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Abstract: This researchexamines the application of the fast forward method to single wjtin Rabi
frequency. In this study, thelectron spindynamics are examined kaccelerating adiabatic quantum
dynamics Through the concept of adiabatic will be obtained unchanged state of the system, at the beginning
and end of the evolution of the systdimis study aims to obtain additionalHamiltonian on the concept

of accelerated adiabatic quantum dynamics on single. sijie method used is thiast forward method
developed by Masudand Nakamura. The result of this reseaisho obtain the additional Hamiltonian
fequation 540 and the driving magnetic field thro
forward method isapplied by first obtaining the eigenvatief the Hamiltonian system. Furthermore, by
reviewing the lowest energy state (ground stalie)s concluded that this study obtainad additional
Hamiltonian term with a driving magnetic field that ensures #wihgle spin can move from the initial state

to the fnal state in a short timeyhile maintaining the characteristics of each energy level in the system.

Keywords Fast forward,quantum dynami¢guantum spinRabi frequencytheoretical physics

Metode Fast Forwardpada Spin Tunggal dengan Frekuensi Rabi

Abstrak: Penelitian ini mengkaji penerapan metdast forwardpada spin tunggal dengan frekuensi Rabi.

Pada penelitian ini ditinjau dinamika spin elektron dengan mempercepat dinamika kuantum adiabatik
Melalui konsep adiabatik akan didapatkan keadaan sistem yang tidak berubah, pada saat awal dan akhir
evolusi sistem. Penelitian ini bertujuan untuk mendapatkan Hamiltonian tambahan pada konsep dinamika
kuantum adiabatik yang dipercepat pada spin tunddetode yang digunakan merupakan metédst

Forward yang dikembangkan oleh Masuda dan Nakamura. Hasil penelitian ini yaitu mendapatkan
Hamiltonian tambahan "persamaan 54" dfash forwaedd a n ma
"per sama an fasttrarddiMepkandiengan terlebih dahulu mendapatkan nilai eigen dari sistem
Hamiltonian. Selanjutnya, dengan meninjau keadaan energi terégrdaimd state) Disimpulkan bahwa
penelitian ini diperoleh suku Hamiltonian tambahan dengan medan magnet penggerak yang memastikan
bahwa spin tunggal dapat bergerak dari keadaan awal ke keadaan akhir dalam waktu yang singkat, dengan
mempertahankan karakteristik tiap ééenergi pada sistem tersebut.

Kata kunci: Dinamika kuantumfast forward fisika teori, frekuensi Rabgpin kuantum

INTRODUCTION

In nanotechnology to study very small object, the importance of a short time in
producing a product fandustrial purposes related to materials and devices at the atomic
(spin). One way to shorten the product design time is to optimize and manipulate the
product manufacturing time. Nanotechnology manipulation aims to adjust the potential
that depends on tldynamics of the wave function. Therefptlee concept of accelerating
a process to achiewquilibrium was found, and the adiabatic concept was proposed to
produce a product quickly wit H{Benggadimdad& ngi n
Setiawan, 2021)The concept of accelerating quantum dynamics bychanging the
characteristics of each energy level of the systems is called adiabatic quantum dynamics.
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The adiabatic process in quantum is often used to induce or prepare for the final state in a
strong and controllable manner, the adiabatic process here is a slow change of the
Hamiltonian state parameters. This adiabatic process does not change thestagenic
before and after the system takes pi@ieen & Muga, 2010)

The adiabatic process can be carried out but with a long time. So it is still less efficient
when used to make a product. To overcome this problem, a method is needed to accelerate
adiabatic quantum dynamics. Some of the methods that are being deveved st
forward and shortcuts to adiabaticity (STA) meth@szynski, 2013)

Shortcuts to adiabaticity (STA) is a technique designed to accelerate adiabatic processes
in quantum system#&hysics research often requires the development of new methods for
understanding natural phenomefme interesting method is fast forward, which allows
us to accelerate the evolution of physical systems by ignoring some steps (@ tiéng
Odelin et al., 2019)

The fast forward method is a method useddcelerate the time in making a product,
including fast film projection on the screéhszhar et al., 2024; Nakamura et al., 2017)
Nakamura and Masuda succeeded in developing a fast forward methaelativastic
systemKhujakulov & Nakamura, 2016jast forward method in carnot machirfggsuda
& Nakamura, 2022)and several other studies.

The adiabatic process in microscopic systems can be observed on electrons in the form
of spin motion.However, this process often takes a very long time to ensure that the
systemgremains in an adiabatic sta®etiawan et al., 2023The dynamics of electron
motion in spinrefers to how the spin properties of electrons affect the behawmibr
interactions of electrons in various syste(Manoukian, 2007) Electronshave spin

- which means it can be in two states, spin up- or spin down - . The

phenomenon of the Hamiltonian state on the adiabatic in sspghedynamics refers to
how the spin ofelectrons evolves in a system in which Hamiltonians, or total energy
operators, change slowly over tirffeetiziol et al., 2018)

Two-level system is a quantum system that has only two levels of energy or two
guantum statering et al., 2020)It gives two eigenvalues (energy) and two eigenvectors
(Griffiths, 1961) The timedependengchrodingeequation for a twestate system can be
expressed as:

Hayo= Eqyd (1)
With:
H : Hamiltonian of the system
P : Wavefunctionof the system
E : Eigenenergy

Attempts to move the spin of electrons are done by regulating the magnetig field
magnetic field can cause the spin of the electron to move according to the direction of the
magnetic field, namely by increasing the frequency of moving the magnetic field so that
the energy also increases in controlling the spin move(Banty, 2009) By regulating
the magnetic field, we can control the energy difference betweengm@nd spirdown

In this study, the Fast Forward method is applied to a single spin, by first obtaming th
eigenvalues of tre Hamiltonian sys#m. Furtrermore, by reviewing the lowest energy stae
(ground stad), additional Hamiltonianetms and a driving magtic field were obtaired
that alloned a singé spin to moe from the initial stake to the final staein a short tine.
Hamiltonian egularization &ms and tlke driving magretic field will maintain the sysem
energy fixed in the ground stat energy stae (as the adiabatic stag) during the aceerating
process
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The original Hamiltonian is obtaed from the Rabi frequency mod. Rabi Fequency
is the frequency at which tle probability amplitué of two levels of atomicenergy
fluctuaies in an oscillatinglectromagmtic field. Fast forward to Rabi Bquency on singd
spin is all about ggeding up spin control and manipulatigbuan, 2022)Increasing tte
Rabi frequency can control tamovement of the spin, which nmeans adjusting #aexternal
field interacting with the spin(Laytonet al., 2014)

In quantum systems to describe oscillations it is necessary Rabi frequency, for the
discovery of magnetic resonance of the nucleus used in magnetic resonance {Xiaging
et al., 2017)Rabi frequency is necessary to support MRI (Magnetic resonance imaging)
performance. In this case, fast forward can speed up the signal. Fast forward can speed up
the sequence of scans on MRI by accelerating the movement of the magneticofietd
et al., 2022)

In previous studes, it was also found that @lfastforward method in the adiabatic
sysem for spin allows Hamiltonian paraser changs to ke carried out quickly whie
maintaining adiabatic pregties. By reviewing the spin for exampke eectrons with tle
fastforward methodwill accelerate the resonane of the chang of electron stag¢, andthe
process of changing #adirection of the electron with the magretic field will be faser
(Setiawan, 2019) This study is thoretical research thatexamines the literature that
discusss the method of acelerating quantum dynamics adiabatic w@anudju et al.,
2024) This nethod of acelerating quantum dynamics is cadlthe FastForward nethod.

First proposd by Masuda and Nakamura in 2010, thithrod modifes Hamiltonians by
adding additional tries to the early Hamiltonians eferred to as egularized tribes. The
goal is for tle Schrodingr equation to emain time-dependent (Setiawan et al., 2023)

In this study, tle author combies the fast forward nethod with Rabi fequency to
acclerate the simulation of tke physics by eviewing a singé spin. This study focues on
the behavior of tre quantum singd spin sysém using tte fast forward and Rabidqguency
methods. Tle purpo® of this study is to obtain a ethod in thke form of additional
Hamiltonianprodu@d by the fast forward nethod on sing? spin quantum sysin with
Rabi frequency.

METHOD
This research is @asicresearch thatexamines the development of quantitatie
physical tleories. This esearch is a lierature study elated to fasforward quantum teory
for a single spin with Rabi Fequency analytically. Lierature study is an activity to
examire the theories uncerlying the research, both thories that ae suitabk for the field
of science being researched and nethodology(Panudiju et al., 2024 his research was
conduced from Jure to Octoler 2024 at tle Bengkulu University. This research consists
of five stages, nanely:
1. Preparation
At this sta@, the author pepares the research by cokecting relevant and supporting
literature such as books, journals, and @theferences related to quantum téory,
Schrodingr equations,adiabatic quantum #dorems, fastforward nethods, and Rabi
Frequency.
2. Theoretical Studes
Theoretical study of Schroding's equations using boundary conditions to fine th
wavwve function of Rabi fequency, tren studed by the Rabi frequency mod to obtain
the frequency in moving tle magretic field which is ugd to determine the eigenvalue
to solethe eigenvector solution. Aneigenvector solution is uad to describe the wave
function in the sysem.
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3. Results of tle theoretical asgssnent
The results of tle theoretical study ae in the form of wawe functions that will le
visualizzd in the form of graphs. Té wawe function will be used in finding the
regularization &m. The Fast forward rethod, which aceerates the dynamics of
adiabatic quantum in a siregpin by eviewing the lowest energy stae (ground stad),
is obtaired by Hamiltonian additionaktms and a driving magtic field thatensuies
that a singt spin can moe from the initial stae to the final staein a short tine. The
results of tle study of wae function treory on the fast forwardequation with Rabi
frequency.

4. Analysis and Discussion
At this sta@, the resultsobtaired ae in the form of a fastforward method with Rabi
frequency that produes regularization é&ms, driving magdtic fields, and an
additional Hamiltonian byeviewing a singé spin sysém to acelerate the spin motion
dynamics that will b discussd sysematically. Furtlermore, the results of tle
analytical calculations will&compaed with the Wolfram Mathematica 10.0 program.

5. Conclusion
Each esult and analysis of éhdiscussion that was comedl was tlen conclued to
ansver all the problem formulations in this study.

RESULT AND DISCUSSION
In this study, a singl spin sysem with Rabi fequency is consiared. The original
Hamiltonianequations of tk Rabi frequency is:

Ho=Eo-,0o+ W1 ,x+W2.,y+A. 2 (2)

With:

, 0 is the identity matrix, , x, , yh,zisPa u |l i ’ ,Hoigvaa wiginal Hamiltonian Eo is

the energy constantW is the angular fiequency andA is the difference in energy.

yo= P T 3)
T - Q T

"X = n ph,y: Tg[) T[’"Z: _’9[ ) (4)

Substitution of tie Identity matrix and tIe‘I)DauIi matrix orequations (2), to @ an original
Hamiltonian o
0O 3 w
H= 6 o 0o & )
Theoriginal Hamiltonian of te Rabi frequency moa has keen obtaired in the equation
(5). Original Hamiltonian wouldéused to find solutions froneigen value, with E defined
aseigen value. To find the eigen valwe solution, tle following formulation is ued:

determinant(El Ho) = 0, (6)
With:
I: Identity matrix.
. on P T % 3 7 Q@ .
determinant % T op 7 g % = mh (7)
. % % 3 7 ‘Q
determinant - 0 % % @ - 0, (8)
% % 3 % % 3 7 @ (7 ‘@ T, (9)
Equation (9) can ésimplified as follows:
E°2-2E% +% & 7 7 I, (20)
% % > 7 7, (12)
E=%+ 0 o W . (12)
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Equation (12) canédwritten as follows to gnerate eigen value as a solutiork- (excited
stak) andE. (ground stad) which is eferred to asenergy,

E:=%+ 0 w (13)

E=% ® w . (14)
Furthermore, from each of these eigenvalues, the lowest eigenvalue (ground stad) will

be selected, nanely E. to sarch for eigenvector. To gt the eigenvector solution tle

following equation is ued:

(Bl ( w=0, (15)
With,
% % 3 7 ‘@ wp M ~
7 ‘@ % % 3 wc T n (16)
Substitutionequation (14)n equation (16)o obtain tle following equation:
3 W w 0w @ wp m (17)
©w O F W W ) WG n
Then,
3 3 7 7 W 7 Q2 uw, (18)
and obtaied,
W —— W38 (19)

With the principle of normalization, it candwritten,

WS wWs =1, (20)
Substitution oequation (19)o equation (20), thus obtainingeffollowing equation,

WY = h (21)

Substitution oequation (21) tequation (19), thus obtainingeffollowing equation,

l.|J2: s (22)
With,
G S ¢ R ¥ W Ww U 0 w U 0 (23)
Then,

w oy
Yo 6y . (24)

If wereview the Hamiltonian on a spin sysh with thetime paraneter R(t) with a constant
t-time. We can writ,

Ho( R) WB(R) ¥(R), (25)
with, .
HoR) i “ER) i , (26)

The solution of Schroding's equation on tke adiabatic st with R(t) = R+ & &n
adiabatic parastera n d &€ <&astume W

326



Kasuari: Physics Education Journal 7(2) (2024) 322-331
P-ISSN:26152681
E-ISSN:26152673

W( R( tg g 0 h (27)

3 i s an aeddfiredbbyg:t i ¢ phas

3(t) Qae# i—+# —), (28)
= i RDée# —+# —), (29)

So thatequation (24)can [e rewritten as:

WY(R(t) = Qu~ . (30)

In order to maintain tle adiabatic condition, #nconaept of regularization is ued. The
regularization &rm, = obtaired as

oY . oY .. , oY .
v =ih— 5y Z2ih # —+# —) 5y h (31)
The second &rm on treright field in equation (31)as:
HF+P €=1, (32)
o -# +06 .# p, (33)
Then,
— 6.#Z+6.#Z):O, (34)
So thatequation (31) candrewritten like the following equation:
# Y Q—-
= w = : (35)
# Y Q
With,
A= (36)
b=—, (37)

In quantum rechanicsenergy must hae a real value becau energy is neasurabé. In
order for energy to hawe real valwe, the total energy operator in the sisem = must ke

Hermitian. = - and= = = (Setiawan, 2019)
= = 0'Y o @~
. - sy 2gh (38)
= 6Y = 06 Q6 ~
a7 N 39
- 8Y = 8 Y 00 (39)
0 # = Ao
g6 - ap! (40)
We can sole equation (3) for =
= 6 # 0
- # 6 "G’ (41)
- M & o
- oy —_ & a0 h (42)
o Qo
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Then we haw,
. QA ——m QA —
. 8 (43)
- 0 A Q A
The equation of tle matrix=is:
R (44)
So that tle matrix equation is obtaied = , nanely:
& QA QA QA—— QA &y
&y S & (45)
5 QA—— QA QG Et-A—¢qg

Furthermore, by using tle fast forwardequation to aceerate the systerh in an adiabatic
stak. The acEerated proess is doe using the time scaling factora and adiabatic
paraneters U(Setiawanet al., 2017)

a(ty) = p Al 6-0 (46)

Hereu Ois a \elocity function availaks from U ( ih the asymptotic limit,

g O= oiﬁgiRioh (47)
=o[p AT 60 (48)

The adiabatic quantum dynamics équation (30) will ke accelerated by multiplying the
time paraneter by assumindr ( A(t ) ) ,
Where is an advanal time defined by:

A(t.) | Grdie (49)

Where 0" | FICI)E I{- (finite) is themean of’ 0 . Congquently, for0 o Y,

R(A(to+) 1 EirR OR (50)
=2 o Qpdie (51)
=2 0o —OE+-o (52)

Thefast forward statis defined by:

Wer(t) = Qb : (53)

By using tke new paraneter R (A ( the)additional Hamiltonian is obtadd using the
following equation

== v=(%)

Hu0 QA 0A——— 40 0A QA &

& e e » (54)
w0 A QA w0 Ed 0 A

: 0

o
With:

m 13 3 7 20 7

~N ~
NN
<3 =3
OO0

d
p
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Fast forward in eation to Rabi frequency on singt spin is about a@erating spin
control and manipulation through déltg ent and optimied methods, thusenabling fasér
and moe effici ent operation in quantum syams (Layton et al., 2014)The Hamiltonian
will be acaE erated with the following fast forwardequation:

( =HR(CAGE Y t) (55)
(Setiawan et al., 2017)

( =
. . . A I
N 0O 3 w0 QA QA w 2¥y0 60 QA QA
& ) ) p ] ) | A0
w 2¥0 B 0 QA QA 0O 3 w0 Ed- QA
o o
(56)
By selecting the paranetersv = 100, tle time for thefinal stag (T). T=1, Wi=R, W»
=l,andR=2 - —— , $,¢ and $.§ which evolved adiabatically can &
described as:
|C1|2;‘C2|I2_ e |CEF |2, |cEF |2

of[—— ’ . 1.0
o} \ 0.8
—_— - 0.6
0.4
0.2
'1n . .r‘“. - . .’|I.'. . .r" ’| 00
h - ' 00 02 04 06 08 1.0
t t
@ (b)
Figure 1. Thefigureof 6 2(solid line) and & 2 (dasled line) obtaining (a). from
eigenvector (b). by solving TD&

Figure 1 (a)shows a graph of &wawve function in the initial stat from eigenvector
beforethe regularization &m is adad. Early stae (solid line) Ci¥' end C18 and at (daséd
line) C% end CM. Endpoints ie. C1(0.550) and €(0.450) Figue 1 (b) shows a graph of
the wawve function in tre final stat by solving TDE after adding tke regularization &rm
or additionalenergy, by adding tle paraneterizationEc= 1 0, A=50,esmnh ows
moves with time scalingfactor ie. (Trr) moving from a sta&tof (solid line) # Wend
# dand(daskdline# dend# Y.Endpointsie# 1@ X # 1@ wcInboth
figures show the starting and ending points are not much different, so adiabatic conditions
can be maintainedrhis indicaes that tle spin is moving from ta direction of up“ to
down?d at the time of final position(Setiawan, 2019)In the fastforward conept, the
direction of the magretic field changs to the opposie direction in time (TrF)
(Benggadinda & Setiawan, 202The adiabatic condition cargmaintaired in thefigure
becaus it shows tle sane beginning andend staés with time parangterization.

The quantum adiabatic theorem is that if the system is initially in a certain eigenstate,
it will remain in that eigenstate during the adiabatic pro¢&stiawan, 2019)The
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adiabatic process in both figures occurs when the external parameters of the Hamiltonian
change slowly. Seen in figure 1 (a) the adiabatic process occurs and figure 1 (b) shows
the adiabatic conditions that do not change and are maintained after addudjteomal
hamiltonian €  with the system accelerated through the fast forward Hamiltoi@an
method.The Hamiltonian regularization term and the driving magnetic field will keep the
system energy in the ground state energy state (known as the adiabatic state) during the
accelerating process.

CONCLUSION

In this study ve obtaired the driving Hamiltonian by modifying tawawve function as
an adiabatic wazsfunction then by solving tle Schrodingr equation we received the
regularization &m. By choosing tb time scaling paramer we get the additional
Hamiltonian = “equ at i on tlieJadtjorivarcaHanhiltonian 'O  “equation
( 5 6l)can leseen that tle dynamics of te wave function obtaired from the eigenvector
and tre wave function obtaied by solving TDE (with additional Hamiltoniarx ), still
preserve the initial and final stag.

The authorecommendthat future researchers cproduce similagraphicalimages
by trying more suitable parameterizationghe same figure will showhe amount of
energy that does not change when the process of adiabatic dynamics occurs. The addition
of the number of spais needed to stabilize this research.
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