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Abstract: High-precision microwave spectroscopy has been used to measure the transition
frequency of nSy;, — nPy (n is the principle quantum number) and further the quantum defect of
nPj states in a standard cesium magneto-optical trap. A microwave field with 30-us duration
coupling the nSy/, — nP1/2 3> transition yields a narrow linewidth microwave spectroscopy with
the linewidth approaching the Fourier limit. After carefully compensating the stray electric
and magnetic field and using the diluted atomic gas, we extract improved quantum defects of
nPy state, 6o(nP12) = 3.59159091(19), 62(nP1,2) = 0.36092(35) and 6o(nP3,2) = 3.55907153(25),
02(nP3)2) =0.37344(47).
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1. Introduction

Precise measurement of atomic transition frequency and atomic level is significant for applications
of atomic clocks [1-3] and quantum information science [4,5] and microwave field metrology
[6] and Rydberg molecules [7,8]. Due to the interaction between the ionic core and the valence
electron, the energy level of alkali-metal for / < 3 state (/ is the angular momentum quantum
number) is depressed below the expected hydrogenic level, which is known as the quantum
defect. The accurate quantum defect values are very important not only for understanding of the
atomic structure but also helpful for determination of the Rydberg wave function and calculations
of Stark effect [9] and Rydberg molecular potential. Cold atomic sample, often used in these
measurements, combines the narrow linewidth microwave spectroscopy allowing one to obtain
precise Rydberg transition frequency, and further the Rydberg level with the Rydberg formula.

Measurements of the quantum defects have been done in Alkali atoms [10-23]. For cesium
atom, Rydberg energy levels have been determined using classical methods, such as grating and
interference spectroscopy [24], high-resolution Fourier spectroscopy [25], Doppler-free laser
spectroscopy [26-29], resonance-enhanced Doppler-free multiphoton spectra [30,31], and so
on. Weber et al [12] measured Rydberg energies of cesium nS, nP, nD, nF and nG states and
obtained the quantum defect values with a spectral accuracy of 5 MHz, which are the most widely
used today. The quantum defects of S, P, D and F levels are measured by the high-resolution
double-resonance spectroscopy with an accuracy of about 1 MHz [32]. The transition frequencies
and improved quantum defect values of nSy >, nP1/2 32, nDs > are determined by one-photon UV
spectroscopy in ultracold Cs atoms using a narrow-band laser excitation [33].

In this work, we present measurements of quantum defect of cesium Rydberg nP; states
(n = 41 — 55) by employing the precise microwave spectroscopy. Cesium atoms are laser-cooled
and trapped in a magneto-optical trap (MOT). nSy,, Rydberg states are populated with a two-step
excitation scheme and coupled by a microwave field between nS1/, and nPy states, yielding the
microwave spectroscopy. To decrease the effect of the stray electric and magnetic field, we
carefully compensate the stray electric and magnetic fields to below 2 mV/cm and 5 mG in the
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MOT center with Stark and Zeeman effect, respectively. The narrowest linewidth of microwave
spectroscopy is 36 kHz, approaching the Fourier-transform limit. The weighted center frequency
of nS1;, — nPy and the quantum defect of nP;y state are extracted. Our results show a good
agreement with the literature values.

2. Experimental setup

The schematic of our experiment is shown in Fig. 1(a). Cesium atoms are laser-cooled and
trapped in a metal chamber with the vacuum pressure of 1 x10~7 Pa. The MOT temperature and
peak density are ~ 100 uK and ~ 10'° cm™3, measured with an absorption imaging method [34].
The details of experiments see our previous work [35,36]. After switching off the MOT beam, we
apply a two-step excitation pulse with 500 ns duration to populate the nS;,, Rydberg state, see
Fig. 1(b). Two lasers are locked to an ultrastable Fabry—Pérot cavity with the finesse of 15000
employing the Pound-Drever-Hall (PDH) method. The laser linewidth after locking is less than 50
kHz. The effective Rabi frequency is Q = Qgs5,Qs510/26 = 22x20kHz. The small Rabi frequency
and short pulse duration of excitation laser are used for decreasing Rydberg populations and
further the interaction induced shift. After the laser pulse, we apply a 30-us duration microwave
(Analog Signal Generator N5183B) pulse for coupling the Rydberg transition nS;,, — nPj,
forming the narrow linewidth microwave spectroscopy. Finally, we apply a 3-us ramped electric
field to state selective field ionize Rydberg atoms, a detailed time sequence is shown in Fig. 1(c).
Time-resolved ion signal is collected with a microchannel plate (MCP) detector and recorded
with a boxcar integrator (SRS-250) and processed on a computer. Furthermore, three pairs of
grids and Helmbholtz coils are placed to compensate stray electric and magnetic fields with Stark
and Zeeman effects. The stray electric and magnetic fields are less than 2 mV/cm and 5 mG after
compensation, respectively. The detailed compensation procedure see our previous work [35].
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Fig. 1. (a) Experimental setup. Two excitation beams, 852-nm and 510-nm lasers, are
counter-propagated through the MOT center to populate the nS|/, Rydberg state. Three
pairs of grids and Helmholtz coils are used to compensate stray electric and magnetic fields,
respectively. Here we only show one pair of grids in x direction. A microwave field, emitted
with an antenna, couples the transition of nS; , — nPj. The laser excited S/, state and
microwave coupled nPy Rydberg atom are detected by the state selective field ionization
technique. (b) Level diagram of the excitation scheme. The 1S states are excited with the
two-step resonant excitation with the first-step laser detuned dgso /27 = +330 MHz to the
intermediate 6P3 ; state. The first-step laser (4gs>) drives the ground-state transition and
the second-step laser (d519) couples Rydberg transition. A Microwave field Ay couples
the Rydberg transition nSy, — nPj/53/2. (¢) Timing sequence of experiments. After
switching off the MOT beam, we apply a 500-ns laser pulse to populate the nS, launch
state and then a 30-us microwave pulse to couple the nS1/, — nPj transition. Finally, a
ramped electric field is applied for state selective field ionization of Rydberg atoms.
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Figure 1(b) displays the level diagram, the first-step laser excites the 6Si,,F=4 —
6P3/5, F' = 5 transition, whereas the second-step laser couples 6P3/5,F' =5 — nS, tran-
sition. To reduce photon scattering and light radiation pressure, the first-step excitation is
blue-detuned from the intermediate 6Pz, F* = 5 state by dgs52/27 = 330 MHz.

3. Microwave spectroscopy

In the experiment, we lock the laser frequency to resonantly excite nS, state (n = 41 —55) and the
microwave field couples the nS{/, — nPj transition. In Fig. 2, we display measured microwave
spectra of the transition 515/, to 51P;/, (a) and 51P3/, (b). It is found that the microwave
spectrum in Fig. 2(a) for 51P; state clearly shows two peaks, which is attributed to the hyperfine
transitions of 515/, F = 4 to 51P;»,F’ = 3 and F’ = 4, respectively. The multiple Lorentzian
fitting (solid line) yields respective hyperfine transition frequencies of 28.67847831(78) GHz
and 28.67862139(63) GHz with the statistical uncertainty less than 1 kHz. We further obtain
the weighted center frequency of 51Py,, 28.67855880(100) GHz. Figure 2(b) displays the
microwave spectrum of 51S;/,,F = 4 — 51P3, transition. Because the hyperfine interval of the
51P;3, state are too small to be distinguished, the spectrum only shows one broadened resonance
peak. The Lorentzian fitting (solid line) yields the transition frequency of 30.6842610(23) GHz
with a statistical uncertainty of approximately 2 kHz. The residuals analysis demonstrates that
the single Lorentzian fitting is a good fit for attaining the transition frequency of nS,, — nP3;.
Due to indistinguishable hyperfine structure and broadened linewidth, the statistical error for
51P3; state is two times larger than for 51P;, state. The extracted transition frequencies are
listed in Table 2.
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Fig. 2. Measured microwave spectra of Rydberg transition 5181/, F =4 — 51P1;5,F’ (a)
and 51P3; state (b). Black lines show the detected nP Rydberg transition probability signal,
which are the average of five independent measurements. The solid lines are Lorentzian
fittings. For S1Py, state in (a), the microwave spectrum displays two peaks coming from
the hyperfine structure of F'=3 and F’=4. The vertical dashed line marks the weighted
center frequency of 51S;,, — 51P;, transition. For 51P3/; in (b), spectrum displays
one peak with broadened linewidth, a Lorentzian fitting yields the central frequency of
5181/, — 51P;3/, transition, marked with a vertical dashed line.

4. Systematic uncertainty

For precision spectroscopic measurements, an analysis of the uncertainty caused by systematic
effects is an important part. In this section, we will analyze our systematic uncertainties due to
the stray electric and magnetic fields, as well as Rydberg-atom interactions. The detailed analysis
of the uncertainty is similar to our previous work [36], here we simply discuss the systematic
uncertainty arising from the stray electric and magnetic fields and Rydberg-atom interactions.
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In this work, we investigate the microwave spectroscopy of nSi,,F =4 — nP; transition.
Firstly, we discuss Stark effect induced level shifts. DC Stark shifts have been reduced by
compensating the stray electric field via the Stark map of microwave spectroscopy. In Fig. 3(a),
we present the contour plot of Stark map for the electric field being applied in the x direction E,,
(setting E, and E; zero or compensated value), from which we can extract the compensating field
of x-direction. We then set E, to be the compensating field and use the same procedure to obtain
the compensating field in y- and z-direction. By comparing the measurement and calculation of
the microwave spectrum, we can extract the stray electric field after compensation, which is less
than 2 mV/cm. Figure 3(b) displays the measured Stark shift for E; <2 mV/cm (i = x,y and
7). We use the standard error of the mean (SEM) of the data points in Fig. 3(b) to estimate the
systematic shift due to the electric field, the attained SEM is 0.8 kHz. During the experiments,
we have verified the DC electric-field compensation every day throughout the data taking.
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Fig. 3. (a) Contour plot of Stark spectra of microwave field coupling the transition
51812 — 51Pq, for the electric field applied in x-direction and setting Ey = 0 and E; = 0.
The spectroscopy shows symmetrical Stark shift of hyperfine structure of 51Py 5, F’ = 3,4.
The zero field represents the potential we applied to the electrode is zero. A vertical white
dashed line indicates compensation value of 23 mV/cm in x direction, where there is no
Stark shift. (b) Measured DC Stark shifts of weighted center frequency for 51P;, state
as a function of the electric fields in three directions. The error bars are the SEM of five
independent measurements. The SEM of seven data is taken to estimate the systematic shift
caused by the electric field.

We secondly discuss the level shift induced by the magnetic field. For analyzing the systematic
uncertainties due to the magnetic field, we investigate the Zeeman effect by applying the current
in the Helmholtz coils in three directions. The Zeeman splitting spectra and magnetic-field
compensation process are described in [35-37]. The residual magnetic field is estimated to be
< 5 mG after compensating. For the weak field range (< 40 mG), calculations of Zeeman spectra
[37] demonstrate that the hyperfine splitting of 51P ; is larger than the Zeeman shift, the spectra
are in the Zeeman effect regime. The spectrum shows the linear Zeeman splitting and symmetric
line broadening in linear Zeeman regime. We have eliminated the Zeeman splittings and line
broadening by varying magnetic field. To analyze the uncertainty from magnetic field, we make
the measurements of the microwave spectroscopy like in Fig. 2(a) for different magnetic field of
< 5 mG and obtain the averaged center frequency of 51S;/, — 51P; ;. The SEM analysis yields
Avp,, = 0.5 kHz due to magnetic field.

We thirdly consider the shift due to the interaction between Rydberg atoms. Rydberg energy
level can be shifted due to the dipole-dipole interaction, scaling as C3/R?, and van-der-Waals
interaction, scaling as Cy/R®, between Rydberg atoms. To decrease the systematic uncertainty
due to the Rydberg interaction, we increase the beam waist of excitation laser and decrease the
laser power to decrease Rydberg excitation probability. The density of estimated 1S/, Rydberg
atoms is < 3 x 10® ecm™3, corresponding atomic separation R ~ 40 um. The calculated Cg is
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14 GHzpum® for 518, state and —2 GHzum® for 51P) /, state, which yields level shifts due to
Van der Waals interaction of tens of Hz and are negligible. For 515/, — 51Py, pair states, the
calculated Cs is 0.74 GHzum?, leading to line shifts to be 7.6 kHz. It is noted that the dipolar
interaction potentials are distributed symmetrically about the asymptotic energies, which means
that the attractive potentials are same as the repulsive potentials. Therefore the main effect of
the dipolar interactions is a line broadening. We make multiple measurements of microwave
spectroscopy for 51S1/> — 51Py, transition by changing the Rydberg density via decreasing the
510 nm laser power, SEM analysis of frequency shift yields uncertainty is 0.6 kHz.

We next discuss the systematic uncertainty arising from AC Stark effect. The microwave
intensity at the MOT center is varied by changing the synthesizer output power. We measure a
series of the microwave spectra of 515/, — 51Py; transition for different microwave powers
and extract the averaged center frequency. We found that when the synthesizer output is less than
—70 dBm, corresponding microwave field in MOT center less than 0.0024V/m (field calibration
see Ref. [36]), and AC Stark shift estimated to be a few Hz, that has a negligible effect. Therefore
we do the multiple measurements at weak microwave field to decrease the systematic uncertainty,
and the systematic uncertainty due to AC Stark effect is included in statistics uncertainty.

Finally we consider the other facts that may lead the systematic uncertainty. For example, the
systematic shift due to signal-generator frequency uncertainty is less than 10 Hz, that is negligible.
To summarize the systematic shift discussed above, we list these systematic uncertainties in
Table 1. We can see that the all systematic uncertainty in this work is less than 2 kHz.

Table 1. Summary of systematic uncertainty in kHz.

Source Avp, , (kHz)
Interactions 0.6
Electric Field 0.8
Magnetic Field 0.5
Avotal 1.1

5. Results and discussions

The transition frequency of nS;/, — nPjy can be expressed by

Uns.apy = Rese{[n = 8s(m)] ™2 = [n — op,(n)] 72}, (1

where Rc=10973686.274 m™! is the Rydberg constant of cesium [38], ¢=2.99792458 x 108
m/s is the speed of light, ds(n) and dp,(n) are the quantum defects of the initial and final states.
From measured transition frequency and the known quantum defect value of the cesium nSy ),
state [33], we can obtain the quantum defect of nPj state using Eq. (1). We have performed
a series of microwave-spectroscopy measurements of nS,, — nPj transition, like Fig. 2, for
n = 41 — 55 range. The extracted transition frequencies and their quantum defects are listed in
Table 2. It is noted that for n < 44, the hyperfine structure of nP3/, microwave spectrum also can
be distinguished, where multiple Lorentzian fitting is employed to extract the hyperfine transition
frequency and further the weighted center frequency.
‘We next analyze the uncertainty of measured quantum defect. We rewrite the Eq. (1) as

1
JIn = ds(m]2 - ¢

R CsC
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Table 2. Measured transition frequencies (GHz) of nS;,2 — nP; and corresponding quantum
defects of nP, state.

Transition frequency (GHz) opy

n P12 P3/» Py P3/n

41 58.599 448 74(097) 62.680 459 3(23) 3.591 848 91(57) 3.559 338 00(54)
42 54.114 687 70(106) 57.885 336 7(16) 3.591 835 63(55) 3.559 324 30(53)
43 50.076 137 11(097) 53.567 110 2(38) 3.591 823 32(54) 3.559 311 63(52)
44 46.429 655 30(108) 49.667 938 1(24) 3.591 811 88(53) 3.559 299 88(51)
48 34.926 240 99(097) 37.366 288 6(13) 3.591 773 75(49) 3.559 260 37(48)
49 32.658 098 59(107) 34.940 532 0(09) 3.591 765 97(49) 3.559 252 38(47)
51 28.678 558 80(100) 30.684 261 0(23) 3.591 751 36(47) 3.559 237 27(46)
53 25.320 174 29(188) 27.092 127 4(39) 3.591 738 75(47) 3.559 224 31(45)
55 22.466 341 76(221) 24.039 501 2(12) 3.591 727 65(46) 3.559 212 91(44)

1%
Rcse”

where a = [n - 6s(n)]™> - Then the uncertainties of the measured quantum defects read
[35]

I s v V| (Av)? ARy 2
Adp,(n) = (Ea 2) {(RCSC) (7) + ( Re. )

From Eq. (3), the uncertainty of measured quantum defect includes, i) ARLCCf =1.9x%x 1072, the
uncertainty of Rydberg constant has a negligible effect. ii) the frequency uncertainties of our

2 2
Avsm +Amml

1

+ [20n - 85(m)] P A(n - 5s(n))]2} . B3)

measurements, A;" = is less than 1 x 1077, here the Avgy is the statistics uncertainty
and A is the systematic uncertainty from Table 1. iii) The uncertainties A(n — §s(n)) of the
quantum defects of the nS;, states that come from [33]. Using Eq. (3), we attain the uncertainty
of our measured quantum defects of nP;y states, which are listed in the Table 2. We found that
the uncertainties of quantum defect for nPj states are the same as that for the launch nS;, state.
Therefore the uncertainty of launch 1S, state is the main source of our measurements.

From the Table 2, it is found that the quantum defects dp, show minor decrease with quantum
number n. Using the extended Rydberg-Ritz formula [17], quantum defect 65 is usually written
as
’ 6 64

+ + ey
(n—60)*  (n—60)*
where the 0;(i=0,2,4) are constants, and dy is leading term. The quantum defect mainly depends
on [ and slightly on n and J. When n>20, we usually consider the first two factors, dg and 5, in
Eq. (4).

In order to obtain quantum defect parameters 6;(Py), we plot the measured quantum defects Jp,
in Table 2 as a function of (n—dp,)~2 = n*~2 for ] = 1/2 in Fig. 4(a) and J = 3/2 in Fig. 4(b). Here
the dp, used in the evaluation of n*2 is from Ref. [33]. The solid lines are fittings with Eq. (4)
yielding 6o(P;2) = 3.59159091(19), 62(P1/2) = 0.36092(35) and 5o(P3/2) = 3.55907153(25),
02(P3/2) = 0.37344(47), respectively. The &y and &, are listed in Table 3.

To compare with the previous works, in the Table 3, we also list the quantum defects of Pj state
of previous work [12,32,33]. In [12], the quantum defect is obtained by resonant two-photon
spectroscopy with the spectral accuracy of 5 MHz. In [33], the transition frequencies are
determined by one-photon UV spectroscopy in ultracold cesium atoms using a narrow-band laser
system referenced to a frequency comb, with the spectral linewidth of 1 MHz. Whereas the
work [32] attained the quantum defect by the high-resolution double-resonance spectroscopy

Ony = 69 +

“
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Fig. 4. Measurements of quantum defects p(y) as a function of n*=2 for nP, /2 (a) and
nP3 5 (b). The circles display our measurements taken from Table 2. The solid lines are the

fittings with Eq. (4).

Table 3. Comparison of the quantum defect 69 and 5, for nPy in this and previous works [12,32,33].

nPy nP3 )
50 (%) o) 7]
this work (n=41-55) 3.59159091(19) 0.36092(35) 3.55907153(25) 0.37344(47)
[33] (n=27-74) 3.5915871(3) 0.36273(16) 3.5590676(3) 0.37469(14)
[32] (n=23-45) 3.591556(30) 0.3714(40) 3.559058(30) 0.374(4)
[12] (n= 6-80) 3.59158950(58) 0.360926

with an accuracy of about 1 MHz. In our work, we obtain the quantum defect of nPj state by
using the microwave spectroscopy with the spectral accuracy of tens of kHz, and the statistics
uncertainty less than 2 kHz. During the experimental progress, we carefully compensate the
electric and magnetic field by Stark and Zeeman effect, further we use diluted atomic gas to
reduce the interaction induced shift, the total systematic uncertainty is estimated to be 1.1 kHz.
The measured quantum defects of 6y and ¢, for Py, are agreement with the previous work [12].
For the quantum defect of P53/, state, our measurement shows agreement with that in [32,33] and
more precise.

6. Conclusions

We have investigated microwave spectroscopy within magneto-optically trapped cesium atoms,
where the microwave field couples the 1S/, —nPy transition. By reducing the Rydberg interaction
induced shift, and Stark and Zeeman shift, we have measured the microwave transition frequency
with uncertainty less than 2 kHz and obtained an improved quantum defect of cesium 1Py 3 3,2
Rydberg state. Measured quantum defects dy and 9, are agreement with the previous works
[12,32,33]. This work on the quantum defect measurement of cesium nP 3> Rydberg state is
significant not only for calculation of the Stark effect, but also helpful for further determination
of the Rydberg wave function and adiabatic energy potential curve of Rydberg molecules. The
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accurate measurement of the Rydberg level and quantum defect are also significant for the
Rydberg-atom based microwave sensor and the field metrology.
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