3 - ZV4))




Another step towards more general Hamiltonian for the system of symmetric coupling electrostatic qubits
is when we assume the existence of complex values hopping constants itog; + tos. and it1s; + t1s- and in such
case the Hamiltonian has the following form

Epp itQSi + tQST itlsi + tlsr 0
3 tosr — tlasi Epp1 0 it1s; + t1sr
H= . pp . 60
t1sr — tt1ss 0 Eppl tlasi + tosr ( )
0 tlsr - itlsi tQST - it2si Epp
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We obtain 4 orthogonal eigenstates of the system

|E1) =

|E2) =

|E3) =

(t1si—itlsr)(t2si—it2sr) (\/(Epprppl)2+4 (—2\/(tlsi2 +tlsr2> (t25i2 +t2:;r2)+tlsi2 +tlsr242si2 +t2sr2) —Epp+Epp1>

2 .2 2 .2 o /(12 42 2 1,2 2 442 142 4.2 ) _ _ 2. 4(_ 2 .2 2 142 2 42 442 4.2 )
2\/(tlsi+t1s7‘)(t2si+t2sr)J4( 2\/(t15i+t1s7‘)(t2si+tQSr)+tlsi+tls7‘+t2si+t25r> (Epp Epp1)<\/(Em> BEpp1) +4( 2\/(t15i+t1”)<t25i+t2sr)+t15i+tlsr+t25i+t2sr> Ez>p+Epp1)

(t1sr+itlsi) (\/(tlsiz +tlsr2) (t25i2 +t2sr2) —t1si2 4151-2)

\/tl:;i2 ttlsr2,|4 (—2\/<tlsi2 +t1:;r2) (t2:;i2 +t2sr2)+tlsi2 Ftlsr2 4t2si2 +t25r2> — (Epp—Epp1) <\/(Epp7Eppl)2 14 (72\/(tlsi2 +tlsr2) <t25i2 +t25r2)+t15i2 Ftlsr24t2si2 +t2$r2) 7Epp+Eppl>

(t2sr+it2si) <\/(tlsi2 +t1er2) (t2si24e2sr2) — 12512 —t25r2)

s

/62512 +t2sr2, | 4 (72\/(“@2 +tlsr2) (t2si2+t2sr2)+tlsi2 Ft1sr2 +2si2 +t25r2) — (Epp—Eppl) (\/(Eppr]>p1)2+4<72\/(tlsi2 +tlsr2) (t2si2 +t2sr2)+tlsi2 Ftlsr24t2si2 +t25r2> 7E]>p+E]>p1>

¢(E]>D—Eppl)2+4<—2\/(tlsi2 +tlsr2) (t2si2 +t25r2)+tlsi2 +tlsr242si2 +t2sr2) —Epp+Eppl

2J 4 <72\/(tlsi2 +c1sr2) (t25i2 +c2sr2) +t1si2+t1sr2 +42si2 +t25r2) —(Epp—Epp1) <\/(Em, —Epp1)2+4 (72\/(tlsi2 +tlsr2) <t25i2 +czsr2) +t%si+t%s,,_+t§si+tgs,,_) - EperEppl)

(t1si—itlsr)(t2si—it2sr) (\/(Epp—Eppl)Q +4 (—2\/(tlsi2 +tlsr2) <t2si2 +t25r2) +t1si24t1sr2 +42si2 +t2sr2) +Epp—Epp1)

2\/(c1s12 +clsr2) (t2si2 +c2sr2) $ (Epp—Epp1) (¢(Epp*Epp1)2+4 (—2\/(tlsi2 +clsr2) (c2512 +c2sr2)+clsi2 Ft1sr2 +42si2 +t25r2> +Epp7Epp1> +4(72\/(t1512 +c1sr2) (c2si2 +c2sr2)+c1si2 Ftlsr2+42si2 +c2sr2>

(t1sr4itlsi) (— \/(tlsi2 +tlsr2) (t25i2 +t2sr2> +t1si2 4t 1Sr2)

Vt1si2+t1sr2, | (Epp—Eppl) (\/(Epp—Eppl)2+4<—2\/<t 1si2 +tlsr2) (t25i2 +t2sr2> Ft1si24t1sr2 ft2si2 +t25r2)+Epp—Eppl> +4 (—2\/(tlsi2 +tlsr2> (t2si2 +t25r2)+tlsi2 +tlsr2t2si2 +t25r2>

(t2sr+it2si) (7 \/(tlsi2 +tlsr2) (t25i2 +t25r2)+t25i2+t25r2)

Vt2si2+t2sr2, | (Epp—Eppl) (\/(Epp—Epp1)2+4(—2\/(t1si2 +t1er2) (42812 +425r2) 401812 461602 46252 +tzsr2)+Epp—Epp1) +4 (—2\/(tlsi2 +o1802) (42912442502 £ 1512 4t 1or2 46252 +t25r2)

\/(Epp*Epp1)2+4<72\/(t 1si2 +tlsr2) (t25i2 +t25r2)+tlsi2 4 tlsr2 412812 +t2sr2)+Epp7Eppl

2\J (Epp—Epp1) <\/(Epp71~:pp1)2+4<72\/(tlsiZ +tlsr2> (c2532 +t2sr2)+tlsi2 +tlsr2t2si2 +t2sr2> +Epp7Eppl> ta (72\/(tlsi2 +t1sr2) (t2si2 +t25r2)+tlsi2 Ftlsr2 412512 +t25r2)

(t1si—itlsr)(t2si—it2sr) (7Epp+Epp1+\/(Epprppl)2+4 (tlsiQ tlsr24t2si2 Ft2sr2 +2\/(tlsi2 +tlsr2) (t25i2 +t25r2)>>

2,/ (t1si24t1sr2) (t2si2 4 t2sr 4 t1si24t1sr24t2si2 4251242,/ (t1si2+t1sr2) (t2si24t2sr2) ) — (Epp—Eppl) | —Epp+Eppl+4/ (Epp—Epp1)2+4( t1si2+tlsr2+t2si2 41251242,/ (t1si2+t1sr2 ) (t2si2 4 t2sr
2 2 2 2 2 2 2 2 2 2 2 2 ( )2 2 2 2 2 2 2 2 2

i(t1si—itlsr) (tlsi2+tlsr2 +\/(tlsi2 +tlsr2) (t2si2 +t25r2))

Vt1si2 ft1sr2 4<tlsi2 Ftlsr24t2si2 ft2sr2 +2\/(tlsi2 +t15r2) (t25i2 +t2sr2)) — (Epp—Epp1) (7Epp+Epp1+\/(Epprppl)2+4 (tlsiQ tlsr24t2si2 ft2sr2 +2\/(tlsi2 +tlsr2) (t25i2 +t25r2))>

i(t2si—it2sr) (t2si2+t2sr2 +\/<tlsi2 +tlsr2) (t25i2 +t25r2))

\/t2si2 +-t2s1r2 4<t1512 +t1sr2t2si2 4 t2sr2 +2\/(tlsi2 +tlsr2) (t25i2 +t25r2)) —(Epp—Epp1) (—Epp+Eppl+\/(Epp—Epp1)2+4 (tlsi2 Ftlsr2442si2 +t2sr2 +2\/(t1512 +tlsr2> <t25i2 +t2sr2))>

—Epp+Epp1+\/(Epp—Eppl)2 +4 (tlsi2 Htlsr242si2 2812 +2\/(tlsi2 +tlsr2) <t25i2 +t23r2))

2¢ 4(tlsi2 +t1sr2442si2+t2sr2 +2\/(tlsi2 +tlsr2) (t25i2 +t25r2)) —(Epp—Epp1) (—Epl)+Epp1+\/(Epp—Eppl)2+4 (tlsi2 +t1sr2 +42si2 +t2sr2 +2\/(tlsi2 +tlsr2> (msi? +t2sr2)>)
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0¢

; i 2 142 2 42 2 442
(t1si—it1sy)(t2g; —it2sr) (\/(Epp*Epp1)2+4(2\/(t151:+t15r>(tzsz'*tQSr)* 1sz+tlsr+tzsz+tzsr)*EPP*Emﬂ)

2 .2 2 .2 2 2 42 442 442 2 2 2 142 442 442
2\/(t15i+tlsr)(tzsfrtzw)\J(Epp*Eppl)(%Epp*Eppl)z*‘*(Z\/( 3it3e,) (B3 ev)*Hu“1sr+t251+t2sr)+Epp*Eppl>*4(2\/( 2oittdor) (135543, )+t1st+t197‘+t25i+t2s7‘)

(tlsr4itlsi) (\/ t1si2 +tlsr2 t25i2 +t2sr2)+tlsi2+tlsr2)

Vt1si2 +tlsr2\l (Epp—Epp1) <\/(Epprpp1)2+4 (2\/(t15i2 +tlsr2) (tZSiz +t25r2)+tlsi2 +tlsr242si2 +t2sr2) +Epp—Epp1> +4(2\/(tlsi2 +tlsr2) (t25i2 +t25r2)+tlsi2 +tlsr24t2si2 +t25r2)

1B = (t2sr+it‘25i)(\/(tlsi2+tlsr2> (t25i2+t2sr2)+t25i2+t25r2) e
\/t2si2 +t2sr2$ (Epp—Eppl) (\/(Epp—Epp1)2+4<2\/(tlsi2 +tlsr2) (t25i2+t25r2>+tlsi2+tlsr2+t25i2+t25r2)+Epp—Eppl) +4(2\/<tlsi2+tlsr2)( 341 +f%ér)+t1“+t187 +t2“+t287)
wEPP*EWl)?*“(Q\/( 131+t%sr')( 2s1+t%37‘>+tfs‘1+t%s7 *tgsz‘*’%sw)*EPP*Ewl
2J (Epp—Epp1) <\/(EPP7EPP1)2+4<2\/(t%si+t’%sr) (‘%gi*t%w)*‘%si+’%sr+"§s7‘,“%gr)*EPP*Eppl)*4(2\/(‘%si+t%sr>( 3sittaar )*’15\7*’1“*’2;1*’2“)
with 4 energy eigenvalues
1
El = 5 - (E Eppl + 4 2\/ lsz 157 ( 2s1 + t25r> + tlsz + tlw 251 + t237 + EPP + Eppl (63)
1 2
E2 = 5 (E Eppl +4 2\/ 1% lsr (t291 + t2s7‘) + tlsz + tlsr + t291 + t2sr + Epp + Eppl (64)
1 9 2
E3 = 9\~ (Epp - Eppl) +412 ( Tsi T tlsr) (tQSz + t23r) + tlsz + tlsr + t2sz + t2sr + Epp + Epp1 (65)

1
Ey = § \/(EPP - EPP1)2 +4 (2\/( 1si + thr) ( 251 + t29r> + tlsz + tl‘;r + t252 + t29r> + EPP + Eppl (66)



4 Concept of position dependent electrostatic roton qubit

The idea is depicted in the Fig.4. Electron placed in the structure has two minima and two maxima in the
effective confining potential. After one circulation the wavefunction of such electron is changed by 2IIn phase
and is coming back to its original value so we are dealing with periodic boundary conditons. We can express
electron dynamics by effective Hamiltonian that is of the form

Ep tar 00 iy

tio Ep tzz 0
0 tos Eps  tas

iy 0t Ep

H— (67)

Hermicity of Hamiltonian implies the condition ¢}; = ¢;;. If four minima and four maxima of effective confining
potential are the same the Hamiltonian reduced to the form

En te 0t
ts Ep ts 0

H=10 4 E. t (68)
ts 0 ts  Ep
After renormalization Hamiltonian can be simplified to be of the form
Epq 1 0 1
_ 1 Eppe 1 0
= 0 1 Ep 1 (69)
1 0 1 Epp
The wavefunction of electron can be expressed in Wannier representation in the following form
71(t)
Y2(t)
= 70
w=|20 (70)
Ya(t)
where |v1(t)]? + .. + [74(t)|> = 1 and
1 0
0 0
ol o (71)
0 1

are denoting 4 orthonormal maximized localized wavefunctions (Wannier functions). The system eigenstates
and eigenergies are given as
The passing proton can affect the Hamiltonian in the following way given as H =

Ep1+V15(t—t1) to1 +V35(t—t1)+ﬂ/45(t—t1) 0 t41+V5§(t—t1)+iV65(t—t1)
ti12 + V35(t — tl) — iV45(t — tl) Epo t32 0 (72)
0 tos By tas
tia + Vsd(t — t1) —iVsd(t — t1) 0 t34 Eps

Such Hamiltonian shall be referred to the situation given in Fig.3 and in Fig.4. Let us assume symmetric position-based
roton qubit having two minima (denoted by A) and two maxima (denoted by B) of electron confining potential that has
periodic boundary condition. Then in first approximation we have semiconductor transmon Hamiltonian of the form

o=
EA-i-‘/i&(t—tl) t5+V35(t—t1)+iV45(t—t1) 0 t5+V55(t—t1)+iV65(t—t1)
to+ Vad(t —t1) — iVad (¢t — t1) Ep ts 0 (73)
0 ts Ea ts
tS+V55(t—t1) —ng(S(t—tl) 0 ts EB
Such Hamiltonian has eigenvalues as
E, =FEp = FEa, B2 =Ep = Ep,
1
By = 5 =Byt = Bp2)? + 162 + By1 + Epa ),
1
Ei=3 (+V/Eor = Ep2)? + 1682 + Byt + By) (74)
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We have eigenvectors

)= s | e =05y (75)
0 +1
i,
|Es) = ! V(Epr — B)? 3 168 + B = By (76)
\/2 (\/(Epl —Ep)? + 1602 + Epy — E,[,Q)2 +322 \ B =B T 67 4 Eyr — By
4t
|Es) = ! V(Ept = Ep2)? + 1682 — Ep1 + Eps )

2 4ts
\/2 (\/(Epl — Ep2)2 + 1612 — Ep1 + Epz) + 32¢2 \/(Epl — Ep2)2 + 1662 — Epi + Epa

It brings the following effective boundary condition for equation of motion at nearest presence of moving charged
particle affecting position based qubit in the form

We can express this boundary condition in the matrix form as

(Vi—ih)  (Va+iVy) 0 (V5 +iVe) 74(7{) Y ()
0 0 —ih 0 Y (t7) Ys(t1)
(Vs —1iVe) 0 0 —ih Ya(t]) Ya(ty)
Equivalently last matrix equation can be represented as
Ya(ty) (Vi—ih)  (Va+iVa) 0 (Va+iVe)\ " (7)) M)
Y (ty) 5 | (Vs —iVa) —ih 0 0 v2(t1) o | ()
= —ih . =M - 80
(t}) 0 S (ty) lt;) *0)
Ya(t) (Vs —iVs) 0 0 —ih Ya(ty) Ya(ty)
and we obtain matrix M of the following structure
2 h(V4—iVs) 0 h(Ve—iVs)
R2+iVi b+ VZ+V2EHVEHVZ R2+iVih+ VZHV2ZHVZ+VE R2+iVih+ V2+V2ZHVZ+VE
_ R(iVa+Va) 1— Vi+vi 0 —— (Va—iVy)(VstiVe)
M = B2 +iVI A VE+VREHVE+VE B2 +iViht V2 V2 V2 +VE B2 +iViht V2 V2 VZ+VE (81)
0 0 1 0
_ A(iVs+V) (Vi) (Ve —iVh) 0 R 4+iVih V24 V7
B2 +iVI A VZ+V2HVE+VE B2 +iVih+VE+V2+V2+VE h24+iVih+V2+V2+V2+ V2

4.1 Case of symmetric semiconductor roton

We can also consider the simplest version of semiconductor roton qubit. Such system can be approximated by 4 symmetric
quantum dots on the square or by semciodncutor nanoring of radius R. In both cases the Hamiltonian can be given as

Ep_ toet® O_ tee'®
tse ' E, tse'™ 0

H = 0 tsefia Ep_ tseia (82)
ts 0 tse ™ E,
that has 4 energy eigenvalues
. (&7 . (67 [0} (6]
By = E, — 2t,|sin (5) |, B2 = E, + 2t,|sin (5) | Bs = B, — 2t.] cos(5)], Ea = By + 2t cos(3)|. (83)
and has 4 eigenstates
—jeis +ie'z
1 _eia _eia
Ey) == . | Bo) = = .
|E1) 2 ie'2 |B2) —ie'2
1 1
e i2a
—e'2 e'2
1 +6'ch 1 eia
E3) == | LB == . 84
Bs) =5 | _g |IED=5 a3 (84)
1 1
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The presence of electron at nodes 1, 2, 3, 4 is expressed by vectors

ym2) = |w3) = y|wa) =

0
lz1) = (1)
0

O O O =
oo = O
= o O O

[$(8) =7 (8) |21) + . +72(0) ) [ () + .+ Pa (@) = 1. (85)

In all energy eigenstates we see the systematic phase imprint across ring of semiconductor quantum dots what might
correspond to the placement of semiconductor ring to the external magnetic field. It is due to magnetic Aharonov-Bohm
effect. Otherwise with case of placement of semiconducto ring of quantum dots in environment with zero magnetic field
we have oo = 0. Kinetic energy and momentum of quantum roton (semiconductor ”transmon” qubit) is due to non-zero
term ts. Otherwise we are dealing with the case when electron position is localized among one between 4 nodes. If
we refer to description of semiconductor roton qubit as ring of quantum dots of radius R we have the condition for
single-value wavefunction after one circulation across ring/square expressed mathematically by condition 27k, R = 27n
that implies kn, = %. This also implies that t; = nto and n is integer number. In the conducted considerations we
have set n=1 so inside semiconductor ring we have one fluxon (one quantized flux of magnetic field is passing via
interior of quantum ring so we have approximate mathematical condition for flux quantization Ba? = %n in case of
4 symmetric quantum dots on the square and with condition 2rR?B = %n in case of nanoring, where B is value
of magnetic field in the center of square/nanoring that is preassumed to be constant in square/nanoring) We also
recognize that 4a = 2IIn what brings a = ”2—” and consequently Sin(g) = —|—‘2F,1 +f 0,—2 1, —L ,0, —|—f .. as
well as . Cos(5) =0, —\QF — ,—— 0, + .1, + 0, §7 .. and therefore the spectrum of eigenergies E1, .., F> can
be tunned with magnetic field. This tunnmg however implies discrete eigenergies. We can also regulate the spectrum
of eigenenergies by electric field as by tunning F, what we can do in the continuous manner (as chemical potential can
be tunned in the continuous manner). Furthermore the Hamiltonian can also refer to the square of 4 symmetric
quantum dots with confining potential having 4 minima and 4 maxima. In such case we can tune both ¢, and E, in
electrostatic way. It is also noticeable that the system of 4 symmetric quantum dots can be the source of magnetic field
as when we are dealing with wavepacket of one electron moving in clockwise or anticlockwise direction and generating
one flux (or many) of magnetic field (fluxon given by %) In such situation we have physical system that is similar
to superconducting SQUID that can generate or detect one flux of magnetic field with occurrence of circulating non-
dissipative electric current. In both cases we are assuming that quantum wavepacket is coherence along semiconductor
or semiconductor ring. However it shall be underlined that in the superconductor the coherence time of wavepacket can
be significantly bigger than in the case of semiconductor where decoherence time is in the range of ns. This is because
superconductivity is the manifestation of macroscopic quantum effect that is thermodynamically supported so in first
approximation non-dissipative circulating current in mesoscopic size SQUID (usually having bigger size that 300 nm and

with value of quantized magnetic flux set to 2—2, where factor 2 comes from the fact that Cooper pair participates in
electrical transport) can last infinitely long time. This is not the case of semiconductor nanorings that has size usually
below 300nm. We can preassume that before weak measurement of probing charge particle we have the quantum system
given as

Eqt . Eyt .
[$(t1)) = cpre " PF1|Er) + .+ cpae i ePP | Ey) (86)

where |cg1|?, .., |cral?® are the probabilities of occupancy of energy level i, .., E4 by single electron in roton qubit and
normalization condition holds |cE1|2 + ..+ |(:E4\2 = 1. After measurement at time ¢; by probing particle we have

Byt] Bgt]
|,¢ > = CR1me —R e!PE1Im ‘E > + ..+ crame F e'PE4m ‘E >
Bit] Bat]
M(CE16 m Z¢E1 |E1> + ..+ cgge ih ¢E4 |E4>) (87)

Again we obtain

Byt Eqt Eat
CE1me T eitEIm = (E1| M(cpie ™ o eler |E1) + .. + cpae T eions |E4)),

Bqt]

Bt BEygt]
Crame iF ¢E4m _ <E4|M(CE1€ T ¢>E1 |E1> 4. 4 cpae R ¢E4 \E4>) (88)

Consequently we obtain

CE1mePEIm = [eit1<Ep72 6 Sm2(%))
m =
. i 25in2( & i — 2 cos2(& ; i - 2sin2( &
(e~ Ert1 (e <¢E1+2t1 £ (2)) cp1+Crae (¢E4 2t14/t3 (2))+CE361(¢E3+\/§151\/t%(COS(aH-l))+CE26 (¢E2 ERYAH (2)))
. % 2sin2( 2 i - 2 cos2 (& ; S
(R? +iVih+ Vi + V) —ele=Ert) (e (¢mr2ur iz (5)) (ema-201/2 (2)>+CE361(¢E3+“§“vf3<C°b<a>+1>)

i —2 2sin2( & . . il at —E,t1+2 2sin2( & _
—epae (¢E2 t1,/t (2)>)(V3+ZV21)(V571V6)+ +(€< dp1—Ept1+2t14/t (2)) /—ei e+

CE1+CE4€
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. . i ; At /12 cos2 (2 )
+62a(6 ztl(Ep-!—\/i\/tg(cos(a)-‘rl))\/yfa CE362<¢E3+ 14/t5 cos (2)) —cE4el¢E4>

e (Prrmn (BB (D)) e v
_m(eiCﬁElephﬁ*Qtl t§sin2(%))@cm+

+efit1(Ep+\/§x/t§(cos(a)+1))\/ei7a CE4ei¢E476E3€i(¢E3+4tl t§c052(<2¥))>

e (Prr (B EA () (R + iVih 4 V2 + V2 + V2 + V2)
—eiia((ei <a+¢’E1*Ept1+2t1 2 Si“2(%)> @CEPF
e <6—it1(Ep+\/§\/m)\/eTa <cE36i(¢E3+4tl +2 cos2(%)) B CE4€i¢E4> B CEQei(¢E2*t1 (Ep+2\/W))@>)h(iv3+

. i pm1+2t1,/t2sin2( S ) 7,<¢. —2t14/t2 cos2( & ) ; 2 S z(q& —2t14/t2sin?( % )
Vi) —e—iEnts <e( mr2nyitnd(g)) o glemimtyiEest(§)) | i(smatvany/Blos@rn) | i(opem2ny/ieind(5)

(Vs — iV2) (Vs + iVe) +ei(a7Ept1)(_ei<¢El+2t1 t2 sir.?(%)) . +CE4ei(¢E4*2t1 t2 COS2(%)) +CESei(¢E3+\/§t1\/tg(cos(a)+l))
i -2 2sin2( &
(¢E2 t14/t2 (2)))(h2—|—iV1h+V52+V62))+

—CE2€
He%iah(cw;(m’“ (Eve2yi2ani(3)) ) (e (—V=e™h —iVs + Vi) +iVs — Vi) +
+cElei(¢El’Ep“““m> (€ (V=eh — iV + Vi) +iVs — Vi) + ¢ "1 (2Ert8v2V/leos(@)4D)
(emae! (#2002 (PrtdVBVIEER@ID)) (3 (cio) 3 4 (e (Vs + V) + Vi +iV5) ) +

—epae! (Pt (Bra2VaVEEa@D)) (1 (g0) ] 4 e (Vi — V) — iV + V6 )] )] 1

\/,efm x B2 4+iVih+ V2 VZ+VE+VE

4.2 Case of asymmetric semiconductor quantum roton

Symmetric quantum roton can be implemented with usage of concept of position-based qubits [4] and can
be controlled both electrostatically or magnetically. Let us consider slightly more general physical system of 2
symmetric quantum dots with localized energy set to [, and two the same energy barriers with localized energy
set to Epp such that Ep >> Ep or at least E,; > Epo (Condition E,1 # Eps defines asymmetric quantum
roton). Similarly as before we are dealing with magnetic flux quantization in the interior of considered ring.
Therefore we have that o = 0 is equivalent to the fact of absence of external magnetic field. Assuming possible
hopping given by term ¢ between nearest nodes via or over potential barrier we arrive to the Hamiltonian given
as

By et 0 et
et E et 0
H= 0 e—iz()fts Epl eiats (89)
et 0 et B
that has 4 energy eigenvalues
1 242 (& 2
By = 5 (—y/16t2sin (5) + (Byr — Bpa)2 + By + By (90)
1 242 (& 2
E2 = 5 —|— 16ts S (5) + (Epl — Epg) —|— Epl —|— Ep2 (91)
1 2 na2 (& 2
By = 5 (—/168cos (5) + (Bpy — Ep)2 + Epy + Epa (92)
1 e’
E4 = 5 (+\/16t§ cos? (5) =+ (Epl — Ep2)2 + Epl + Epg) (93)
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and we have 4 orthonormal eigenstates of the system
1
|By) = _ x (94)
¢ 2 (/=82 cos(a) + (Bypr — Ep2)” 82 + (Epn — Bya) ) — 1662(+cos(a) = 1)
2e' (=1 + €') ¢y,
—ele (\/—8t§ cos(a) + (Ep1 — Ep2)? + 8t2 + (Ep1 — Epg)) ,
L9 (—14ei)t,
\/—8t§ cos(@) + (Ep1 — Ep2)? + 8t + Ep1 — Epa

IBy) = ! y (95)

2
\/2 (—v/=8Zcos(a) + (Byr — Bya)? + 82 + (Epy — Epa)) + 162( cos(a) + 1)
2ete (71 + ei"‘) ts
e (—\/—8153 cos(a) + (Ep1 — Ep2)? + 8t2 4+ Epy — Epz) ,
—2(—1+€)ty,
—/=8t2cos(t) + (Ep1 — Ep2)? + 812 + Epy — Epo

|By) = ! y (96)

¢2 <+\/8t§ 08(00) + (Bp1 — Epp)? + 82 + (Epy — Epz)))2 +16t2(+ cos(a) + 1)
—2¢t® (1 + em) ts
et (\/8153 cos(a) + (Ep1 — Ep2)? + 8t2 4+ Epy — Epg) ,
-2 (14 e t,,
\/Sti cos(a) + (Ep1 — Ep2)? + 882 + Ep1 — By

) = ! y 97)

2
¢2 <f\/8t§ c08(a0) + (Bp1 — Epo)? + 822 + (B, prg)) +16£2(+ cos(a) + 1)
_Qeia (1 4 eia) ts’
et (— /82 cos(a) + (Byr — Byz)? + 82 + By — Bya)
-2 (1+e™) ¢,
—\/81}3 COS(OZ) + (Epl — Ep2)2 + 8t§ + Epl — Ep2
1

2
\/ < \/8 cos( "l_Epz) + 8+ (Epl_SE”Q)> + 16(+ cos(a) + 1)
—%¢ i (1 +6ia)

( \/8c05 Ep1— E”2) —|—8-i-7”1 Eﬂ),

-2 (1 + ew‘)
\/SCOS Epi— EPQ) +8+7P1 Ep2

X

Tt is remarkable to recognize that the occupancy at nodes 1, 2, 3 and 4 is function both of electric (expressed by
factor @) and magnetic field (expressed by non-zero o coefficient ). Referring to the state |E4) we have
the same probabilities of occupancy nodes 1 and 3 set to

4((cos(a) +1)2 + (sin(a))?)
< ( \/8 cos(a pl_Epz) +8+ (’”_E’”)) + 16(+ cos(a) + 1))

and probability of occupancy at nodes 2 and 4 nodes set to

P =P = (98)

(*\/8Cos(oz) + (Eplt;sEp?) L8+ 1717}—’7172)2

2
<2 (—\/8 cos(a) + (L’ltsE”z) +8+ (7E"1;E‘)2 )) + 16(+ cos(a) + 1))
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We use the property (4 cos(a)+1) = (+cos($)? —sin($)?+1) = +2cos($)? and the property (— cos(a)+1) =
(—cos(§)? +sin(§)? + 1) = +2sin($)? and in such case of eigenstate |E,) we obtain the ratio of probabilities

P P
P, Py
4\/ (cos( 2 + (sin())? 4 2(1 + cos(a))
\/8 cos(a Epr— E"Q) +8+ ’“ E”z \/8 1+ cos(a)) + ( pltsE”Q )2+ E’“;E”?)Q
8| cos(5
—\/16 cos($)2 + (Eplt—sEpz )2 + Eplt—sEpz)z
In case of state |E3) we have the ratio of probability occupancies given as
P P3
P, Py
44/ (cos( 2 + (sin())? 4 (1 + cos(a))
+\/8cos E”l E”z) +8+ pl E”2 \/8 1+ cos(a)) + ( ”1t Erzy2 | E'“t_E”Z)2
8| cos(S
+\/16 cos(5)? ”ltsEpz )2+ E’“;Epz )?
In case of state |Es) we have the ratio of probability occupancies given as
PP
P P
4\/ (cos( 2+ (sin(@))? B 44/2(1 — cos(a))
\/—8 cos(a Ep Epz) + 84 BBz E”Z)2 (—\/8(1 —cos(a)) + (E’”;E"Q)2 + E”I;Eﬂ)z
8| sin(%5
\/16 sin(§)? pltsE‘ﬂ )2+ EPI;EPQ)Q
In case of state |Eq) we have the ratio of probability occupancies given as
P P3
P, P,
4\/ (cos( 2+ (sin(@))? B 44/2(1 — cos(a)) B
+\/ 8COS Ep1— E'pz) 484+ pl Epz 2 (+\/8(1 o COS(a)) + (Ep1t:Ep2)2 + E'p1t:Ep2)2
8| sin(%
+\/1681n ($)? pltsEp2)2+ EPI;EP2)2
In general case when the quantum state is superposition of 4 energetic levels expressed by the equation
ipp  EL ippa 22t idpa  ZAt
[9(t)) = cp1e'® e i |Er) + cpae'®2e i |Eg) + .. + cpae’®Ple i [Ey) . (104)
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and probability of finding particle at node 1 is given by

P, = 2 _ idm1 g, Tt E ippa 22t E ibma AL ENI2 =
1(t) = [(z1] [(1)) |7 = [cpre'®Pre ™ (1] |E1) + cpae' P2 e (z1]|E2) + .. + cpae’®Pte i (21| |Ey) |* =

B [ cElei¢Ele%26i“ (—1 + em) ts n
o 2
\/2 (+\/_8t§ cos() + (Epr — Ep2)? + 863 + (Ep1 — Ep2)) — 16¢3(+ cos(ar) — 1)
CE2€i¢E2€% Qtseioz (_1 + eia)
- - -
\/2 (—\/—8t§ cos(a) + (Ep1 — Ep2)? + 8t2 4+ (Ep1 — Epg)) + 16t2(— cos(a) + 1)
. Eqt . .
n —cEge“z’E?’e%%Sem (1 + em) n

2
\/2 (—|—\/8t§ cos(a) + (Ep1 — Ep2)? + 8t2 4+ (Ep1 — Epg)) + 16t2(+ cos(a) + 1)

,CE461¢E46 2t el (1 + em)

+

2
\/2 (—\/8t§ cos(a) + (Ep1 — Ep2)? 4+ 882 + (Epy — Epg)) + 16¢2(+ cos(a) + 1)

[ cpre~19E1 e T geia (=1 +e") ¢, N
2
\/2 <+\/78t§ cos(a) + (Ep1 — Ep2)? + 882 + (Ep1 — Epg)) — 16t2(4 cos(a) — 1)
. Eqt . .
n Cpoe9B2e 0 Ot ol (—1 + e*“‘) : n
¢2 (—v/=8Zcos(a) + (Byr — Bya)? + 82 + (Bt — Epa)) + 162( cos(a) + 1)
. Egt . .
n —cpge i PEse= T Ot e (1 + e*”*)2 n
\/2 (+\/8t§ c05(0) + (Byr — Bpa)2 + 82 + (Epy — E,,Q)) +16t2(+ cos(a) + 1)
—c e‘i‘i’“e_%%se_m 14 et
+ L ( ) (105)

2
\/ 2 (—\/&g c08(0) - (Bp1 — Epa)? + 82 + (B — Epz)) +16t2(+ cos(a) + 1)
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and

2 iPE1 Byt ipp2 Eat iPEa Eqt 2
Py(t) = [(z2| [(1)) |7 = [cp1e"P e (22| |E1) + cpae'®P? e (wa||E2) + .. + cpae’®Pre i (2o |Ey) |© =
cElei‘bEle%(fl)em (+\/78t§ cos(a) + (Ep1 — Ep2)? + 8t2 4+ Epy — Ep2>

+

[\/2 (+\/—8t§ cos(a) + (Ep1 — Ep2)? + 82 + (Ep1 — Epz))2 — 16t2(+ cos(a) — 1)

Coci®E2 e B (~1) et (—\/—8t§ cos(@) + (Bp1 — Epa)® 1 82 + By — E,,2>
+

+

2
\/2 (—\/—Stg c08(a) + (Bp1 — Bpa)? + 82 + (B — E,,z)) +16t2(— cos(a) + 1)

CE3€i¢E36%e+ia (+\/—8t§ cos(a) + (Ep1 — Ep2)? + 882 + Epy — Epg)
_l’_

+

2
\/2 (+\/8t§ c05(0) + (Byr — Bpa)2 + 82 + (Epy — E,,g)) +16t2(+ cos(a) + 1)

cpaeitE T e tic (—\/—8t§ cos(a) + (Ep1 — Ep2)? + 882 + Epy — Epz)

+

2
\/2 (—\/8t§ cos(a) + (Ep1 — Ep2)? 4+ 8t2 + (Epy — Epg)) + 16¢2(+ cos(a) + 1)

+

[ cEle*i‘bEle*%(—l)e’m (+\/—8t§ cos(a) + (Ep1 — Ep2)? + 8t2 4+ Epy — Epg)

2
\/2 (—I—\/—Stg cos(a) + (Ep1 — Ep2)? + 882 + (Ep1 — Epg)) — 16t2(4 cos(a) — 1)

t

Crae— 9P~ B (~1)emio (f\/f&sg c05(0) + (Bypr — Bpa)? + 82 + Epy — Epg)

+

+

2
\/2 (—\/—Stz cos(a) + (Ep1 — Epa2)?2 + 882 + (Ep1 — Epg)) + 16t2(—cos(a) + 1)

CE3€_i¢E3€_%€_ia (—&-\/—8@ cos(a) + (Ep1 — Ep2)? + 8t2 + E,y — Ep2>

+ +

2
\/2 (+\/8t§ c05(0) + (Byr — Bpa)2 + 82 + (Epy — E,,Q)) +16t2(+ cos(a) + 1)

cpae 9Bt T e —ia (—\/—81&3 cos(a) + (Ep1 — Ep2)?2 + 82 + Epy — Epg)
+

(106)

2
\/ 2 (f\/Stg c08(a) - (Bp1 — Epa)? + 82 + (B — Epz)) +16£2(+ cos(a) + 1)
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and

= 2 _ ipm1 Ef}if 1P E2 Ef?f QB4 E?f“ht 2 _
P3(t) = [ {z3| |[v()) | = |cme e7in {x3] |E1) 4 cpae e {x3||E2) + .. + cpae e7in (x3] |Ey) |* =
_ l cmeiPe T (<), (—1 + i) ¢,

\/2 <+\/—8t§ cos(a) + (Ep1 — Ep2)? + 8t2 4+ (Ep1 — Epz))2 — 16t2(+ cos(a) — 1)
cp2ei®P2e E (—2)t, (=1 +¢™)
\/2 <f\/78t§ cos(a) + (Ep1 — Ep2)? + 882 + (Ep1 — Epg))2 + 16t2(—cos(a) + 1)

CE3€i¢E36%(_2)ts (+1 + eia)

+

+

+

T +

\/2 (+\/8t§cos(a)+(Ep17E )2 1 82 + (E, plprg))2+16t§(+cos(a)+l)

N CE4ei¢E4e%(_2)ts (1 + eioz)

2
\/ 2 (—\/Stg c08(0) - (Bp1 — Epa)? + 82 + (B — E,,Q)) +16t2(+ cos(a) + 1)

[ cprePELe= T (—2) (_1 +eia)t, N
2
\/2 (+\/—8t2 cos(a) + (Bp1 — Ep2)? + 882 + (Ep1 — ) — 16t2(4 cos(a) — 1)
c e—i¢E2€—% _2 14 e i
n B2 ( ( ) : N
\/2 (_\/_8@ cos(a) + (Ep1 — Ep2)? + 8t2 + (Ep — ) + 16¢2(— cos(a) + 1)
c 6—1¢Ese—% 1+ et
+ B3 (-2 ( ) : N
\/2 (+\/8t§ cos(a) + (Ep1 — Ep2)?2 + 882 + (Ep1 — ) + 16t2(+ cos(a) + 1)

N cpae— PP T (—2t,) (1+ei)

(107)

2
\/2 (—\/Stg cos(a) + (Ep1 — Ep2)? + 882 + (Ep1 — Epg)) + 16t2(+ cos(a) + 1)

and
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Ep(2) Ep(2)

' Ep(1) Ep(3) 4 ' Ep(D) Ep3)

moving charge moving charge

Ep#) Ep(4)

Figure 3: Sensing of moving charge by the semiconductor transmon qubit (roton qubit). In first approximation
only effect of externally moving charge at node 1 is accounted and hopping terms to the nearest neighbours are
considered to be changed..

Pat) =1 = i9m1e T E i$E2 o 7" E i1, EN% =
2 (t) = [ (@4l [Y (@) |7 = [ep1e"®P e (4] [Er) + cpae’®P2e T (24| |B2) + .. + cpae'®®e i (z4]|Ey) |* =

[ cpie®ELe (—|—\/—8t§ cos(a) + (Ep1 — Ep2)?2 + 882 + Epy — Epg)
= +
2
\/2 (+\/—8t§ cos(a) + (Ep1 — Ep2)? + 8t2 4+ (Ep1 — Epg)) — 16t2(+ cos(a) — 1)
L (—\/—Stg cos(a) + (Ep1 — Ep2)?2 + 82 + Epy — Epz)
+ . +
\/2 (—v/=8iZcos(a) + (Byr — Bya)? + 82 + (Ept — Epa)) + 162( cos(a) + 1)
craeidEse (+\/—8t§ cos(a) + (Ep1 — Ep2)? + 8t2 4+ Epy — Epg)
+ +

2
\/2 (+\/8t§ cos(a) + (Ep1 — Ep2)? +8t2 + (Ep1 — Ep2)> + 16t2(+ cos(a) + 1)

CpaeitEie <7\/78t§ cos(@) + (Ep1 — Ep2)2 + 822 + Epy — Epp
+

2
\/2 (—\/Stg cos(a) + (Ep1 — Ep2)? + 812 + (Ep1 — Epz)) + 16t2(+ cos(a) + 1)

[ cEle_M’Ele_% (+\/—8t§ COS(O[) + (Ep1 — Ep2)2 + Stg + Epl — Ep2)
+
2
\/2 (4—\/—8153 cos(a) + (Ep1 — Ep2)? + 8t2 + (Ep1 — Epg)) — 16t2(4 cos(a) — 1)
T (—\/—8153 cos(a) + (Ep1 — Ep2)? + 812 + Epy — Epg)
+ . +
\/2 (—v/=8tZcos(a) + (Byr — Bya)? + 82 + (Ep1 — Epa)) + 162( cos(a) + 1)
cpse”i#Ese= T (—i—\/—StE cos(a) + (Ep1 — Ep2)? + 8t2 4+ Epy — Epg)
+ : +
\/ 2 (+\/8t§ cos(@) + (Bp1 — Epa)? + 82 + (Epy — E,,2)) +1662(+ cos(a) + 1)
cpae~ B (—\/78753 cos(a) + (Ep1 — Ep2)? 4+ 8t2 + Epy — Epg)
; (108)

2
\/ 2 (— /82 cos(a) + (Bypr — Bypa)? + 82 + (Bp1 — Ey2)) + 162(+ cos(a) + 1)

4.3 Action of phase rotating gate described analytically

We inspect the derivation of formula for ration between 15(t) and 91 (t) in case of situation Ep; = Epy = E, =
constant and with t; = constant € R. The given assumptions that two system eigenergies are time independent.
However we will assume that due to magnetic Aharonov-Bohm effect it is possible to have phase imprint on
position based qubit between nodes 2 and 1. This phase imprint does not change the system energy but changes
the system quantum state what has its importance in quantum information processing. In the conducted
considerations the probabilities of occupancy of eigenergies F, and E, are constant and determined by initial
conditions and are |ag1|? and |aga|?>. We have |aps(t)| = constant, |ama(t)| = constant,gpa(t) = constant
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[Case 1]
Localized energy

Ep(D) I Ep(2)

G
[Case 2] e

Ep(1)

G

c‘,I - G]III ts(23) 1 fees 1 or N electrons
I Hopping 1]01 r,\'
energy electrons
Ep4) Ep3) = Ep(d) e
Grv Grv
Semiconductor position based qubit Hybrid roton position based qubit (semiconductor electrically
controlled electrostaticall or magnetically controlled) with linear position based qubit
made from 4 gates GI, GII, GIII and GIV magnetically or electrically controlled
and 4 quantum dots 1, 2, 3 and 4 with
single electron delocalized at point 1, .., 4. Ep(2)
single electron delocalized at point 1, .., 4. - [Case 3]:minimalistic semiconductor
position based transmon qubit that is
electrically or magnetically or both
electromagnetically controlled
Family of semiconductor \ .
il . Ep() Ep(3) All qubits have the potential
position based electrostatic .
. to be converted to spin-based
transmon qubits controlled .
. qubits as well as N-electron
both by electric and . .
. qubits. They can be also single
magnetic or EM field -,
Ep(4) electron qubits.

Figure 4: Family of semiconductor position-based transmon qubits that can be single or many electron qubits
as well as energy eigenvalue qubits or Wannier qubits or spin qubits.

and ¢ g1 (t) = constant . The action of external source of vector potential is represented by phase imprints d; (t)
and d3(t) at qubit nodes 1 and 2 and can be implemented by external conductor of electric current or charge
moving in free space in the proximity to position-based qubit. We obtain

Pa(t) (—6;

Bt i¢E1(0)|aE1| + 6?E2t|ﬁE2‘ei¢E2(0)) 162 ()

(—lam| + T BBt g i(@p2(0)~52(0)

dit)

(+e T Brteiop (0) |ap | + e E2t|Bgy|eitpa(0)) €011

_ (Ham|+ e F2= B g

(+lap:| + e T B2=E)t| By |ei(@52(0)~¢51(0))
|ei(6B2(0)=052(0)) (4 |qpy | + eh B2= BB, e i(452(0)=651(0)

(+lam | + e%"<ErE1>t|5E2|ei 052(0)~0£2(0)) (+| a1 | + e%<E2*E1))t|ﬂE2|@*i(¢E2(0)*¢E1(0))

(—|ap|+eT (B2 - El)t‘ﬂE2|el<¢E2(0) ¢E2(0>>)(+|QE1| —|—e

)
)
)
)

L (By— E1>>t|ﬁE2|6 i(¢p2(0)— ¢E1(0)))

 ([Hlasi| + |Brs|cos(25 0

_ (Hap| + e F2= B g

¢£1(0)))]2 + [|Be2lsin(L25EE — (¢52(0) — ¢£1(0)))]2

|ei(<f>E2(0)—¢E2(0)))(+|QE1| + eT(E2_E1))t|BE2|6_Z(¢‘E2(O)_¢E1(O)))

— (¢p2(0) —

1+ 2|ap1||Bez2|cos(

(E2 — (¢52(0) — ¢E1( )

—Ej)t
h

i (02(1)=81(1)) _

' (92(1)=81(1)) _

i(52(0) =81 (1) _

(il62()=61(1) _

_ (1Be2)? — | |2 + |aE2‘|6E2‘(e%(Ez*El)tei(quz(O)*qﬁEz(O)) _ e (B El)tefi(¢E2(0)*¢E2(0))))ei(%(t)iél(t)) _
1+ 2|ap: ||Bez|cos(E25E0E — (¢p2(0) — ¢r1(0)))
_ Bea|* — lam|*) — 2ilaps||Be: sin[i(E> — B1)t — (¢52(0) — 6m2(0))] icsa()-51(1)) _
1+ 2|ap ||Bez|cos(E25EVE — (¢p2(0) — ¢r1(0)))
_ (Beal® = lap[*) cos(021(t) + 28in(021 () |oma | B2 sin[A(Fz — Byt = ($52(0) = ¢52(0))] |
1+ 2|ap: ||Be2|cos(F25E0E — (¢p2(0) — ¢r1(0)))
i {IBe2l” — ok |®) sin(d1 (1)) — 2 cos(9an (8) ks || Bp2 sinlh(Ea — E1)t — (¢r2(0) = dp2(0))] _
1+ 2|ap||Be2|cos(2ELE — (¢p2(0) — ¢£1(0)))
. 1
1+ 2o ||Brzlcos(E27EE — (42 (0) — ¢ (0 )
+iAre UBE2l2—lapg|?) cos(8a1 (¢))+25in(591 ()| a gallBpo sin[h(Ey—E1)t— (6 5o (0)—d g2 (0))]
Tan (18212 —lag11?)sin(da1 (1) —2cos(d21 (t)|apa||BEs sin[A(Ex—E1)t— (¢ 52 (0)— ¢ g (0))]
Xe
iAre (UBE21?—lap1?) cos(821 () +2sin(5a1 (1) | pa||BEs sin[A(Ey—E1)t— (¢ 52 (0)— ¢ o (0))]
|w2(t)| Tan | (18pal?—la gy 12)sin(321 (1) ~2cos(G21 (D] p2| 1B s sinli(Bz — E1)t—(¢ g2 (0)— ¢ g2 (0)]
|¢1(t)|

1

1 + 2|O¢E1||ﬁE2|Cos(@

31

— (¢E2(0) —

?M®(109
#£1(0)) (109)



and finally we obtain

2 (t)] _ 1
1] 1+ 2| [|Bealcos(LE25ELL — (65(0) — ¢ (0)))

and

(|18E2|* — lap1|?) sin(d21(t)) — 2 cos(d21 () |ap || Bp2| sin[A(Ey — By
(|18E2]? — |lag1]?) cos(da1(t)) + 2sin(d21(t)|ap || Bpe sin[h(Ey — Ey

(1Be2|* — |ap1]*)tan(d21(t) — 2|ap:||Bes| sin[A(Ey — E1)t — (¢p2(0 1
(18e2|* = |ap1]?) + 2tan(d21(t)|ap1||BEe sin[i(Ey — E1)t — (¢p2(0) — ¢E1(0))
(

tan(01 (1)) — 22l s sin[A(Ez — E1)t — (612(0) — 651(0))]
1+ 2tan(521(t)% sin[i(Ey — E1)t — (¢52(0) — ¢51(0))]

e )t (@
¢(t) - A Tan [ ) ( 5o
(25

= Arcrgn l

= Arcren

Let us set p = tan(p(t)) and s, = 21221822l 404 we obtain

(1BE2*—]ap1]?)
tan(da1(t)) — s1sin(¢ps(t) = p + s1sin(ps(t))tan(d21(t))p (112)

and therefore we have arrive to the expression

ptsisin(és(t)  tan(é(t) + sisin(ds(t))  tan(6(t) + rptliElo) sin(g,(1))

tan(921(t) = 0. (0) 1= tan(e(0))s1sm(ea () 1 ~tan(9(1))(2 %)sin(qﬁs(t)) N
tan ;Moi l\/4d2 ((a+10) — —V/4d? + ((a+b) + L)2) +
Lath), (a+b VA + a+b)+L)2—L)(—(a+b)—L+\/4d2+ a+b)+ L)
2 ((a+b )+ /A2 + f(a+b)+L)2fL) (—(a+b)+L+\/4d2 (a+b)+L)2))
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= 113
1 = tan(9(1)) 2 FOE O gin(1 £222) — (955(0) — 011 (0)

Finally we obtain the prescription for current function that generates any desired dynamics of ¢(t) that is both
continous or discontionus so we have

4
I(t) = Zu:[\/@{? ((a+0b) — L)% — \/4d% + ((a + b) + L)) +

+(a—2|—b)

Log

(a+b VAZ + ((a+b) + L)? —L)(—(a+b)—L+\/4d2+((a+b)+L)2> ]
((a+b )+ /4d2 + f(a+b)+L)27L> (—(a+b)+L+\/4d2+(—(a+b)+L)2)>
((a+8) +VAE T Fa ) + 17 - L) (+(a+b) - L+ /A2 + (~(a + 1) + L)?)
(—(a+b)+\/4d2+(—(a+b)+L)2+L) (—( +b) —L—\/4d2+(+(a+b)+L)2)

-1
L

— x L X
+2 og

tan(g(t)) + QX/IT/E(; 0;§E1|?01;31§0)|4 in(t£225 — (¢p2(0) — ¢p1(0)))

1= tan(9(1))2 OO gin 1 £221) — (950(0) — 011 (0)

X Arcran [ ] -(114)

32



|Psi2/Psi1| with time in symmetric qubit
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Figure 5: Dependence of ratio Izjggi in symmetric position dependent qubit with no external magnetic field.

Phase difference with time in symmetric qubit
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Figure 6: Dependence of phase difference with time between nodes 2 and 1 in symmetric position dependent
qubit with no external magnetic field.

On another hand knowing dynamis of external electric current imprinting phase drop on qubit we can can
determine qubit effective phase dynamics

T(m[izx/\aEﬂO)I?7\0<E1(0)|4 By — e nolp(t)

By
\/(1 B sin(t . — (¢ E2(0) — ¢g1(0))) + tan [h =

[(%4«12 +(a+b) —L)2 =12 + ((a+ b +D)?) +

Lty [ (<a+b>—\/4d2+((a+b>+L>2—L)(—<a+b>—L+\/4d2+((a+b>+L>2) ]+
og
2 (v + Va2 + (—@+n+02 = L) (<@ +b) + L+ ad® + (~(a+ 1) + 1)2))
L (@) + Va2 T G@+n + 02 = L) (+a+8) = L+ ad® + (=@ + 1) + 1)?)
+— X Log[ ]] X
2 (s a2+ (—@rn+ 02+ L) (~a+6) = L - ad? + (kG +v) + 1)?)
{1+ B VIeg1 (02 — lag (F By e nolp(t)

Ji o2 sin(t——— — (6p2(0) - ¢51(0))] X tan [h =

[(wxdz +((a+b) — D)2 = 1a2 + ((a +b) + L)) +

(a+b) [ (<a+b>—\/4d2+((a+b>+L>2—L) (—<u+b>—L+\/4d2+((a+b>+L>2) ]
+ Log +
2 (@t + Va2 + @+ +02 - L) (<@ +b) + L+ ad® + (~(a+ 1) + 1)2))
(et + Va2 T @+ + 002 = L) (+a+0) = L+ fadZ + (~(@a+ 1) + 1)?) ]H—l]
= (1)
(—(a +b) + \/4d2 + (= (a +b) + L)2 + L) (—(a +b) — L —/4d? + (+(a + b) + L>2)

L
+— X Log[ (115)
2

Evolution of dynamics of phase imprint on position based qubit can be both continous or discontinous as current
flow can be continous as in case of circuits or discontinues [movement of charge in free space]. Illlustration of
phase difference evolution with time between 2 and 1 node in symmetric position depedent qubit with no
external magnetic field is depicted in Fig Dependence of ||$12((;))| o time in symmetric position depedent qubit
with no external magnetic field is depicted in Figlf] Evolution of phase difference in symmetric qubit under
influence of time depedent magnetic field is given in Fig[f.3]and in Figl[7] Linear effective phase imprint on time
is reported as well as sinusoidal and step-like function. There is infnite class of phase imprinting functions that
can be implemented.
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Phase difference with time in symmetric qubit: By=5 time
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Figure 7: Dependence of phase difference with time between nodes 2 and 1 in symmetric position dependent
qubit with time dependent external magnetic field for the case of linear and sinusoidal dependence of external
magnetic field affecting qubit on time.

34



5 Conclusion

I have shown the effect of transport of charged particle as proton in accelerator beam acting of single electron
in position based qubit placed in the proximity of the accelerator. One can conclude that the beam of moving
charged particles brings the change of occupancy of energetic levels in position electrostatic qubit and is inducing
phase imprint across qubit. In most general case one can expect that two level system represented by qubit
will change its initial occupancy (as for example from 2) into N energy levels with phase imprint made on
each eigenenergy level. However under assumption that the perturbing factor expressed by moving charge
in accelerator beam is weak the conducted considerations are valid. Conducted considerations are also valid
for the case of floating potential that is potential polarizing the qubit state. Therefore presented picture
can be considered as phenomenological model of noise for electrostatic qubit that provides the description for
qualitative and quantitative assessment of noise on two kinds of decoherence times commonly known as 77 and
T5. The presented results were presented at the seminar [5]. In such way one can account for very complicated
electromagnetic environment in which position electrostatic semiconductor qubit is placed. In particular one
can trace the decay of quantum information encoded in the qubit. One also expects that in the situation of 2
electrostatically qubits the passage of external charged particles is changing the quantum entanglement between
qubits and anticorrelation function characterising two interacting qubits. Part of this work was presented in
[3] and in [6, 14, 15]. The results can be extended quite straightforward to the more complicated structures
by the mathematical framework given in [6], [7] and [8-15]. Particular attention shall be paid to the structures
depicted in Fig.3.
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2-body sytems in position-dependent qubits with various topologias
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[equivalent to system of coupled quantum dots that can be turned electrostatically]

Figure 8: Zoo of basic position dependent qubit topologies that could be used for beam diagnostics.
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