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A B S T R A C T   

We report the measurement of the quantum defects of 85Rb P3/2 and F7/2-series Rydberg levels in a room tem-
perature vapor cell by microwave-assisted electromagnetically induced transparency (EIT) spectroscopy. First, a 
novel microwave optical three-photon excitation method is employed to obtain the microwave-assisted EIT 
spectroscopy of the 5S1/2 − 5P3/2 – nD5/2 – (n+1)P3/2 or (n-1)F7/2 transition. Next, the Stark shifts of the cor-
responding Rydberg states relative to the Rabi frequency of microwave field are measured with high accuracy. 
Finally, the quantum defects, δ0 = 2.64142(15), δ2 = 0.295 for P3/2-series, and δ0 = 0.016411(16), δ2 = -0.0784 
for F7/2-series, are forcibly extracted by the modified Rydberg-Ritz formula. This result can serve as a check on 
advanced theoretical calculations and promote the application of quantum simulations and quantum sensors in 
atomic ensembles.   

Introduction 

Rydberg atoms are the perfect candidates for quantum information 
processing [1,2], nonlinear quantum optics [3,4,5], and the detection of 
microwave and terahertz electric fields [6 –9] owing to the remarkable 
properties of large dipole moments (~ n2), long radiative lifetime (~ 
n3), and large polarizability (~ n7). In alkali-metal atoms, the deviation 
from the hydrogen levels due to the interaction between the ionic core of 
the atom and the valence electron, can be described in terms of quantum 
defect [10]. Accurate values of quantum defects provide a theoretical 
basis for predicting the properties of high-lying states for a core of any 
charge, such as the Stark effect [11], the ionic dipole and the quadrupole 
polarizabilities [12 –14] of the atoms. 

Research on quantum defects of highly excited rubidium Rydberg 
atoms have attracted considerable attention. The quantum defects of 
85Rb atoms have been measured using optical excitation methods, such 
as single- and multi-step laser excitation spectroscopy [15 –19]. The 
uncertainties in the results are mainly limited by the accuracy of the 
wavelength meter, which is often in the magnitude range of tens 
megahertz. Several high-precision measurement methods have been 
proposed, such as optical frequency comb calibration [20,21] and mi-
crowave excitation spectroscopy [12,22 –26]. However, the wavelength 

calibration is complicated by the optical frequency combs. But the mi-
crowave excitation spectroscopy has a high resolution on the order of 
kHz. At the same time, the extrapolation method, which provides an 
estimate of the absolute frequency based on the frequency when the 
microwave field strength is known, can improve the measurement ac-
curacy by several orders of magnitude [27]. Therefore, a novel experi-
mental method, microwave-assisted EIT spectroscopy combined with 
Rydberg-series extrapolation, is employed to determine the quantum 
defects, which can greatly improve the measurement accuracy. 

Recently, the nP and nF states of Rydberg atoms has been widely 
studied in recent years for several merits. First, the lack of corresponding 
excitation lasers of the nP and nF states renders the related research 
challenging to realize, even though it is substantially significant [9,16]. 
Second, the nP states are more desirable for the observation of the 
excitation blockade effect, the pendular “butterfly” Rydberg molecule, 
and the Rydberg dressing state [28,29]. Third, the nF states are benefi-
cial for understanding the effects of electric and magnetic field owing to 
its abundantly hyperfine energy levels [30]. 

In this work, we measure the quantum defects of the P3/2 and F7/2- 
series of 85Rb by microwave-assisted EIT spectroscopy in a room tem-
perature vapor. First, the dependence of the Stark shifts of the corre-
sponding Rydberg states on the Rabi frequency of microwave field are 
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investigated. Second, the resonant transition frequencies of nD5/2 – 
(n+1)P3/2 and (n-1)F7/2 (n = 51–57) transitions are obtained by 
extrapolating the frequency shifts to zero microwave field with high 
accuracy. Finally, the quantum defects of P3/2 and F7/2-series are 
extracted by the modified Rydberg-Ritz formula. This result provides an 
effective verification of the existing theory and paves the way for 
studying quantum simulations and quantum sensors in atomic 
ensembles. 

Experimental setup 

The atomic energy-level configuration of 85Rb employed in this 
experiment is shown in Fig. 1(a). A weak probe field (red) excites the 
atoms from 5S1/2(F = 3) to 5P3/2(F′ = 4) hyperfine state, and a strong 
coupling field (blue) couples the 5P3/2(F′ = 4) state to the highly excited 
Rydberg state nD5/2. A microwave field covered the adjacent Rydberg 
transition of nD5/2 – (n+1)P3/2 (or (n-1)F7/2) is employed to obtain the 
microwave-assisted EIT spectrum. 

The experimental setup is depicted in Fig. 1(b). The probe laser, at 
the wavelength of 780 nm, is provided by an external cavity diode laser 
(DL pro, Toptica), and the frequency is locked on the 5S1/2(F = 3) − 5P3/ 

2(F′ = 4) transition via saturation absorption spectroscopy (SAS). The 
coupling laser is provided by a frequency doubled amplified diode laser 
(DLC TA-SHG pro, Toptica) operating at 480 nm. That beam is split into 
two beams by a half-wave plate and a polarization beam splitter (PBS). 
One beam is used to lock the frequency of coupling laser by the EIT 
spectrum. The other beam enters into a frequency shift system composed 
by two acousto-optic modulators (AOM) to achieve the adjustable fre-
quency shift, the frequency is monitored by a wavelength meter (WS-7, 
Highfiness). The intensity modulation is used to improve the signal-to- 
noise ratio (SNR) of spectrum by introducing a chopper wheel (Stan-
ford Research Systems, SR540) into the optical path with a 1.5 kHz 
modulation frequency. Then, the beam overlaps with the probe beam in 
the center of the rubidium vapor cell, which has a length of 100 mm and 
25 mm in diameter. The probe beam passing through the vapor cell is 
detected by a photodiode, and demodulated with a lock-in amplifier 
(SR830, Stanford Research Systems). 

The microwave field, generated by a microwave signal source 
(SMB100A, Rohde & Schwarz), is emitted from a horn antenna and 
propagates perpendicularly to the direction of probe and coupling 
beams. When the microwave field frequency sweeps over the nD5/2 to 
(n+1)P3/2(or (n-1)F7/2) transition, the microwave-assisted EIT spectrum 

can be obtained. 

Results and discussion 

Fig. 2 shows the microwave-assisted EIT spectra recorded by scan-
ning the laser frequency while using different microwave frequencies. 
The EIT spectrum is obtained by sweeping the coupling laser frequency 
over the 5P3/2(F′ = 4) − 57D5/2 transition, whereas the probe laser 
frequency is in resonance with the 5S1/2(F = 3) − 5P3/2(F′ = 4) transi-
tion, and the arrows denote the positions of the 5P3/2(F′ = 4) − 57D3/2 
and 5P3/2(F′ = 4) − 57D5/2 transitions. The powers of probe and the 
coupling lasers are 14 µW and 30 mW, respectively. 

When a microwave field with a power of 6 dBm is applied to the 
atomic system, the transmission peaks of the 58P3/2 and 56F7/2 states 
can be observed as the frequency varies from 10.884 GHz to 12.804 

Fig. 1. (a) Energy-level diagram of 85Rb. (b) Experimental setup. BB, beam block; λ/2, half-wave plate; M, mirror; DM, dichroic mirror; L: lens; AOM, acousto-optic 
modulator; PD: photodiode. 

Fig. 2. Microwave-assisted EIT spectra as a function of the coupling laser fre-
quency detuning Δc with different microwave field frequencies. The marked 
peaks (peaks 1 and 2) are the Autler-Townes (AT) splitting peaks, which 
correspond to the EIT peaks when the microwave field is applied. The arrows 
denote the positions of the 5P3/2(F′ = 4) − 57D3/2 and 5P3/2(F′ = 4) − 57D5/2 
transitions without microwave field, respectively. 
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GHz. At the microwave frequency of 10.884 GHz, the transmission peak 
of the 58P3/2 state appears. We can find that the peak’s center position 
shifts with the microwave field frequency, and its theoretical trajectory 
is marked by black dashed line in Fig. 2 [31]. When the microwave field 
at the frequency of 11.364 GHz near resonate with the transition of 
57D5/2 − 58P3/2, the EIT peak of the 57D5/2 state is split into two peaks 
with equal heights (peak 1 and peak 2) [6 –8]. As the increase of mi-
crowave field frequency, an interesting phenomenon appears. When the 
microwave field frequency is 11.604 GHz, the transmission peak for the 
56F7/2 state appears. The peak’s center position also shifts with the 
microwave field frequency increases (blue dashed line in Fig. 2) and 
becomes obvious; however, the transmission peak of the 58P3/2 state is 
small but clearly distinguishable when the frequency of microwave field 
is 12.084 GHz. It continues to decrease but can still be distinguished at 
the microwave frequency of 12.324 GHz. Therefore, we are able to 
resolve the transmission peaks of the 58P3/2 and 56F7/2 states from the 
spectra obtained when the detuning in the intermediate 57D5/2 state less 
than a few hundred-megahertz. 

The 57D5/2 – 58P3/2 and 56F7/2 transition spectra are obtained by 
scanning the microwave frequency at a fixed frequency of the coupling 
laser. Fig. 3(a) shows the microwave-assisted EIT spectra versus the 
microwave field frequency for the 58P3/2 state when the Rabi frequency 
of microwave field is 2π ×14.3 MHz. The frequency of the coupling laser 
is blue detuned 30 MHz to the 5P3/2 – 57D5/2 transition, which results in 
the detuning of the microwave field to be positive for the 58P3/2 and 
negative for the 56F7/2 states, respectively. Fig. 3(b) shows the 
microwave-assisted EIT spectra for the 58P3/2 state as a function of the 
microwave field frequency with different ΩM. As ΩM increases, the 
strong transition between 57D5/2 and 58P3/2 states leads to the increase 
in the number of atoms in the 58P3/2 state, so the amplitude of 
microwave-assisted EIT spectra increases. At the same time, the line-
width also is gradually widened due to the power broadening effect. We 
further extract the amplitude (squares) and FWHM (triangles) values 
and display them in Fig. 3(c). Fig. 3(d–f) show the case of the 56F7/2 
state. The normalization of amplitude in Fig. 3(c and f) is processed by 

the maximum amplitude of microwave-assisted EIT spectra when ΩM are 
2π ×44 MHz and 2π ×42.2 MHz, respectively. For each measurement, 
we sweep the microwave frequency over the range of the resonance 
frequency, and the whole sweep process is repeated at least ten times. To 
quantitatively interpret the experimental results, a theoretical model is 
introduced. The susceptibility for a four-level system can be expressed as 
follows [32]: 

Fig. 3. Microwave-assisted EIT spectra versus the microwave frequency for (a) 58P3/2 and (b) 56F7/2 states. The black dots are the experimental results, and the red 
lines are the corresponding theoretical fits. (b) and (e) show the contour plots of the corresponding spectra as a function of the microwave field frequency with 
different ΩM, respectively. Panels (c) and (f) show the dependence of the full width at half maximum (FWHM) (triangles) and the amplitude (squares) on ΩM for 58P3/ 

2 and 56F7/2 states, respectively. The red lines are the corresponding theoretical fits. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. The frequencies of the 57D5/2 − 58P3/2 and the 57D5/2 − 56F7/2 tran-
sitions as functions of ΩM. The hexagons and rhombuses represent the experi-
mental results. The red lines represent the fits to quadratic variations with ΩM. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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χk ≈ i
3N0Γλ3

p

8π2(γ12 − i(Δp − εΔ1) +
Ω2

c Ω2
M

16Δ2
c (γ14 − i(Δp+εΔc+ΔM − εΔ2))

)
(1)  

where λp is the wavelength of the probe laser, Г is the decay rate, N0 is 
the atomic density. γij is the dephasing rate of the atomic coherence 
between states |i〉 and |j〉. Δp, Δc and ΔM represent the detuning of the 
probe laser, the coupling laser, and the microwave field compared with 
their respective atomic resonance transitions, respectively. Ωp, Ωc and 
ΩM represent the Rabi frequencies of the probe laser, the coupling laser, 
and the microwave field, respectively. ε is a coefficient, and ε = − 1 for 
the (n+1)P3/2 states and ε = 1 for the (n-1)F7/2 states. Δ1 is the frequency 

shift relative to Ωc, Δ1 =
Ω2

c
4Δc

, and Δ2 is the frequency shift relative to ΩM, 

Δ2 =
Ω2

M
4Δc

. The theoretical fits are in good agreement with the experi-
mental results, as indicated by the red lines in Fig. 3. 

In addition, the center frequency of the microwave-assisted EIT 
spectrum shifts with ΩM owing to the AC Stark shifts of the 58P3/2 and 
56F7/2 states induced by the detuned microwave field. The direction of 
the AC Stark shift is determined by the microwave field detuning rela-
tive to the resonance frequency. Fig. 4 shows the shifts of the center 
frequency of the 57D5/2 − 58P3/2 transition (hexagons) and the 57D5/2 −

56F7/2 transition (rhombuses) as a function of ΩM, which are also 
extracted from Fig. 3(b) and (e), respectively. The red lines represent the 
theoretical fits to quadratic variations with ΩM. It can be seen that the 
center frequency of the 57D5/2 − 58P3/2 transition increases as the in-
crease of ΩM, whereas that of the 57D5/2 − 56F7/2 transition decreases 
with increasing ΩM. And the transition frequency without microwave 
field is obtained by extrapolating the results to zero microwave field 
[27]. The fitting error is less than 0.4 MHz. Taking into account the 
frequency detuning of the microwave field caused by the detuned 
coupling laser, the corrected transition frequencies of the 57D5/2 −

58P3/2 and 56F7/2 transitions are 11368.621(65) MHz and 12473.974 
(69) MHz, respectively. Further, a series of atomic resonant transition 
frequencies of nD5/2 – (n+1)P3/2 and nD5/2 – (n-1)F7/2 transitions (n =
51–56) are measured by the same method. The resulting values are listed 
in Table 1, which are the averages of three measurements. 

The primary factors that degrade the accuracy of the transition fre-
quency measurements are frequency instabilities in the probe and 
coupling lasers, the location of the transmission peaks and the accuracy 
of the extrapolation fitting. We stabilized the frequency of the probe 
laser by SAS, which results in a frequency instability less than 600 kHz. 
And the frequency instability leads to a frequency shift of coupling laser 
by about 370 kHz The frequency of coupling laser is stabilized by the EIT 
spectrum, which produced a frequency shift less than 800 kHz. The 
spectral linewidth increases with the microwave field strength, which 
limits the spectral resolution and results a maximum fitting error of 0.5 
MHz from multiple measurements. There is an uncertainty of up to 0.4 
MHz in the extrapolation. Adding these errors in quadrature gives a total 
error of less than 1.2 MHz. 

The frequency interval between two states of n and n′ can be calcu-
lated by the Rydberg formula involving the quantum defects of the two 
levels [33]: 

vnn′ = R*c
(

1
(n − δn)

2 −
1

(n′
− δn′ )

2

)

(2)  

where c = 2.99792458 × 1010 cm/s is the speed of light, R* =
109736.605 cm− 1 is the Rydberg constant, δn and δn′ are the quantum 
defects of the initial (nD5/2) and final states ((n+1)P3/2 or (n-1)F7/2), 

Table 1 
Transition frequencies of the nD5/2 – (n+1)P3/2 and nD5/2 – (n-1)F7/2 transitions 
(n = 51–57), including the experimental uncertainties in parentheses (units in 
MHz).  

n Corrected intervals (MHz) 

nD5/2-(n + 1)P3/2 nD5/2-(n-1)F7/2 

51 16028.692(87) 17546.568(70) 
52 15094.847(67) 16530.136(17) 
53 14232.140(62) 15592.839(88) 
54 13432.920(84) 14722.367(36) 
55 12693.552(29) 13918.792(23) 
56 12006.073(38) 13170.197(22) 
57 11368.621(65) 12473.974(69)  

Fig. 5. Quantum defects obtained via fitting the frequencies of (a) the nD5/2 – (n+1)P3/2 and (b) the nD5/2 – (n-1)F7/2 transitions. The black dots indicate the 
experimental data, and the red solid lines are the theoretical fits to Eq. (2). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 2 
Quantum defect constants δ0 and δ2 for the P3/2 and F7/2 − series of 85Rb.  

Reference The transition process δ0 δ2 

P3/2-series 
This work 5S1/2-5P3/2-nD5/2- 

(n+1)P3/2 

2.64142(15) 0.295 

2003, W. Li et al. [22] 5S1/2-5P3/2-nS1/2-nP3/ 

2 

2.6548849 
(10) 

0.2950(7) 

2009, B. Sanguinetti et al. 
[15] 

5S1/2-5P3/2-5D5/2-nP3/ 

2 

2.641352 0.4822 

2019, M. Li et al. [19] 5S1/2-nP3/2 2.64115 0.295  

F7/2-series 
This work 5S1/2-5P3/2-nD5/2-(n- 

1)F7/2 

0.016411(16) − 0.0784 

2006, J. Han et al. [23] 5S1/2-5P3/2-(n+2)D5/ 

2-nF7/2 

0.0165437(7) –0.086(7) 

2010, L. Johnson et al.  
[16] 

5S1/2-5P3/2-5D5/2-nF7/ 

2 

0.016473(14) − 0.0784 
(7)  
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respectively. These quantum defects can be approximated by the 
modified Rydberg-Ritz coefficients when n >20 [10,22,34,35]: 

δn ≈ δ0 +
δ2

(n − δ0)
2 (3)  

where δ0 and δ2 are the quantum defect constants. 
The quantum defects of the (n+1)P3/2 or (n-1)F7/2 states also can be 

extracted from the obtained frequency interval of the relational atomic 
energy levels. In order to verify the accuracy of the experimental data, 
δ2 = 0.295 for the P3/2-series [22], and δ2 = − 0.0784 for F7/2-series are 
fixed [16], and the quantum defect constant δ0 are extracted by fitting 
our experimental data. In our experiment, we adopt δ0 = 1.34646572, 
δ2 = − 0.59600 [22] for the quantum defects of the D5/2-series. The 
quantum defects of the P3/2 and F7/2-series are determined using the 
results obtained by fitting the transition frequencies (see the red lines in 
Fig. 5). The results are δ0 = 2.64142(15) for P3/2-series (with the fixed 
value δ2 = 0.295) and δ0 = 0.016411(16) for F7/2-series (with the fixed 
value δ2 = − 0.0784) (see Table 2), the numbers in the parentheses are 
the standard error. The experimental results are consistent with the 
previous results for 85Rb. Higher measurement accuracy of quantum 
defects can be achieved by measuring more transition frequencies over 
an extended range of principal quantum number n. 

Conclusion 

In conclusion, we determined the quantum defects of P3/2 and F7/2- 
series of 85Rb via microwave-assisted EIT spectroscopy. The dependence 
of the Stark shifts of the corresponding Rydberg states on the Rabi fre-
quency of microwave field are comprehensively studied both theoreti-
cally and experimentally. The resonant transition frequencies of nD5/2 to 
(n+1)P3/2 and (n-1)F7/2 states (n = 51–57) are obtained by extrapolating 
the results to zero microwave field. The quantum defects, δ0 = 2.64142 
(15) (with δ2 fixed at 0.295) for P3/2-series and δ0 = 0.016411 (16) (with 
δ2 fixed at − 0.0784) for F7/2-series, are extracted by the modified 
Rydberg-Ritz formula with the obtained transition frequencies. This 
work provides an effective verification of the existing theory and pro-
motes the extension the quantum simulation techniques of high-lying 
Rydberg states. Note that transferring the current experiment to cold 
atom samples will definitely lead to an improvement in measurement 
accuracy in future work. 
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