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Based upon the new designed helical resonator, the resonant radio frequency (RF) for trapping ions can be consec-
utively adjusted in a large range (about 12 MHz to 29 MHz) with high Q-factors (above 300). We analyze the helical
resonator with a lumped element circuit model and find that the theoretical results fit well with the experimental data. With
our resonator system, the resonant frequency near magic RF frequency (where the scalar Stark shift and the second-order
Doppler shift due to excess micromotion cancel each other) can be continuously changed at kHz level. For 885t jon,
compared to earlier results, the measurement accuracy of magic RF frequency can be improved by an order of magnitude
upon rough calculation, and therefore the net micromotion frequency shifts can be further reduced. Also, the differential
static scalar polarizability Ay of clock transition can be experimentally measured more accurately.

Keywords: trapped ions, helical resonator, magic radio frequency, precision measurements

PACS: 32.30.Bv, 32.10.Dk, 37.10.Ty, 37.90.4j

1. Introduction

Trapped ions have been verified to be an essential tool
in several fields, such as mass spectroscopy,!!=3! atomic fre-

(6-8] quantum

quency standards,*! precision measurements,
dynamics,”~'!l quantum information processing,!'?>~1¢! and
quantum simulations.!!7-2") The two most major advantages
of trapped ions are long coherence time and high control-

lability of quantum states. Great improvements have been

made with trapped ions in recent years in optical clocks,?1-??]

(23241 and gyroscopes. >

magnetometers,

To trap ions within a radio-frequency (RF) trap, a high
RF voltage is delivered to the trap electrodes to yield a deep
pseudo potential well. Generally, the RF voltage is coupled
to the trap with a helical resonator!>-28! which has a high
Q-factor. The helical resonator is the key factor to get per-
fect impedance matching between the RF generator and the
trap, then provides higher voltages per input power for the
ion trap. On the other hand, the helical resonator has a nar-
row bandwidth so as to filter out the power in unwanted ap-
plied frequencies, thereby reducing their contribution to mo-
tional heating of ions.?! Apart from the application in the
RF trap, the helical resonator is also widely used in different
kinds of experiments, such as for the non-destructive resonant
detection of eigen-frequencies of charged particles confined

in a Penning trap, 3031

132

measuring the dielectric property of
materials, > designing high frequency filter in the communi-
cation systems,**! and applying an intense electric field for
ultrasound generation. 34!

Up to now, there is still no experiment achieved a contin-
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uous change of the resonant frequency of the helical resonator
in a large range and high adjusting accuracy. The main chal-
lenge is that the resonant frequency can only be changed in a
very small range or discretely by altering the physical proper-
ties of the small coil of the helical resonator. However, there
are many applications if the resonant frequency of the helical
resonator can be adjusted in a large range with high Q-factors.
For instance, we can choose an optimal trap drive frequency
for longer ion confinement time. Furthermore, an accurate res-
onant frequency can experimentally be found to eliminate the
systematic shifts caused by the micromotion-induced scalar
Stark and second-order Doppler effects,!*>=37] which will re-
duce the systematic uncertainty of optical clock.

In this paper, we present an alternative approach to con-
tinuously adjust the resonant frequency of the helical resonator
in a large range. Correspondingly, the structure of the heli-
cal resonator is ingeniously designed to quickly achieve the
impedance matching between the signal source and the ion
trap whenever the resonant frequency is changed. In the ex-
periment, a lumped element circuit model was developed to
depict the properties of the constructed helical resonator. The
resonant frequencies and Q-factors under different load condi-
tions were measured to verify our theoretical model. Finally,
we evaluate the improvement to the measurement accuracy of
magic RF frequency with the experimental data.

2. Theoretical analysis

The Stark and second-order Doppler shifts induced by ex-
cess micromotion are the most important parts in the uncer-
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tainty analysis of optical clocks. They are interrelated through
the driven RF electric field. The total shift of the transition
frequency due to micromotion effects can be expressed as the
sum of the scalar Stark shift and the second-order Doppler
shift, 133!

s () (3]

where J; is the Stark shift rate, Q is the angular frequency of

Q%0(1)

(keos9)26(0)" V)

the trap field, M and ¢ are the mass and charge of the ion,
Vp is the transition center frequency, k is the amplitude of the
wave vector of the probe light, ¢ is the angle between the
observation direction and the direction of micromotion, and
o(1)/0(0) is the ratio of the first observed sideband inten-
sity to the carrier line. According to Eq. (1), the scalar Stark
and second-order Doppler shifts due to excess micromotion
have the comparable magnitude but opposite signs. As a con-
sequence, an appropriate resonant frequency can be fixed to
make these two effects cancel each other, but it requires that
the resonant frequency of our helical resonator can be contin-
uously adjusted to cover the zero-crossing frequency, which is
the so-called magic RF frequency.

The resonant frequency is given as fy = ﬁ It is only
related to the inductance and capacitance of the resonator sys-
tem. As a result, the resonant frequency can be altered by
changing the inductance or capacitance. In this work, we
adopt a simple scheme for changing the resonant frequency
by adjusting the variable capacitor connected in parallel with
the ion trap. However, whenever the capacitance changes, the
RF amplifier and its loads should be impedance matched, oth-
erwise most of the power will be reflected back. Thus, we
consider using a precision potentiometer for the first time and
realize the impedance matching by adjusting it. Compared
with altering the physical properties of the antenna coil 227!

[28] our method

or optimizing mutual separation of two coils,
of impedance matching is simpler.

In order to evaluate the properties of the constructed heli-
cal resonator with capacitive loads, we develop a lumped ele-
ment circuit model, as shown in Fig. 1. Here, Z; is the output
impedance of the RF amplifier, R, is the precision potentiome-
ter, L, is the antenna coil self inductance, L, is the helical coil
self inductance, Ry, is the helical coil resistance, Ry is the shield
resistance, R; is the helical coil to shield junction resistance,
C. is the total equivalent capacitance of the resonator without
load, C is the ion trap capacitance, R; is the contact resistance
from the connection between the resonator and the ion trap,
C, is the variable capacitor capacitance, and R, is the contact
resistance from the connection between the resonator and the
variable capacitor. It should be noted that the capacitance of
the connecting wires is not included in our model, which is
negligible compared to the capacitance of the ion trap.

2
7 J
RF La% Ly . ,

Ry Ry

Fig. 1. Lumped element circuit model of a helical resonator with capac-
itive loads.

For our helical resonator system, the unloaded resonant
frequency can be written as

1
=——. 2
Ju N @
After connecting the variable capacitor with the ion trap, the
resonant frequency becomes

1
= . 3
A Zﬂ\/(ce+C;+CV)Lh ©)

Using Eqgs. (2) and (3), we have

CG+Cy
Ce = T, 4
o/ i1 «@

1
%:4ﬂﬁ@&Q+GY )

where C; is a known constant. As a result, we can measure res-
onant frequencies for different external capacitances and then
fit these data linearly to obtain the values of C, and Ly,. Then
the resonant frequency of the loaded resonator system can be
calculated with them.

Another key parameter of helical resonator is the Q-
factor. In our lumped element circuit model, the Q-factor can

| Ly
= — — . 6
Q RV C+C+Cy ©)

Due to helical coils with low self capacitances and low

be expressed as

resistances, and for the loads with low resistances, R can be
approximated as?”]

R ~ Rh+Rj+Rs
-1
1 1 1
+Re || —+— +—
wCe E+Rl w7CV+R2

R|C? + Ry C?
(Ce+C+Cy)?

~ Ro+Rj+Ro+ ™)
According to the above equations, we can estimate the corre-
sponding resonant frequency and the Q-factor as the variable
capacitor is consecutively adjusted to change the capacitance.
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3. Experimental setup

Figure 2(a) shows the experimental setup to verify our
theoretical analysis. The helical resonator connects to an ion
trap and a variable capacitor. The variable capacitor connects
in parallel with the ion trap. The internal configuration of the
constructed helical resonator is shown in Fig. 2(b). The res-
onator system mainly consists of a copper shield, two copper
coils and a precision adjustable potentiometer. The shield is a
cylindrical copper tube and has two end caps of matching size.
One smaller coil is called antenna coil, with which the RF am-
plifier connects to the helical resonator through an inductive
coupling. Hence the resonator is decoupled from the resistive
output impedance of the RF amplifier. The other larger coil is
the helical coil, which provides a high RF voltage output for
the ion trap. The precision potentiometer mounted to the top
end cap is a critical component in the system. It connects in
parallel with the antenna coil as shown in Fig. 2(c), and its re-
sistance can be continuously changed from the outside of the
shield.

(a)  Helical resonator (b) i

Ton trap

Variable capacitor

Fig. 2. (a) Experimental setup required to change the resonant fre-
quency of the helical resonator. The helical resonator is connected to
an ion trap and a variable capacitor, and the variable capacitor is con-
nected in parallel with the ion trap. (b) Internal configuration of the
helical resonator. (c) A resonator end cap showing the connection be-
tween the antenna coil and the precision potentiometer.

According to the empirical study of Macalpine and
Schildknecht,®8! the helical resonator is constructed with
shield diameter 114 mm, shield height 151 mm, helical coil
diameter 63 mm, helical coil height 94 mm, and helical coil
wire diameter 6 mm with 9 helical turns. The antenna coil
is wound with 2 mm diameter copper wire. It has 3 turns of
diameter 30 mm and the winding pitch is 6 mm.

4. Test results

In order to test our experimental scheme, we measure the
resonant frequencies as well as the Q factors under different
load conditions. The variable capacitor (Knowles Voltronics
NMNT100-4) has a large adjustment range of 2-95 pF, and its
capacitance can be finely changed with a slotted screwdriver.

The capacitance of the ion trap is 10.5 pF measured by an LCR
meter (East Tester 4510).

In the experiment, the RF signal is provided by a signal
generator (Rigol DSG815). Then the signal is further ampli-
fied by an RF amplifier (Mini-Circuits ZHL-1-2W-S+). To
measure the resonant frequency and Q-factor of the helical res-
onator, a directional coupler (Mini-Circuits ZX30-20-4-S+) is
placed between the output port of the amplifier and the input
port of the resonator. The reflection signal is monitored by a
spectrum analyzer (Keysight N9342C) which connects to the
CPL port of the directional coupler. The resonant frequency
results in the minimum reflection signal detected by the spec-
trum analyzer. Then the reflection signal spectrum is measured
by sweeping the input frequency. The resonant frequency is
exactly the central frequency of the spectrum and the Q-factor
is equal to the ratio of the resonant frequency to FWHM of the
spectrum.

The variation of resonant frequency along with different
capacitances is shown in Fig. 3. Figure 4(a) shows the linear
dependence of (C,+C,) with (f,/f)> — 1. From Eq. (4), the
slope of the fitting line represents the total equivalent capac-
itance C, of the resonator without load, which is 6.48(2) pF.
Figure 4(b) shows the linear variation of (47> flz)’l with
(Ce + Ci+ Cy) and the calculated inductance Ly, of the heli-
cal coil to be 1.59(1) pH. Utilizing these two values, we have
calculated the resonant frequencies for different external load
capacitances, as shown in the red curve in Fig. 3. It can be
seen that the calculated curve is in good agreement with the
experimental result and the resonant frequency is changed by
about 17 MHz.

~ 30 « Experimental data A
é —— Calculated
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e 10t 1

0 10 20 30 40 50 60 T
Cy (pF)

80 9

Fig. 3. Variation of resonant frequency with capacitance Cy of the vari-
able capacitor. Each data point represents an average of four measure-
ments, and the error bars represent one standard deviation. The red
curve is the calculated result.

It should be pointed out that in other groups,?>3! they
also use variable capacitors to change the resonant frequency,
but they realize the impedance matching by altering the phys-
ical properties of the antenna coil. Due to the limited ability
of this method, the impedance matching cannot be well re-
alized when the capacitance changes greatly. Therefore, the

093201-3
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resonant frequency can only be changed in a small range. In
addition, altering the physical properties of the antenna coil
will also slightly change the resonant frequency. Hence, when
adjusting the variable capacitor, the resonant frequency will
not change consecutively with its capacitance. However, this
paper achieves the impedance matching by adjusting the pre-
cision potentiometer (BOURNS 3590S), rather than changing
the internal structure of the system. As a consequence, the
resonant frequency can be continuously adjustable in a large
range with the resonator system in Fig. 2(a).

100} (a) <16l O®
80 E
3 L2
£ 60 S
S — 0.8
U 99 % 04
&
0 T o
0 4 8 12 16 0 40 80 120

(fu/ fi)2=1 Ce+Ci+Cy (pF)

Fig. 4. (a) Linear dependence of (C;+Cy) with (f,/f)? — 1. (b) Linear
variation of (472 £2)~! with (Ce +C +Cy).

600 ————T————T—T ——T—T
e Experimental data
Calculated
500
S
400
300

0 10 20 30 40 50 60 70 80 90

Cy (pF)
Fig. 5. Variation of Q-factor with capacitance C, of the variable capac-
itor. Each data point represents an average of four measurements, and
the error bars represent one standard deviation. The black curve is the
calculated result.

Figure 5 shows the measurement result of Q-factor for
the helical resonator. In Ref. [27], researchers showed that
the resistance terms including Ry, R;j and R are proportional
to the square root of the frequency owing to the influence of
conductor skin effect. To fit the experimental result with the
theoretical model, the value of (Ry + R;j + Ry) is derived to be
0.600(5) Q from Egs. (6) and (7) by the unloaded Q-factor
of 826(7) at the unloaded resonant frequency of 49.548 MHz.
Thus, (Rn+ Rj+ R;) is 0.085(1)+/f at frequency f. Since
R and R, cannot be calculated directly, we assume that they
are also proportional to the square root of the frequency. 6]
By applying the measured Q-factors and nonlinear least-
squares-fitting of Eqgs. (6) and (7), the proportional constants
of Ry and R, are obtained to be 0.025(6) ©/(MHz)%> and
0.038(3) Q/(MHz)", respectively. With these values, the Q-

factor is calculated as a function of load capacitances, shown

in the black curve in Fig. 5. It is obvious that the experimental
result agrees with the calculated curve well.

The long-term stability of the resonator system was also
monitored, as shown in Fig. 6. Here, the resonant frequency
first fixed to a certain value for some time and then was mea-
sured every half an hour within 6 h. The statistical value of
the resonant frequency during the period is 14.398(2) MHz.
We also changed the resonant frequency and input RF power
to different values and made the same measurement. Based
on the experimental data, measurement accuracy of each res-
onant frequency can reach kHz level and fluctuations of RF
amplitude have a negligible effect on the measurement of res-
onant frequency. In the experiment, it can be found that the
accuracy of the thousandth pF of the variable capacitor cor-
responds to the kHz resolution of the resonant frequency. In
addition, the adjusting accuracy and stability of the variable
capacitor will directly affect the resolution and stability of
the resonant frequency. In Ref. [39], Dubé et al. proposed
a method for high-accuracy measurement of the differential
static scalar polarizability Aoy by measuring the magic RF fre-
quency €2y. There, they operated the test trap with frequencies
between 13.5 MHz and 15.0 MHz to cover the zero-crossing
frequency of 14.39(25) MHz predicted by Ref. [36], and €29
was measured by comparing two ¥8Srt ion trap systems to
study the change in micromotion shifts with trap frequency.
Now it is assumed that the statistical uncertainty of the trap
comparison measurements is small or even ignored. With the
resonator system in this paper, the resonant frequency near the
zero-crossing frequency can be continuously changed at kHz
level. Compared with Ref. [39], the accuracy of the fitting
value of fy = Qy/27 can be improved by at least one deci-
mal place, so that the cancellation level of the micromotion
frequency shifts can be further improved. Also, the measure-
ment accuracy of Agg can be further improved. Therefore, the
contribution of the blackbody radiation (BBR) frequency shift
coefficient to the uncertainty of ion frequency standard can be
further reduced.

14.401

T
>
>
>
>
L

14.400

T
>
>
>
L

14.399

T

>

>
L

14.398
14.397F a a J

14.396

Resonant frequency (MHz)
>
>

14.395

Time (h)

Fig. 6. Variation of resonant frequency with time. The black triangles
represent the measured resonant frequencies at different times, and the
red line is the average value.
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5. Conclusions

In summary, we have demonstrated a helical resonator
whose resonant frequency can be changed in a large range
(about 12 MHz to 29 MHz) by adjusting the variable capac-
itor connected in parallel with the ion trap. This can be veri-
fied by treating the helical resonator with its connected loads
as a lumped element circuit. Through the distinctive design,
optimum impedance matching between the signal source and
the ion trap can be quickly achieved by adjusting the preci-
sion potentiometer. With the resonator system presented in
this paper, the resonant frequency near magic RF frequency
can be continuously changed at kHz level. Compared to the
results reported by Dubé et al.,’°! the measurement accuracy
of magic RF frequency for 88Sr* ion can be improved by at
least one order of magnitude, and hence the net micromotion
frequency shifts can be further reduced. Promisingly, the dif-
ferential static scalar polarizability Aoy of clock transition can
be experimentally measured more accurately.
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