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Abstract:

Quantum technology offers new computational, communication,
simulation, and metrology methods. Traditional computers need help to solve
significant problems like factorization due to exponential increases in
computation time. However, guantum computers utilize quantum mechanics
for sub-exponential problem size and can simulate nature at the quantum
level. Scientists are increasingly interested in developing quantum computers
using single ionized atoms in Paul traps. Each ion's ground state represents
the least possible qubit value. The 40Ca+ trapped ions were used in a study as
an example of a quantum qubit. The MATLAB program was applied to
model factors impacting the restricted state and their effects. The solutions
must be stable in both directions, requiring three-dimensional confinement of
Mathieu's equation. The parameter influences the electrode's distance from
the trap center, Upc voltage, ion mass, and radio frequencies. A variable
voltage was used to control and demonstrate its impact on a specific chain of
trapped ions. This research aims to understand better optimal conditions for
confinement and ions' movement from state (4S1/2) to state (4P1/2) by
resonance. The quantum state is subject to modification and alteration,
making it a promising tool for solving complex problems.
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1. Introduction

Quantum computers can use artificial microstructures, photons, or atoms
as components for transforming and storing data [1]. These gadgets have the
potential to do computations that were formerly considered to be
unachievable in the near future. Controlling trapped ions is the key to
successful quantum computing. Scientists have found that ions provide a
convenient medium for storing and transmitting data. No major roadblocks
are expected to emerge in the pursuit of perfecting trapped-ion computers [2].
lons retained in ion traps make ideal study models for several physics-related
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fields. The precise analysis of the energies and frequency of the ion
transitions and the skillfully planned manipulation of quantum states are
examples of these fields. Linear Paul traps have gained popularity in recent
years for various experiments, studying coulomb force structures and
determining the durations of the long-lived metastable excitation states of
ions. Additionally, efforts to build quantum computing techniques and the
creation of atomic clock domains involve microwave and optical precision
hyperfine measurements. Some of these studies give little consideration to the
characteristics of the ions' mobility and potential for trapping, treating the
trap as little more than a holding chamber for the ions. In contrast, it is
frequently required to use ion cooling to reach the lowest temperatures [3].
lons are arranged in a straight line in a linear Paul trap. The distances
between the ions must match the laser beams aim's range, ions can be
individually stimulated by lasers and by using a camera to enable excellent
resolution detection of fluorescence [4]. As shown in Fig. 1 [5].
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Figure 1 lons in a straight line in a Paul trap

A combination of Upc (Source for direct current) and radio-frequency
voltages are applied to the electrodes in the Paul trap [6]. The solutions of the
Mathieu differential formulas illustrating the mobility of an ion within this
trap can be either stable or unstable depending on the operating conditions.
Other significant amplitude, fundamentally unstable ions crash into the trap
or are squandered. A specific m/e range of ions can be contained by altering
these parameters, where m is the ion's mass and e is its charge [7]. lon
movement in radio frequency (RF) traps can be explained by driven, secular,
and slow harmonic motion, which happens quickly when an electric field is
used and is known as micromotion. The excessive Micromotion-induced
interaction of the laser light with the ions exhibits a considerable frequency
variation. It may reduce the efficiency of quantum logic gates and laser
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cooling [8]. Furthermore, second-order Doppler shifts brought on by
micromotion may harm trapped ion clocks. Therefore, superior technologies
must be able to recognize, track, and consider too much micromotion [9].
Examples include quantum computers and frequency standards. In edge ion
trap devices, micromotion detection and compensation are crucial. Since they
are denser and closer to the trap surfaces vulnerable to errant Upc electric
fields, this can produce excessive micromotion and move the trapping
location away from the RF null [6].
2. The theoretical part

Paul traps have a variety of uses, including fundamental quantum physics
research, quantum computers, and precision measurements. They are also an
essential source for understanding and controlling the quantum state of ions
by using trap designs that produce an electric potential (®) with a roughly
quadrupolar spatial form in the middle of the trapping region. It is also
believed that the potential can be divided into a time-dependent part that
fluctuates sinusoidally at the rf-drive frequency (Q2) and a time-independent
static part. A Paul trap in its ideal form as a fixed component and oscillating
electric potential (Ug + Vg cosf2t) is positioned amid the ring and the two

end-cap electrodes. A form's potential is generated by it [10].
_ Uy + Vycosiit

P = ¥E (p? — 222) - oo (1)

Where (Uy) the amplitude of the static voltage, (V) the amplitude of the
sinusoidal voltage, (p) the radial distance, (2) the z- direction, and (d) the
distance from the trap center to an end-cap electrode.

The trap's centre may be described in three dimensions in terms of the
temporal force by carefully tuning the region's amplitude and frequency.
That's important for trapping since the particle still flows in both convergent
and divergent paths while the electric field alternates. If the equation of
motion is solved for an ion of mass M and charge Q in a Paul field, the
conditions of safe confinement for this ion are obtained [11].

d?u; Q
dt2  Md?
Where (1 = x, ¥, z) the Cartesian axes.

This creates a homogeneous system of three Mathieu-type differential

equations using dimensionless parameters [10].

(Uy + V, cosRt)u, wherei=x,y,z - (2)

a, = a, = —2a, = _4QUof(Md2ﬂ2]""""'[3)
x = gy = 2q, = 2Q V,/(Md?*0%) - (4)
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duz

—2q; cos2t)u; = 0--------- (5) where

T = Qt)2 - (6)

The values of (a; and q;), addressed by the solutions concurrently stable
for both directions, agree with the apparent condition for a three-dimensional
constraint (a, = —2a,,q, = 2q,). Along a challenging graph, plot the
stability limits for both axes as follows: Overlapping zones result in stresses
in three dimensions (Fig. 2) [6], [10]. Practically speaking, having a static
location near to the source only used for ion trapping is essential [12].
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Figure 2 A linear Paul trap's minor stability area represented by black
area.

Since the Fourier series may be used to represent the stable Mathieu
equation solutlons [13]

u, (1) = A, Z C>,C08(B; + 2n)T+ B, Z ConSin(B; + 2n)t------ - (7)

Where A; and B; depending on the starting conditions, remain stable. The
stability parameter f8; comprises the functions of (a; and q;). The movements
of the particle. The amplitudes of the Fourier components, denoted by the
coefficients ¢z, decrease as n rises. When a;,q; << 1 is small, it’s possible
roughly approximate the stability value B; by

2 .. q;” .
JEi _ai+? ,L=p,zZ (8)

When using this supposedly adiabatic approximation, only the coefficients
¢2, With n = 1 supplying ¢_z = ¢, = —(q;/4)¢p are considered, while
the remaining coefficients with n = 2 are omitted. lon motion can be
minimized to [13].

February (2024) Ll OR[N - [N P X P
60



FOURI NS { Jp PR | % LR =V
ret i) o] — s a5 i

Journal of the College of Basic Education Vol.30 (NO. 123) 2024, pp. 57-72

u, (t) = 4, (1 —%casﬂt)caswﬁ e e (9)

With w, = (E)ﬂ R—)

2
That might be thought of as the motion of a frequency oscillator « for the

trap, the amplitude of which is changed at the driving frequency Q. Since the
(B <« 1) oscillates in o, also known as secular motion or macro motion, it is
expected to be slower than the fast micro motion overlaid in Q. The ion
motion can be easily divided into two parts because of the stark difference
between the frequencies m and Q. While averaging over the frequency of the
rapid oscillation, behaviors appropriate for slow motion at that frequency can
be viewed as distinct [14].

The parameters (B« and p,) of a two-demotion quadrupole device are only
identical up to a specific point; moreover, any parameter other than zero will
divide them correspondingly, see (Fig. 3) [14]. The x and y dimensions
experience various secular frequencies. Typically, both electrodes were
subjected to a negative Upc voltage of -1V to achieve this operation [15].

To construct one-dimensional atom chains for use in quantum computers,
the radial trapping frequency is chosen to be much greater than the axial
frequency. Additionally, suppose one wishes to perform quantum information
processing on a single ion using focused laser light. In that case, the
separation between the ions in an ion string must be higher than the
addressing beam's waist to avert simultaneously addressing multiple ions.

lon excursion (a.u.)

150

ax 0.0

—0:A1

—0O:2

—0.3

Figure 3 Here is a diagram showing that the linear quadrupole layout is
rock solid. The ion route is confined to the volume of the trap within the
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red lines. As the solution to the Mathieu equation, the ion's route is

shown vs time. a, = 0 and g, = 0.2.
lons trapped in a vacuum have quantum bits of information stored in their
electrical charge states. Since ions are charged particles that may be captured,
the trap can use the proper voltages on the entrance electrodes to provide the
necessary electric fields for capturing the ions. Harmonic confinement is
achieved by the (Upc) gate electrodes in the z-direction, while an effective
harmonic potential is generated by the Four electrodes in the x-y plane. There
Is a great deal of eigenstates for the potential of a harmonic oscillator. lons
are laser-cooled to their vibratory ground state to stop them from being
randomly excited to higher energy levels due to temperature effects and
fluctuating electromagnetic fields. The ions will be aligned in a chain along
the z-axis to counteract the force created by their Coulomb interaction with
the help of the external forces [16].

Since the micromotion disappears for all ions along the z-axis, this
strategy is very useful for a three-dimensional Paul trap. The direction of
oscillation is also determined arbitrarily and independently of the radial
secular frequency. In contrast, ions experience micromotion heating owing to
Coulomb repulsion when confined in three-dimensional Paul traps. It is said
that even for long chains of ions, linear Paul traps are able to deplete this
heating source. Therefore, a modified version of the three-dimensional Paul
trap has been used to create strings of two and three ions. However, it seems
preferable to use linear traps for larger amounts of ions [17].

3. The theoretical work

The main elements of the MATLAB simulation method are shown in (Fig.
4), which also demonstrates how calculations were performed and the results
were compared to experimental results.
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Figure 4 A diagram showing the simulation process performed in the
MATLAB program.

Our ion trap is made of four segmented copper rods with a diameter of
o mm. The closest distance from the center is 1.1 mm at r. The distance
between the end-cap electrodes and the trap center zg is 2.5 mm. A radio
frequency field with a frequency of Q/2m= 11.2MHz and variable
amplitude operates the trap. We select 900 V for Vac, and a voltage Upc in
range of 0 to 220 V is applied to the end caps about the center segments to
achieve axial confinement. The trap is housed in a vacuum tank with a
1071 mbar base pressure. In our study, ion 40Ca+ was used. lons are
created within the trapping chamber by electro-ionizing an atomic beam. The
trap electrodes have been carefully guarded against contamination with
neutral Ca since doing so would lead to faults in the trapping field via contact
potentials.

The 45, ,,- 4P, resonance transition of 40Ca+ at 397 nm is excited by
light from a frequency-doubled laser, which causes fluorescence to be
observed at the same wavelength. To avoid trapping ions in the long-lived
metastable 3D;,, state, into which the excited 4P, state may decay, we
used a diode laser at 866 nm that was resonance tuned to this transition for
repumping. Along the z-axis, the two lasers overlapped and pointed into the
trap. Both lasers are protected against frequency drift. To modify the
effective linewidth of the long-lived optical transition, the excited state
lifetime must be purposefully reduced during cooling. The population is
pumped from the 3D, state to the 4P, state via the 4P, level using

light at an 854 nm wavelength (Fig. 5) [18].
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Figure 5 The 40Ca+ leveling system. Conventional photonic qubits
(45,5 (m; = —1/2) = |1)) and (3D, (m; = —1/2) = |0)) which are displayed
as solid circles. The ground state qubits are shown as open circles.
(45,,,(m; = —1/2) = |1)z) and (45, ,(m; = 1/2) = |0)z), that are resistant to
spontaneous decay.

The simulation technique was used to compare the impacts of each axial
confinement for a separate band of ions. Select a group of ions between 2 and
10, to begin with inside the confinement space. That falls inside the permitted
range for the voltage Upc we selected for axial confinement. The Mathieu
equation can be solved to determine that each coefficient (a;, q;) will
significantly affect how these ions flow. Where (a,, q,) and (a,., q,) stood
for the axially and radially confinement coefficients, respectively. This
program allowed for the tracking of that motion. The right place for the
resonance frequency that matched the used frequency was selected for each
case collected. We obtain the coefficients a,. = 0.28 and q,-~ 0.72 for
Vac Voltage at 900 V, respectively. The radial confinement is stable as long
as (q,) is minor than approximately 0.9 [19]. Due to the set Vac Voltage
value, these coefficients remain constant. While the coefficients (a,, a,.) will
have different values, as given in the following table.
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Table 1 The resalt from our program.

Uﬂc {V} a, wz {MHZ} @, wr {MHZ}

0 0 1.9243 0 2.8625
20 0.0022 3.2356 0.0322 3.0333
40 0.0043 4.1516 0.0643 3.1949
60 0.0065 4.8992 0.0965 3.3487
80 0.0086 5.5470 0.1286 3.4958
100 0.0108 6.1266 0.1608 3.6369
120 0.0130 6.6559 0.1930 3.7728
140 0.0151 7.1462 0.2251 3.9039
160 0.0173 7.6049 0.2573 4.0307
180 0.0195 8.0375 0.2894 4.1537
200 0.0216 8.4479 0.3216 4.2732
220 0.0238 8.8393 0.3538 4.3894

Figure 6 depicts ion motion under various operational circumstances, and
this study exhibits both secular and minute movements for each situation of
(a,, a,) that we obtain. Figures 7 and 8 show ion motion along the Z-axis.
While Figures 9 and 10 illustrate the ion trend along the radial direction, that
also covers the axes (X and Y).
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Figure 6 lon motion under various operating circumstances [20].
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Figure 7 lonic motion along the axis of the Z-axis at
a, ¥ (0,1.25,2.49,3.74,4. 93523}x1u-2
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Figure 8 Ionlc motion along the axis of the Z-axis at
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Figure 10 The movement of ions in the radial direction at
a, ~(1.8,2.1,2.4,2.7,3,3.3)

15 Y ¥ T T T T T T3 s T T T T —
— _
'F'ull"'l TR OTP 1A TS L PUTTISI0 TP VY1 W 1 R PR I OO VR TV O
§olsi ‘ ‘I\m“f “‘l“'«‘l‘;\;'-“"l“"w"»‘i.‘:‘l"‘l;‘ :‘;“"““»gos-“?“‘l-“- "w';'\“3“""'\‘a1“""_~“;I-’M!‘;l“"wl“““il“i‘w |‘1' ‘"\‘|
E ] ;.u‘““__,“‘ "*"“”“;‘}”““i‘ ,“11.“ Y i“ﬂ"g 0.,“‘3‘1‘ “_‘u‘w,‘““‘m‘;‘ it 1‘:“;:“ w“‘i w“:“ {1} i:‘ .““‘.
<asPUHTHV LY (7Y “'.‘H“H‘,.m‘gJ‘H"“:,‘”‘lvi,|..ml‘ “‘"“l",”‘“<‘°-5‘“ AR " IR RIRIEE| Uiy .‘“‘ i"-“ll",“‘ ‘“
UL ' I W AULIUL A Db LA
4 || L] H2 1 [ l | 1] I Hooab ! | Lty |’ -
15 i i 1 L i L i i i A5¢ L L L i i i i i i
0 10 2 ) ) % [) ) 8 ) 0 10 2 E) s 50 ) ) 8 %0
Time s
15F } } 1 15 t : .
i ik e e ok ket e
Il ng ||‘ . l l ||| I “ I Tt ' | | ¥ ( | \ i ]
§o,s ‘ VAR L Y w“:“:';l L 1N §os~‘ i (Y l R aE
i oL.‘:.‘ M ;.‘\:‘1”“..;‘ UL f ‘;\w“‘ Ilf m,;i.. =C0H - \ V- | ‘ 1
5,05 .‘ l ‘ ,l‘i\\!.‘i.“l‘j\(‘,“’““"f"‘I‘ A\I".“IM.'f'L“"_g_os_‘ “.“ \ ‘ ".} 4
Vi [ (L 1 4 \( N L
b | |‘ ‘ " [ '| 1~ 1 ‘ ' || ‘ Il- I I R AR . ]
A5 ' i L i | i | L i REld | | i | i L P L L
0 10 P) % P 5 [ ) 8 ) 0 10 2 ) P 50 ) 70 ) %
Time Time
15F T T T3 qsF T T
_
v W l‘ 1 l‘ Fi— "‘ I — k1 || o ad T | || "I ” |‘ "I ]“ ||| || 't |
§°5““‘_‘ (LI N iy NI T8 250, |||,,”‘ "' il ' I "”vf‘ n‘u‘ ‘ " "
go- | ““‘ [ "\H { \‘,-igo“‘.““ MM\“" . ‘l ‘ .\‘|_
<asp .‘ ‘ I I RIERE | i | ‘ | “ ||' “l 1] l}l 'I‘ ‘ | h| i '4
A \ Py | [ | I ‘[ {1 —3- I_ .1’ | I' . | ' |_
st i y \ ; ; ; ; ; L4 ast ; ; I i ; i =
0 10 2 ) P 5 ) ) ) ) 0 0 2 E) s 50 ) ) 8 %0
ime Time
Figure 9 The movement of ions in the radial direction at
a, ¥ (0,0.3,0.6,0.9,1.2,1.5) -
g 05, | WA VA Ao A . M
g of [ ‘g | \ E o;‘ [
g | g \ \ f
<05+ i <95+ | Y . ;'f *
';' T - ‘| i i il ) j | | ‘l‘ ‘| i | ' v
A5F i i i i i i { i i A5 i I i | ' ' ‘ i i
0 10 20 30 40 50 &0 70 80 0 0 10 20 30 40 50 60 70 80 @€
Time Time
15+ Il ||| ¥ ‘. 0251' L T T = T T
1+ 1R\~ A 4
| | |“ l' " ALY AVYY T \
s"z “I | It (it :'{" Il "”h o|l“l |‘“ |;wl l“ §°: . N P A S 1
E “ u‘ ‘ I A r . 1
'gos-". | .,I' ||“’ illils '| R | " 'l-|'l i g - Mo " T
-1 ‘ | I 'y Il | ‘ | "“‘, w..{
0 10 2 ) P 50 ) o 10 2 % ) 50 ) 70 ) )
Time Time
15F T r —
q
g":lm '|. i ‘ll|| 'II' ™I H} \. g h »Il' I ' e |
g ! ‘ [l “ ||| || n, || g :. | | | ' | ! ' ‘ '
L8111t H ' Ll '| LR ' I' || '|' il ‘|l I "
a5k I ) ; ) ~15‘ : y : : i y :
0 10 20 30 w 50 &0 70 N 90 0 |0 20 30 40 50 60 70 80 0
Time Time

February (2024) bl
67

e e 70N e s



FOURI NS { Jp PR | % LR =V
ret i) o] — s a5 i

Journal of the College of Basic Education Vol.30 (NO. 123) 2024, pp. 57-72

The diagram in (Fig.11) depicts the Upc voltage with ion distance to
increase the number of ions trapped inside the confinement region.
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Figure 11 The relationship between the minimum distance between ions
and Upc voltage.
In Figure.12, it is demonstrated how axial oscillation frequencies relate to
ion distance.
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Figure 12 The relationship between the minimum distance between ions
and the axial frequency (W.).
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4. The discussion

The table shows that different values of (a, and a,) have a big influence
on the axial frequency (W,) and radial frequency (W,), respectively.
Knowing each of (W, and W,) is one of the most important effects for users
who want to build a quantum computer using ions that have been trapped.
The relationship Ny = 1.82(Wr/Wz)113 is used to calculate the most
ions that can fit inside the space of a linear design. [21]

The experiment only included five ions, for starters. Increasing the
confining zone's capacity to hold ions requires adjusting the axial frequency.
One method is to separate the center electrode from the end caps by 5 mm.
Our inquiry will get to that point now.

Second, the quantity of the Coulomb force between the ions and the
diameter of the laser pulse used for cooling and exciting the ions are both
dependent on the distance between the ions. According to Table (1), we
observed this for two different ions. As the secular frequency rises, the ions'
distance from one another decreases, which has a negative impact on the
confinement process. It will be more difficult to exert control over the ion by
means of the laser pulse for cooling or pumping if the Colome force between
the ions is stronger. Since a single ion is all that the diameter of the laser
pulse can reach, the largest possible gap is chosen.

Where (Fig.11) depicts how the ion separation distance will shrink as the
Upc voltage rises. Additionally, when the quantity of ions rises, the available
distance will similarly contract. This distance can be altered when a low DC
voltage is applied.

Figure 12 displays the connection between axial frequency and ion
separation. Because raising the Upc voltage also increases the axial
frequency, this confirms the previous relationship. Additionally, it provides a

connection AZ,,, = ./i/2NmW,) that shows how to calculate the center of
mass coordinate, which should be lesser than the separation among ions,
particularly when utilizing various laser beams. [14]

Finally, it influences how the Lamb-Dicke factor () is calculated. This
element controls the amount of momentum transferred from the ions to the
optical field. For a single ion and coupling to a single vibrational mode, this
is determined by the ratio of the wavelength of the driving radiation to the
position-space ground-state wave function of the ion.[10]
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5. Conclusion

Controlling inside the confinement region requires the ions to function
appropriately through quantum manipulation techniques. Control of these
ions is affected by factors such as the ions' mass, the trap's geometrical
characteristics, and the electrodes' operating mode. The assessment procedure
is directly affected by each of these factors. In this analysis, we looked at
how the total amount of Upc voltage affects the limiting factor. We stated
that there must be some slight influence on the ions' motion to increase
confidence in their ability to be contained within a constrained and stable
region.

In addition, the Upc voltage guarantees that the ions are carried in a
straight path and handled as a series. Accelerating the ion-to-ion vibration
process and, by extension, the heat created by this vibration, the quadrupole's
Ac voltage induces the movement of the ions in the confined zone. As a
result, the continuous effort dampens these vibrations and severely limits
their freedom of movement. The solution to Matthew's equation and the
depiction of the amplitude and velocity of the vibrating ions makes this
abundantly clear. Raising the ion density inside the confinement zone is
discussed, along with the results. As the quantity of ions rises, so does the
difficulty of the control mechanism. Consequently, while using a fixed
number of ions to fabricate quantum qubits, it is important to choose a
voltage that is suitable for the task. All of this was handled by MATLAB's
simulation programme.
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