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Abstract: In this paper, we demonstrate the interaction of 674 nm laser radiation with a clock
quadrupole transition in high-energy 88Sr* ions obtained by laser ablation. The results of the
spectrometry of the clock and the pump transitions are presented. We describe the parameters of the
experimental setup and the protocol of the clock transition spectroscopy and analyze various line
broadening mechanisms.
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1. Introduction

In modern metrology, measured physical quantities are often related to the measure-
ments of time and frequency. The high accuracy of such measurements has contributed to
the recent redefinition of the key SI units over time [1]. At the same time, the international
time standard is the cesium atomic clock, so that the currently accepted definition of a
second is related to the period of radiation, which corresponds to the electronic transition
between two sublevels of the hyperfine structure of the ground state of an unperturbed
133Cs atom. The best relative inaccuracy of such clocks, achieved on the “cesium fountain”
installation, is 2 x 10710 [2]. In recent years, achievements in the field of ultrahigh-resolution
laser spectroscopy of atomic transitions have opened up real possibilities for significantly
increasing the accuracy by several orders of magnitude, as well as improving the stabil-
ity and reproducibility of time and frequency units [3—-6]. The motivation for creating
high-precision frequency standards of a new generation is that such clocks are needed not
only for applied tasks, but also for basic research. One example of their use is problems
in the field of general relativity that were updated after the registration of gravitational
waves [7,8], or for the precision determination of fundamental physical constants [9]. Im-
proved clock accuracy can be achieved by increasing the frequency of the atomic oscillators
used; i.e., by replacing the microwave operating transition with an optical one, the fre-
quency of which is five orders of magnitude higher. Currently, optical clocks are usually
based on forbidden optical transitions in neutral atoms that are localized in an optical
lattice with a magic wavelength [10-17] and in ions [18-21], which are trapped and form
an ion crystal cooled to a temperature < 10~ K. One of the directions in the field of optical
frequency standards is the quadrupole transition 55/, — 4Ds/, in a singly charged 8Sr ion.
The relative inaccuracy in such clocks is about 10~1” [22]. The implementation of an optical
time and frequency standard based on the 88Sr* ion requires solving a number of problems,
which include the development of a vacuum system with the ability to obtain a vacuum
of up to 10~ Torr, development of an ion generation system, development of a mass
spectrometry system and ion retention in a geometrically limited region for a long time,
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development of a laser cooling system based on Lambda schemes 55./, - 5P, /, — 4D, and
clock transition spectroscopy 55 1/, —4Ds, [23].

The traditional approach for spectroscopy of narrow transitions is deep laser cooling.
After obtaining the Wigner crystal, it is still necessary to take into account the Zeeman and
Stark splitting, the minimization of secular motion, and the reduction in line broadening by
various mechanisms.

This paper presents the results of studying the interaction of 674 nm laser radiation
with the forbidden quadrupole transition 55/, — 4Ds, in hot #Sr* ions, as well as the
technique and results of the performed spectroscopy.

2. Materials and Methods

Ion production is performed by laser ablation. This approach allows one to work in
the same way with different elements, while at the same time with a relatively low material
consumption compared to using an atomic oven. The sample is positioned in front of an
input aperture of the linear quadrupole Paul trap. During ablation, the plasma scatters
directionally, mainly along the normal to the surface of the material. The unevenness of the
surface leads to a spread in the directions of flight, which increases as the sample is being
used. The geometric spread is compensated by collimation of the scattering plasma into the
trap entrance aperture by a pulsed magnetic field of the order of 1 T [24]. Laser ablation of
the target generates a plasma torch containing about ~ 10 particles [25]. For the laser
ablation, we used a lamp-pumped Nd:YAG laser operating in the Q-factor modulation
mode with the following parameters: the laser pulse duration is ~ 10 ns; the pulse energy
is ~ 50 mJ, and the radius of the focused laser spot on the sample is ~ 100 pm. Thus, the
power density on the samples is ~ 10 %‘2} Subsequent steps such as mass spectrometry
and ion capture and retention are implemented in a five-section quadrupolee ion trap with
a linear configuration [26-28]. All sections in the trap are separated by a silicon insulator,
so that a potential can be formed along the ion span, which will maximize the number of
trapped ions. Ion retention along the trap axis is carried out by applying a potential to
two pins, installed between the quadrupole electrodes. The distance between the rings
is 28 mm. Changing the delay time between the laser ablation pulse and the potential
transfer to the rings makes it possible to measure the time-of-flight characteristics of the
required ions in the plasmas. The expansion energy characteristics of 88 Sr* ions obtained
by this method are in the order of ~ 10 eV. The state of the system and its parameters are
described in more detail in one of our previous works [29].

The part of the vacuum chamber in which the ion quadrupole trap is located has
6 CF40 windows in the horizontal plane, which provide optical access to the trap, and
there is also a CF100 window that allows laser radiation to be introduced through ring
electrodes along the quadrupole axis (Figure 1a, not to scale, and the size of the trap is
enlarged for clarity). The optical path of 422, 1092, and 674 nm laser radiation inside the
trap is shown in Figure 1b. The choice of such configuration was based on the assumption
that the introduction of 422 nm cooling laser radiation along the trap axis would lead to
the beginning of ion cooling at the ion reversal points near the ring electrodes and to a
larger volume of the part of the cloud that interacts with the radiation. This is clearly
demonstrated in Figure 1c. From left to right, it shows the images of the ion cloud with
an increase in the retention time and, accordingly, cooling; the camera exposure is of the
order of 100 ms. The optical path and the choice of the polarization plane of the 1092 nm
laser radiation are caused by the destabilization of the “dark states” corresponding to the
sublevels m = &3 for 4Ds/, in the external laboratory magnetic field. The optical output of
674 nm radiation is due to the convenience of detecting traces of the experimental protocol
(which will be discussed in more detail later), as well as the availability of optical access to
the ion retention zone.
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422 nm

(a) (b) (c)

Figure 1. (a) Part of the vacuum chamber containing the quadrupole Paul trap and optical laser
inputs, not to scale, and the trap size is enlarged for clarity (b) Optical path of laser radiation 422,
1092, and 674 nm inside the trap (c) The images of the ion cloud at different cooling times; exposure
cameras take 100 ms.

We used lasers at wavelengths of 422 nm and 694 nm with a linewidth of ~ 1 MHz
(made by VitaWave, Moscow, Russia) and at a wavelength of 1092 nm with a linewidth
of ~ 0.1 MHz (made by TimeBase, Diisseldorf, Germany). Long-term (time constant of
the order of 1 s) frequency stabilization of each laser was performed using a Bristol 871A
wavemeter (made by Bristol Instruments, Victor, NY, USA) (relative measurement error is
0.2 x 10~°). In the implemented system, laser radiation has the following parameters:

3. Energy Structure of the #Sr* Ion

Figure 2 shows a diagram of the energy levels of the 88Sr* ion with electronic transi-
tions used for laser cooling, as well as a clock quadrupole transition. For the laser cooling
of the 8Sr* ions, we used 5S,/, — 5P,/, transition at a wavelength of A = 422 nm with a
natural linewidth ysg, ,-5p, =204 MHz (further y45,) [23]. This transition is not cyclic:
spontaneous decay is possible from the upper level to the 4D/, level (the ratio of the decay
probabilities to the 55/, and 4Ds, levels is 13:1), which leads to ions leaving the cooling
cycle. The repumping 4D;,, — 5P, transition at a wavelength of A = 1092 nm with a natural
linewidth of v4p,,,sp,, = 1.2 MHz (further y1q9,) is used to return ions in the cooling cycle.
The suppressed quadrupole transition 55, —4Ds/, is proposed as a clock transition due to
its small natural linewidth of ysp, _4p,, = 0.4 Hz (further v474).
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Figure 2. Energy levels of the 88Sr* ion. Doppler cooling is performing at the 422 nm transition, and
the 1092 nm transition is used as a repumping. The spectrally narrow 674 nm transition is used as a
clock transition.

In order to perform the spectroscopy of the clock transition 55/, —4Ds/,, we used the
luminescence of an ion cloud at a wavelength of 422 nm as the signal. In the presence of
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laser radiation at 674 nm, some ions were lost from cooling cycle. This process leads to a
decrease in luminescence at a wavelength of 422 nm. This effect can be demonstrated by
the example of the two energy structures in Figure 3.

1092 aMm 1092 um

422 uM

674 uMm

N1 NI

(@) (b)
Figure 3. (a) Three-level energy structure and (b) four-level energy structure.

The impact of resonant laser radiation on the system will lead to a change in the
population of the levels. Consider the three-level system shown in Figure 3a, where the
populations of the levels are denoted Nj, N, and N3. A qualitative description of this
process can be implemented in the form of kinetic equations.

ANy 1422/\222

T W(Nz — Np) + 2774220 N> (1)
ANy I3 Lig92A3
dit2 = Thizz(Nl —No) + chogz(Ns — No) — 27 (va22 + v1092) N2 (2)
dN. LigoAS
7: = W?%(Nz — N3) + 2771092 N2 3)

where Iy, and Ijggp are the radiation intensities for the wavelengths 422 nm and 1092 nm
(%) (Table 1), respectively; A4y and Aqggp are the wavelengths 422 nm and 1092 nm,

respectively; and 74y, and 71092 are the spectral widths of transitions 55/, — 5P/, and
5Py, —4D;,,(Hz), respectively. In our experiment, we detected only stationary distribution,

N — 0: Ny & 0.362082, N, ~ 0.318957,

which can be estimated from Equations (1)-(3) with
and N3 ~ 0.318960.

Table 1. Parameters of laser radiation at 422, 1092, and 674 nm wavelengths.

Laser Line Width, = Vacuum Chamber . . 2
Wavelength, nm MHz Input Power, mW Lens Focus, m Divergence, mm/m Intensity, W/cm
422 ~1 3 0.5 1.4 1.56
1092 ~0.1 20 0.25 1 81.5
674 ~1 6 04 1 9.55

Next, we analyzed the four-level system shown in Figure 3b, where the populations of
the levels are designated as N, Np, N3, and Ny. The qualitative description of this system is
implemented similarly to the previous case and formalized using a system of kinetic equations.

ANy IpoAd Ig7aA3

¢:Tfl = 422;}1422 (N2 —Nyp) + Thim(N‘* — Nyp) + 2717425 N; + 27177674 Ny 4)
AN, IippA3 Lg92A3

th = 422;;14;2 (N1 —Np) + chwz(% — No) — 27 (va22 + v1092) N2 (5)
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T = oghe (N2 N3) + 2771002 N2 (6)
ANy IgaAd,

alNe _ 1674674 (. N,) — 2 7

pn e (N1 — Ny) — 2717674 Ny 7)

where 155, Ig74, and I1pgy are the radiation intensities for the wavelengths 422 nm, 674 nm,
and 1092 nm (Table 1), respectively; A4, Agza, and Aqggp are the wavelengths 422 nm,
674 nm, and 1092 nm, respectively; Y422, Y674, and 7y1992 are the transition widths 55/, =5P ,,
551/, —4Ds,, and 5P, /, — 4D;/,, respectively. Similarly, we obtained the following population
distribution: N; ~ 0.2658253, N» =~ 0.234173, N3 ~ 0.234175, and N4 ~ 0.2658251. From
this it is clearly seen that at experimental radiation intensities, the population of the excited
state N, decreases in the presence of radiation of 674 nm. This means that by observing the
luminescence of the ion cloud at a wavelength of 422 nm, a decrease in the useful signal
would be obtained. In the presence of 674 nm radiation, the population of the excited
state is Np ~ 0.234173, and without it, it is Np ~ 0.318957, which corresponds to the
luminescence drawdown of the ion cloud of ~ 26.5%.

The unquestionably applied kinetic equations represent an idealized model that as-
sumes the presence of laser radiation sources with infinitely narrow widths strictly located
in resonances, which, in turn, is an unattainable condition under real experimental condi-
tions. Also, this model does not take into account various mechanisms of line broadening,
which significantly reduce the efficiency of the interaction of ions with laser radiation, and,
accordingly, reduce the rate of output to stationary values. In addition, this model does not
take into account quantum effects. Nevertheless, despite the above limitations, it provides a
qualitative picture of what should be expected from the experiment of observing a decrease
in the luminescence of an ion cloud at a wavelength of 422 nm.

4. Results and Widenings of 1092 nm Spectroscopy

With the laser radiation parameters described in the previous sections, it was planned
to perform spectroscopy of the 55/, —4Ds, clock transition. As a test of the trap operation
and the compliance of the spectroscopy results with expectations, the theoretical estimates
of the broadening of the repumping transition 4D;/,— 5P, , were previously compared with
the experimental results. Following the results of [30], in the cases of low and high laser
radiation power (() < 6 or Q) >> §, where () is the Rabi frequency and $ is the frequency
detuning), the pumping transition spectrum in the Lambda scheme [31] has a Lorentzein
contour determined by the power broadening.

For stable operation of the Lambda laser-cooling scheme, a high-intensity repumping
radiation is introduced into the capturing area, so that fluctuations of the laser frequency at
a wavelength of 1092 nm do not affect the process. The corresponding width of the Lorentz
contour can be estimated as

Afpwam, =Y IL (8)
sat
where 7 is the natural linewidth, I is the laser radiation intensity (calculated in Table 1 for
all three transitions), and Iy, is the saturation intensity, which is given by the expression:

272hey

JE ©)

Isat -

Substituting all the necessary known values in Formula (9), we obtained the following
results in Table 2.
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Table 2. Saturation intensities of the transitions used in this work.

Wavelength, nm Saturation Intensity, %
422 ~ 35
1092 ~0.12
674 ~1.7 %1077

In the case of the repumping transition spectroscopy, the full width at half-height
should be about 700 MHz.

The 1092 nm transition spectroscopy was performed at a constant cooling laser radi-
ation frequency of 422 nm, equal to 710, 962.7 GHz. This corresponds to red detuning of
the radiation frequency by ~ 170 MHz from the resonance. The choice of the detuning
was made because of the following reasons: On the one hand, it allowed us to keep the
cooling radiation red-detuned from the resonance despite the inaccuracy of the wavelength
meter. On the other hand, it corresponds to a detuning of ~ 8+, which still leads to effective
Doppler cooling.

To investigate the repumping transition, we measured the dependence of the re-
pumping efficiency on the repumping radiation frequency. For this, we scanned the laser
radiation frequency over the resonance and measured the signal of the ion luminescence at
the wavelength of 422 nm.

The resulting dependence of the luminescence signal was approximated by the Voigt
profile (Table 3) and is shown in Figure 4. The full spectrum width at half-maximum was
710 MHz, which is in good agreement with the above estimate. The line center corresponds
to the frequency of 274, 589.23 GHz and may be shifted due to coherent population trapping.

Table 3. Parameters of fitting by the Voigt profile of the repumping transition spectrum obtained

from the luminescence signal.

Displacement of = Homogeneous Inhomogeneous

Wavelength, nm  the Peak Center, Broadening, Broadening, FWHM, MHz
MHz MHz MHz
1092 230 673.7 226.9 709.9
1.0 ° ¢ —— Approximation

e Experiment

o o o
» ) ©
.

Normalized luminescence of cold ions
o
N

-500  -250 0 250 500 750 1000
Detuning of 1092 nm from resonance, MHz
Figure 4. Spectroscopy of 1092 nm transition. The detuning was measured from the known literature
resonance frequency of vy = 274,588.96 GHz. The center of the peak corresponds to the frequency
v = 274,589.19 GHz, and the width at half-maximum is 710 MHz.

The problem of laser cooling in the A-scheme (Figure 5) is coherent population trapping.
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Excited state

Metastable state

Ground state

Figure 5. Three-level Lambda scheme. A characteristic feature of it is the presence of a long-lived
metastable intermediate level.

The population of the excited state 0y, as a function of the laser detuning from the
resonances ¢y and Jyj, the Rabi frequencies (); and )y, and the transition widths ; and
11 are succinctly described in [32] and presented as:

0 = Ny /D (10)

Nao = 40202 (y1 + v11) (61 — 611)° (11)

D = (61 — 511)2{80%0%1(71 + 1) + 160391 ((’YI +m)* + 5%1)

+1603,71 ((’YI + 1)+ 5%) } +8(61 = 611) (v — Q0171) (12)
+(Q3 1+ Q) (OF + OF)

Q = 7/Sy/2 (13)

Rabi frequencies were calculated from the saturation parameter by Formula (13). The
population of the excited state in the 88Sr* ions were calculated by Formula (10) for various
laser detuning from the resonance, with the parameters of the experimental setup, which is
shown in Figure 6.

1000 -
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600 - 030
400 - -0.25

200 - ’

020

De
-200 - ’ -0.15

-400 -

-600 -

-800 - -0.05
-1000 -

Detuning of 422 nm, MHz
Color bar

|
o

-4000 -
-3200 -
2400 -
1600 -
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2400 -
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4000 -

Detuning of 1092 nm, MHz

Figure 6. Population of the excited state for the A—system of 38Sr* ions, with saturation parameters

corresponding to the experimental ones. Coherent population capture is observed at equal detuning
of both lasers.

Having constructed the dependence of the excited state by Formula (10) on the detun-
ing of 1092 nm, when the radiation frequency of 422 nm is red-detuned by 170 MHz from
the resonance, a shift of 230 MHz to the right side of the resonance is clearly seen (Figure 7).
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Figure 7. Population of the excited state for the A-system of 88Sr+ jons, with saturation parameters
corresponding to experimental data. The line shows the dependence of the 1092 nm detuning on the
resonance with a fixed detuning of 422 nm at 170 MHz in the red side from the resonance.

5. Spectroscopy of the 674 nm Clock Transition

The experiment on spectroscopy of the 5S,/, — 4Ds,, clock transition based on the
setup configuration described earlier was carried out according to two protocols. The main
difference between them was as follows: the first protocol was implemented on a single-ion
load, while the second protocol was re-loaded into the trap for each measurement. But
in both cases, the useful signal was the luminescence of the ion cloud at a wavelength of
422 nm. Spectroscopy was based on the assumption that interaction with additional laser
radiation, in this case 674 nm, leads to a mechanism for extracting ions from the cooling
cycle, which results in a decrease in luminescence at a wavelength of 422 nm.

The first part of the experiment can be divided into two stages: preparation of the
ion cloud for spectroscopy and spectroscopy itself. Ions were prepared for spectroscopy
according to the following algorithm: (1) loading of ions with an energy of ~ 10eV at
a range of the variable component of the potential on the quadrupole of V, = 500 V, and
the 422 nm laser is stabilized at a frequency of 710,962.5 GHz; (2) waiting for 10 s and
decreasing V, = 350 V; (3) waiting for 10 s and decreasing V;, = 200 V; (4) waiting for 10 s
and reducing V,; = 150 V; (5) waiting for 10 s and tuning the 422 nm laser to a frequency
of 710,962.7 GHz for more deep cooling; and (6) waiting for 30 s for the ion luminescence
to reach a stationary value. Next, the spectroscopy of the clock transition was performed:
(1) accumulation of the cloud luminescence signal for 10 s; (2) opening of the shutter, block-
ing its optical path to laser radiation of 674 nm; (3) accumulation of the cloud luminescence
signal for 10 s, but with additional radiation of 674 nm; (4) fixing the differences between
the signals with the first and third steps; (5) closing the shutter, switching the 674 nm laser
to 50 MHz and waiting for 30 s to reach the steady-state value of ion luminescence; and
(6) repeating the algorithm from the first step.

According to the results of the numerical solution of the Bloch equations, the width of
the clock transition spectrum is also determined by power broadening and the amplitude
of the luminescence signal can reach half for a long interaction time. But the numerical
solution did not take into account a number of broadenings.

Thus, according to our previous work with this experimental setup [29], the expected
ion temperature ranges from fractions to tens of K, which corresponds to the Doppler
broadening in the range from 5 to 200 MHz. The power broadening described in the
previous section in the case of the clock transition is ~ 70 kHz, which is much smaller than
the Doppler one. The broadening associated with the polarizability of the clock transition at
the cooling transition frequency can also make a significant contribution. According to [32],
the magnitude of the frequency shift from the power of laser radiation tuned to the cooling
transition is determined by a linear coefficient, which, depending on the polarization of the
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radiation, lies in the range from 23 to 45 Wl\iljriz. Strontium ions in the trap can be located in

regions of different intensities, which can lead to inhomogeneous broadening up to 60 MHz
when estimating the intensity of cooling radiation given earlier.

The resulting experimental signal dependence was approximated by the Voigt function
(Table 4). The result is shown in Figure 8. The 0.25(4) GHz profile width is almost com-
pletely determined by the Lorentz component of the Voigt profile, i.e., by a certain uniform
broadening. The line center corresponds to the frequency v = 444,779.022(14)(90) GHz.
Here, the statistical error of 14 MHz associated with the data approximation is indicated in
parentheses, and the systematical error associated with the wavelength meter is 90 MHz.
The obtained value of, taking into account the error, fully agrees with the frequency ob-
tained earlier in [33], where the accuracy was at the level of 1 Hz.

Table 4. Parameters of fitting by the Voigt profile of the clock transition spectrum obtained from the
luminescence signal (first protocol).

Displacement of = Homogeneous Inhomogeneous

Wavelength, nm  the Peak Center, Broadening, Broadening, FWHM, MHz
MHz MHz MHz
674 —-21.7 247 <<1 247

{LI

iz

Luminescence signal drawdown, a.u.
I
wm
.

-7 4 = Approximation I
® Experiment

~1000 -750 -500 -250 O 250 500 750 1000

Deturing of 674 nm from resonance, MHz
Figure 8. Spectroscopy of the 55,/, — 4Ds, clock transition, where the vertical axis shows the decrease
in the luminescence signal in the presence of radiation at 674 nm, the horizontal axis shows the
radiation frequency in MHz, and the graph shows zero frequency vy = 444, 779 GHz. The line center
is at 22(14) MHz, and the width at half-maximum is 250(40) MHz.

The signal amplitude is 6%, which is lower than the theoretical estimate given above.
However, the experimentally measured width of transition indicates the presence of other
broadenings.

It is worth noting that the first protocol has a disadvantage due to the fact that the
luminescence of the cloud decreases over time. The fact is that after the radiation of 674 nm
is blocked, the luminescence of ions is not completely restored.

The second protocol was used in an attempt to overcome this problem, so it contains
cloud preparation and spectroscopy algorithms similar to the first one, except for the
fact that for each new measurement, the ion cloud was prepared anew. The resulting
dependence is approximated by the Voigt function and is shown in Figure 9.
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Luminescence signal drawdown, a.u.

= Approximation
-14 1 @ Experiment

_1000 -750 -500 -250 0 250 500 750 1000
Deturing of 674 nm from resonance, MHz
Figure 9. Spectroscopy of the 55, /, —4Ds, clock transition, where the vertical axis shows the difference
between luminescences without and with radiation of 674 nm, summed to luminescence without
674 nm, and the horizontal axis shows the radiation frequency in MHz. Zero on the graph corresponds
to the frequency vy = 444, 779 GHz. The line center corresponds to the point —12(8) MHz, and the
width at half-height is 230(20) MHz.

Here, the spectrum width is 0.23(2) MHz. The center of the line in this case corre-
sponds to the frequency v = 444,778.988(8)(90) GHz. The second protocol is also not
without its drawbacks due to the instability of the number of loaded ions from the ablation
plasma, which generates an error and requires a larger number of measurements. But, in
this case, a more pronounced signal is observed, a slightly narrower line, and the contour
features that we associate with the imperfect experimental conditions become noticeable.
We attributed the slight difference in the center frequency from the previous case to this, as
well as to a possible drift in the values of the wavelength meter.

6. Consideration and Conclusions

In this paper, a qualitative theoretical and experimental possibility of detecting the
interaction of 674 nm laser radiation with a clock quadrupole transition in high-energy
8Gr+ jons obtained by laser ablation was demonstrated, and the results of the spectrometry
of the clock and pump radiation are also presented. The parameters of the laser setup
are presented, and various mechanisms causing line broadening are analyzed. In the case
of a pumping laser, the width is almost entirely determined by the radiation intensity. A
protocol, for which the clock transition spectroscopy was performed, is described.

The obtained experimental result, namely, the spectroscopy of the clock transition,
agrees with previous experimental works [22,33]. Although our work does not provide
more precise results, we showed that it is possible to detect the clock transition without the
repump radiation at the wavelength of 1033 nm [34] in a hot cloud of ions.
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