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Spectroscopy of Rydberg states has become a popular platform for quantum sensing, with the most common
readout scheme being two-photon electromagnetically induced transparency (EIT) using counterpropagating
laser beams. In this scheme, the energy resolution of the Rydberg state is set by the spectral linewidth of
the EIT feature. While selection criteria for the two-photon resonance can narrow the linewidth to the order
of the Rydberg state decay rate for a single atom, the Doppler shift from thermal velocity of the atoms broadens
the ensemble linewidth to the order of the decay rate of the intermediate state. Here, we derive an analytic
expression for the Doppler residual line shape in the low-power limit and corroborate the results with experiment.
For Rb, we find the full-width-at-half-maximum linewidth limit to be 1.84 MHz when scanning the coupling laser
and measure an experimental linewidth of 2.04 MHz. These linewidths are around a factor of 2 narrower than
previous theoretical estimates as well as previously reported measured linewidths. With this, we demonstrate
the most precise two-photon energy resolution of a Rydberg state in thermal vapor to date. We then map out
broadening mechanisms near this limit.

DOI: 10.1103/g2z2-2w2h

Introduction. Rydberg states are a powerful platform for
quantum sensing of electromagnetic radiation and fields
[1–3], with applications in electric field imaging [4–9], com-
munications [10–12], radar [13,14] and source localization
[15], thermometry [16–18], and SI-traceable metrology of
fields and voltage [19–22]. By far, the most common method
to probe the energy of Rydberg states is with two-photon
electromagnetically induced transparency (EIT) in a ladder
scheme [23]. In this scheme, the two lasers are counterpropa-
gating to cancel out the Doppler shift that arises from thermal
motion of the atoms. However, the frequency mismatch of
the lasers leads to imperfect cancellation. Because of this, the
width of the two-photon spectroscopic line shape is dominated
by the “Doppler residual.” While EIT has been studied for
decades [24] and a number of resources exist on the subject
[25–27], this Doppler residual line shape for Rydberg states in
a two-photon ladder EIT configuration has yet to be properly
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theoretically characterized. Initial estimates of the linewidth
provided without derivation in Refs. [28,29] have influenced
physical assumptions in a large body of work [30–38]. In this
Letter, we demonstrate that these estimates overestimate the
linewidth by a factor of around 2. Here, we derive a simple
analytic form for the Doppler residual line shape [Eq. (18)]
and demonstrate this line shape experimentally. This repre-
sents the fundamental limit to the linewidth of two-photon
EIT spectroscopy in a thermal vapor, and thus the limit on the
energy resolution of the Rydberg state. Theoretical linewidth.
The energy-level diagram and beam configuration for the two-
photon EIT readout of Rydberg states are demonstrated in
Fig. 1. The so-called “Doppler residual” linewidth arises from
the decay width of the intermediate state, mediated by a small
subset of Doppler classes of atoms. The linewidth predicted
by Refs. [28,29] can be derived from conservation of energy.
For the two-photon process to occur, both photons must lie
within the energy uncertainty of each state in the atom’s
frame [Fig. 1(a)]. Because the intermediate and Rydberg
states decay at a rate �, their energy has a full-width-at-half-
maximum (FWHM) uncertainty of h̄ �, where h̄ is the reduced
Planck constant (via Heisenberg uncertainty or Fourier anal-
ysis). In the laboratory frame, the detuning of each laser is
modified by the respective Doppler shift [Fig. 1(b)]. This
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(1)

where ωp and ωc are the angular frequencies of the probe
and coupling lasers, �p and �c are the angular frequency
detunings of the probe and coupling lasers, �int and �ryd are
the decay rates of the intermediate and Rydberg states, v

is the velocity of the atom in the laser beams’ axis, and c
is the speed of light. Because the Rydberg state decay rate
is negligible compared to that of the intermediate state (for
principal quantum number n > 30, �ryd < 100 kHz for Cs
and Rb, while �int is 33–38 MHz), we can set �ryd → 0 and
solve the first inequality in Eq. (1) (as an equality) to find the
velocity. Plugging this into the second inequality in Eq. (1)
and simplifying, we get∣∣∣∣�p

ωc

ωc − ωp
+ �c

ωp

ωc − ωp

∣∣∣∣ � �int

2
. (2)

Interpreting these equations as bounds on the detunings, we
can obtain the angular FWHM linewidth �EIT of the two-
photon resonance from this equation:

�EIT = �int ×
{

ωc−ωp

ωc
, scanning probe,

ωc−ωp

ωp
, scanning coupling.

(3)

This result matches the claims of Refs. [28,29], predicting
a Doppler-residual-limited linewidth of 2π × 3.79 MHz for
Rb and 2π × 3.51 MHz for Cs when scanning the coupling
laser.

However, this argument treats the resonance condition as
a purely geometric overlap of the transition linewidths and
neglects the full dependence of the atomic coherence on laser
detuning and coupling strength obtained from the optical
Bloch equations. We find that the actual FWHM is narrower
by a numerical factor nearly equal to a factor of 2, meaning
that the actual linewidth limit is given by 2π × 1.84 MHz for
Rb and 2π × 1.71 MHz for Cs.

A proper treatment of the system requires solving the mas-
ter equation. The evolution of the density matrix ρ under a
Hamiltonian H is given by the Maxwell-Bloch equation:

dρ

dt
= − i

h̄
[H, ρ] + L[ρ], (4)

FIG. 1. Two-photon EIT configuration. (a) The energy-level di-
agram. (b) The beam orientations and the resulting Doppler shift on
each beam for a moving atom.

where L is the Liouvillian superoperator that describes the
decoherence of the system. The Hamiltonian for the two-level
ladder is

H = h̄

⎛
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where �p and �c are the Rabi rates of the probe and coupling
lasers, and �′

p and �′
c are the probe and coupling laser detun-

ings in the atom’s frame. These are related to the laboratory
frame detunings �p and �c by the Doppler shift:

�′
p = �p + v

c
ωp,

�′
c = �c − v

c
ωc.

(6)

The Liouvillian superoperator is given by

L[ρ] = �int|1〉〈2|ρ|2〉〈1| − �int

2
{|2〉〈2|, ρ} − �ryd

2
{|3〉〈3|, ρ},

(7)
where |1〉, |2〉, and |3〉 are the ground, intermediate, and Ry-
dberg states. This is set up and solved in Ref. [39]. Under the
weak probe approximation,

ρ21 = −i�p

�int
2 − i

(
�p + ωp

v
c

) +
(

�2
c/4

�ryd
2 −i(�p+�c+(ωp−ωc ) v

c )

) . (8)

The contribution to the susceptibility to the probe light per
atomic density is given by

χ̃ = 2μ2
21

h̄ε0�p
ρ21 , (9)

where μ21 is the transition dipole matrix element and ε0 is the
permittivity of free space. The observed susceptibility is then
an integral over the velocity distribution N (v) of the atoms:

χ =
∫ ∞

−∞
N (v)χ̃ (v)dv, (10)

with the atomic velocity distribution given by

N (v) = N0

vth
√

π
e−(v/vth )2

, with vth ≡
√

2kBT

m
. (11)

Here, N0 is the total atomic number density, kB is the
Boltzmann constant, T is the temperature of the atoms,
and m is the mass of one atom. The result of the integral
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in Eq. (10) is

χ = i
cμ2

21N0
√

π

2h̄ε0ωpvth
(−(1 − d )e−z2

1 (1 + erf(iz1)) + (1 + d )e−z2
2 (1 − erf(iz2))), (12)

where

d ≡ i

z1 − z2

(
�int
2 − i�p

ωpvth/c
−

�ryd

2 − i(�p + �c)

(ωp − ωc)vth/c

)
, (13)

z1,2 ≡ − i

2

(
�int
2 − i�p

ωpvth/c
+

�ryd

2 − i(�p + �c)

(ωp − ωc)vth/c

)
± i

2

((
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−
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)2
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2

ωp(ωp − ωc)v2
th/c2

)1/2

.

. (14)

This equation, while quite general, is hard to interpret. We can
simplify with some approximations:

(1) (1)|
�ryd

2
(ωp−ωc )vth/c | 
 |

�int
2

ωpvth/c |. The decay rate of the Ryd-
berg state is very small compared to that of the intermediate
state, so we can take �ryd

2 → 0 in Eqs. (13) and (14)
(2) (2) |zi| 
 1. Because {�int

2 ,�p,�c,�c} << vth/c ×
{ωp, ωp − ωc}, all numerators in Eq. (14) are small compared
to the denominators, so |zi| 
 1 and we can take erf(izi) → 0
and e−z2

i → 1 in Eq. (12)
(e.g., |e−z2

i − 1| < 10−3 and |erf(izi )| < 3 × 10−2 for
{�c,�p,�p,�c} < 10 MHz).

Note that here ωpvth/c represents the average single-
photon angular Doppler shift, on the order of 2π × hundreds
of MHz. This approximation is essentially that the EIT only
talks to a narrow portion of the velocity distribution, and the
distribution is essentially flat over this region. Taking this ap-
proximation gets rid of the broad Doppler background profile
one would observe when scanning the probe.

We can then simplify χ to

χ ∝ i

√√√√√ 1
�2

cωp(ωc−ωp )(
�int

2 (ωc−ωp )−i(�pωc+�cωp )
)2 + 1

. (15)

The absorption of the probe light is proportional to the imag-
inary part of the susceptiblity. We can find the imaginary part
using a few complex identities:

Im(χ )

∝ 1√√√√�2
cωp(ωc−ωp )

((
�int

2

)2
(ωc−ωp )2−(�pωc+�cωp )2

)
((

�int
2

)2
(ωc−ωp )2+(�pωc+�cωp )2

)2 + 1

. (16)

We can expand this in �c/�int:

Im(χ )

∝ 1−�2
c

ωp(ωc−ωp)
((

�int
2

)2
(ωc−ωp)2−(�pωc + �cωp)2

)
((

�int
2

)2
(ωc−ωp)2+(�pωc + �cωp)2

)2

+ O
(

�c

�int

)4

.

(17)

In the low coupling power limit, we can neglect terms that

scale as ( �c
�int

)
4
. Then, the EIT signal is given by the second

term in Eq. (17). The strength of the EIT signal is proportional
to �2

c , which is proportional to the power of the coupling laser.
The line shape of the EIT feature can be written as

line shape = 1 − η2

(1 + η2)2
,

η ≡ �pωc + �cωp

(�int/2)(ωc − ωp)
.

(18)

Note that this line shape is not a standard Lorentzian; it con-
tains wings arising from the 1−η2

(1+η2 )2 form that go negative and
converge towards zero quadratically. The FWHM linewidth of
Eq. (18) in angular frequency is

�EIT =
√√

5 − 2 �int ×
{

ωc−ωp

ωc
, scanning probe,

ωc−ωp

ωp
, scanning coupling.

(19)
This is a factor of

√√
5 − 2 ≈ 0.486 lower than Eq. (3),

giving line shapes more than a factor of 2 narrower than
the previous estimate of the fundamental limit. Experimental
line shapes. We compare the line shapes given by Eq. (18)
to experimentally measured line shapes for 85Rb (�int =
38.1(1) MHz [40], ωp = 2πc

780 nm , ωc = 2πc
480 nm ) in Fig. 2. Our

experimental FWHM line shapes when scanning the cou-
pling and probe are 2π × 2.04(9) and 2π ×1.38(4) MHz,
respectively. Note that the energy resolution of the Rydberg
state corresponds to the linewidth when scanning the coupling
laser. While the feature is narrower by a factor of fp/ fc when
scanning the probe, any shift to the Rydberg energy also gets
scaled by this same factor when observed through the EIT
feature, mediated by the relative Doppler shifts between the
two lasers [3]. Our Rydberg energy resolution FWHM is thus
h̄ × 2π × 2.04(9) MHz, which is 10% above the fundamental
limit. The remaining 200 kHz of broadening is attributed
to the quadrature sum of the broadening mechanisms listed
in Table I, as well as laser linewidth and the stability of
the reference cavity and frequency locking mechanisms. The
asymmetry of the measured line shape is likely due to some
slight detuning of the probe laser from the F = 4 transition.

Misalignment broadening. The main barrier to achieving
the line shape given by Eq. (18) is mismatch of the alignment
of the k vectors of the laser beams, which can significantly
increase the EIT linewidth [41] by coupling an orthogonal
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FIG. 2. Experimental line shapes of the two-photon EIT resonance when scanning the coupling (left) or probe (right) lasers using the
5S1/2(F = 3) → 5P3/2(F = 4) → 48S1/2 ladder in 85Rb. The theoretical line shape given by Eq. (16) is overlaid in red, with only the amplitude
floated between the theory and data. We also display the FWHM predicted by Eq. (3) (2π × 3.79 MHz scanning �c and 2π × 2.33 MHz
scanning �p) and by Eq. (19) (2π × 1.84 MHz scanning �c and 2π × 1.13 MHz scanning �p).

velocity component into one of the beams’ Doppler shifts. Let
θ be the angle between the coupler and the probe beams. If
we define our coordinate system such that v‖ is the velocity of
the atom along the probe beam and v⊥ is the velocity of the
atom orthogonal to the probe (in the plane defined by the two
beams), then we can write the Doppler shifts as

�′
p = �p + v‖

c
fp,

�′
c = �c − v‖ cos(θ )

c
fc − v⊥ sin(θ )

c
fc.

(20)

We can then plug these into Eq. (5) and solve Eq. (4), and
integrate over both velocity distributions:

χ =
∫ ∞

−∞

∫ ∞

−∞
N (v‖)N (v⊥)χ (v‖, v⊥) dv‖dv⊥. (21)

While this is difficult to do analytically, we evaluate this
numerically. We compare the expected line shapes and
linewidths via this treatment and experimentally measured
line shapes and linewidths in Fig. 3. The dashed line indicates
a naive expression for the broadening given by the Doppler
width from the orthogonal projection, �c

D sin(θ ), where �c
D is

the single-photon absorption Doppler width for the coupling
laser [42]:

�c
D = 2

√
2 ln(2)

ωc

c

√
kBT

m
. (22)

From this, we can see that in order to reach the Doppler resid-
ual linewidth limit, the k vectors of the probe and coupling
beams must be aligned to within θ < 0.1°. It is of note that

this broadening mechanism preserves the negative wings of
the line shape, whereas most other broadening mechanisms
do not. The existence of the wings then serves as a signature
that indicates that beam misalignment is the dominant source
of broadening.

Power broadening. Another large barrier to observing the
Doppler-residual-limited linewidth is power broadening from
the probe laser. Avoiding probe power broadening requires
intensities below the µW/mm2 level, which for many setups
places the signal beneath the noise floor (to observe these line
shapes in Fig. 2 required lock-in amplification and averaging
on the order of 1000 traces). To characterize the effect of
power broadening, we compare line shapes calculated nu-
merically from Eq. (4) to measured line shapes for a variety
of probe Rabi rates in Fig. 4. Note that the negative wings
disappear after only a megahertz or so of power broadening.
It is also of interest that the derivative of the power-broadened
linewidth does not go to zero at low power, indicating that the
scaling does not exhibit traditional linewidth quadrature-sum
behavior.

Other broadening mechanisms. In order to observe
the Doppler-residual-linewidth-limited line shape, no other
broadening mechanisms may broaden by an amount compara-
ble to the line shape. In Table I, we provide rough calculations
of a variety of broadening mechanisms, the resulting bounds
on experimental parameters, and the values that we used to
take the line shapes in Fig. 2.

Transit time broadening arises from decoherence due to
thermal motion of the atoms across the beam. The broadening

TABLE I. Requirements for reaching the Doppler residual linewidth limit in the 48S state of Rb. �p and �c are probe and coupling Rabi
rates, Ip and Ic are probe and coupling laser intensities, σbeam is the FWHM beam diameter, vth is the expectation value of the magnitude of
the atomic velocity, α is the polarizability of the Rydberg state, and E and B are the background electric and magnetic field strengths. Dipole
moments and polarizabilities are calculated using the ARC Python package [43].

Mechanism Broadening Requirement (
∼1 MHz) Value (Fig. 2)

Beam misalignment ∼�c
D sin θ θ 
 ∼0.07◦ <0.03◦

Power broadening ∼�p Ip 
 ∼1.5 µW/mm2 0.05 µW/mm2

∼�c Ic 
 ∼200 mW/mm2 1.1 mW/mm2

Transit time ∼vth/σbeam σbeam � ∼0.02 mm 2.5 mm

Zeeman splitting ∼µeff|B|/h̄ B 
 ∼30 µT <5 µT

Dc Stark ∼αE 2/h̄ E 
 ∼0.2 V/m Unknown
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FIG. 3. Misalignment broadening of the two-photon EIT line
shape. Left: Measured line shapes at various angles, with the numeric
evaluation of Eq. (21) overlaid in red. Right: The extracted linewidths
are plotted as a function of the misalignment angle.

can be approximated as one over the expectation value of
the time an atom spends in the beam. In addition, a back-
ground magnetic field lifts the degeneracy of the angular
momentum projection states, leading to a broadening. The
effect of Zeeman shifts on two-photon EIT line shapes is
discussed in detail in Ref. [44]. We wrap the vapor cell in
high-permeability magnetic shielding foil and find that the
magnetic field at the location of the vapor cell is below 5 µT
using a magnetometer. Finally, an inhomogeneous dc electric
field can also cause broadening. While we do not have a way
to measure the electric field inside of the vapor cell, we believe
electric field to be minimum inside the vapor cell due to the
shielding from external fields by alkali atoms on the surface of
the cell [45]. However, it is known that visible light from the
coupling laser can induce charge distributions in the vapor cell
due to the photoelectric effect in alkali atoms on the surface of

FIG. 4. Probe power broadening of the two-photon EIT line
shape. Left: Measured line shapes at various probe powers, with the
numeric evaluation of Eq. (10) overlaid in red. Right: The extracted
linewidths are plotted as a function of probe Rabi frequency.

the cell [46]. This may be responsible for the small broadening
we observe.

Methods. The probe and coupling lasers were Gaussian
beams with FWHM diameters of 2600 × 2460 and 3380 ×
2420 µm, respectively. Both lasers were locked to an ultralow
expansion cavity using sidebands of an electro-optic modula-
tor (EOM) to allow for an arbitrary offset frequency from the
cavity modes. To scan the lasers, we scanned the frequency of
the EOMs. This allowed the repeatability required for averag-
ing many scans. The scan range was verified with a precision
wave meter. To achieve an adequate signal-to-noise ratio, the
coupling laser was chopped using an acousto-optic modulator
(AOM), and the photodetector output was demodulated using
a lock-in amplifier phase locked to the AOM amplitude. A
chop frequency of 33 kHz was chosen to be above the 1/ f
noise of the system but below the bandwidth limit of the
atomic response and the photodetector.

To calculate the probe Rabi rate in Fig. 4, we inferred
the peak intensity using the measured total power and the
Gaussian widths extracted from a beam-profiling camera. Be-
cause the probe laser resolved the hyperfine F levels (driving
F = 3 to F ′ = 4) but not the projection mF , we took a root-
mean-square average of the allowed mF transitions to find the
effective Rabi rate:

�p = E0

h̄

1√
7

∣∣〈5P3/2‖d‖5S1/2〉
∣∣ (23)

= 2π ×
√

I

(
793 600

Hz√
W/m2

)
, (24)

where the reduced dipole matrix element was taken from
Ref. [47] to be 5.978(4) e × a0. Because each part of the
Gaussian beam contributed to the EIT proportional to its
intensity, we took the intensity in Eq. (24) to be the mean
intensity-weighted intensity, exactly 1/2 the peak intensity for
Gaussian beams.

The angle θ between the beams was measured by mea-
suring the divergence of the beams over a distance of ≈2 m
and taking the inverse tangent of the displacement over the
measurement distance. For Fig. 2, the beams were constrained
to within 1 mm over 3 m, bounding the misalignment to
θ < 0.02◦. The beams were also collimated to a divergence
of less than 0.03◦. In Fig. 3, the error bars on θ represent
uncertainties propagated from the measurement uncertainty
on the displacement of the two beams used to find the angle. In
Fig. 4, the error bars on �p represent uncertainties propagated
from the measurement uncertainties of the laser power and the
beam waist used to calculate the intensity profile. All error
bars represent 68% confidence intervals.
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