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Toward lasing without inversion in the ultraviolet regime: Doppler-free three-photon coherence
effects in mercury vapor
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Doppler-free three-photon coherence effects at a wavelength of 253.7 nm were observed in thermal mercury
vapor. The experimental results are compared to simulations based on a detailed theoretical model reproducing
the measured effects. Based on these results, we show by simulations that amplification without inversion in our
setup is feasible, paving the way towards lasing without inversion in mercury.
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I. INTRODUCTION

The development of continuous-wave (cw) lasers in the
ultraviolet (UV) or even vacuum ultraviolet (VUV) wave-
length region is still a challenging task as the pump power
requirements to induce a population inversion on the laser
transition scales at least with the laser frequency ω4 [1] being
the decisive obstacle of building conventional cw lasers in this
wavelength regime [2,3]. Common methods to generate cw
laser radiation in the UV or even VUV are based on nonlinear
processes such as second- and fourth-harmonic generation [4]
as well as four-wave mixing [5]. However, these techniques
are limited by the availability of materials transparent in the
VUV and require a large fundamental power due to their
nonlinear character. Furthermore, to achieve an increasingly
shorter wavelength with these techniques, the fundamental
or coupling lasers also have to be at an increasingly shorter
wavelength.

A completely different approach is represented by lasing
without inversion (LWI) first proposed in [6–9]. The main idea
of LWI is to suppress the absorption of coherent radiation
on the lasing transition by using quantum interference ef-
fects such as electromagnetically induced transparency (EIT)
[10–13] or coherent population trapping (CPT). In contrast to
nonlinear techniques where the medium mediates the energy
transfer of the fundamental lasers to coherent radiation at a
shorter wavelength, in LWI the energy is transformed from
incoherent to coherent radiation in the medium comparable to
conventional lasers.

The feasibility of cw LWI has already been demonstrated
in three-level schemes for rubidium [14] and sodium [15,16],
but until now there has been no LWI scheme where the
laser transition had a significantly shorter wavelength than
the coupling lasers. The main obstacle here is the Doppler-
broadening reducing the overall gain for LWI when the
wavelength of the coupling laser and the actual laser tran-
sition are separated in energy [3]. A four-level scheme in
mercury first proposed in [17] made it possible to cancel the
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Doppler-effect, preventing the gain spike from being washed
out, enabling LWI at 253.7 nm while the shortest wavelength
of the coupling lasers is at 435.8 nm.

We report on the experimental implementation of this
four-level scheme in mercury and present measurements of
a Doppler-free three-photon coherence in thermal mercury
vapor, forming the basis of observing LWI at a short wave-
length in the UV. Furthermore, we estimate the incoherent
pump power necessary for achieving amplification without
inversion (AWI) through measurements and by extending our
earlier model [18]. In the context of trapped ions three photon
coherences in an N-level scheme have also been analyzed [19]
and observed [20] for clouds of trapped Ca+-ions with an
application in THz-frequency standards [21] and internal state
transfer [22].

II. OVERVIEW OF LWI IN MERCURY

Disturbing a coherently driven three-level system (e.g., an
EIT system) basically leads to an attenuation of the coher-
ent effect caused by the occurrence of decoherence [23,24].
Nevertheless, it is possible to couple a coherently driven three-
level system to a fourth level through weak laser radiation.
This targeted interference can lead to a splitting of the dark-
state of the three-level system, the so-called interacting dark
resonances or double-dark-states (DDKS) [24–26].

Such a four-level scheme is depicted in Fig. 1(a) where the
levels |1〉 , |2〉, and |3〉 correspond to an EIT ladder system,
where the transition |2〉 ↔ |3〉 is coherently coupled by a
strong laser with the Rabi frequency �s and the transition
|1〉 ↔ |2〉 is probed by a laser with Rabi frequency �p. In
addition, level |3〉 is coherently coupled to the metastable level
|4〉 through a weak laser with Rabi frequency �w.

To understand the origin of the DDKS, we write down the
Hamiltonian of the system in the basis of the bare atomic
states {|2〉 , |1〉 , |3〉 , |4〉} in the dipole- and rotating wave
approximations [18]

H = −h̄
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FIG. 1. (a) Four-level scheme with LWI laser transition �p, strong coupling laser �s, and weak coupling laser �w . (b) Level structure of
mercury. The metastable 6 3P0 state is not part of the LWI scheme, but has to be taken into account as population can be trapped in this level.

where �p,s,w = ω12,23,34 − ωp,s,w are the detunings of the
lasers from the respective atomic transitions ωi j . The dressed-
state picture gives a better insight into the appearance of the
DDKS. For this purpose, the Hamiltonian matrix is diagonal-
ized and solved for the eigenstates

|0〉 = |4〉 − �∗
w

�∗
s

|2〉 , (2)

|±〉 = 1√
2

(
|2〉 ∓ |�s|

�s
|3〉 + �w

�s
|4〉

)
, (3)

with all detunings �p,s,w = 0 and for a weak probe beam such
that �p → 0 and first-order contributions from �w. Without
the weak coupling laser �w = 0, the eigenstates |±〉 corre-
spond to the usual Autler-Townes components of a three-level
ladder EIT system and |0〉 to the bare atomic state |4〉, re-
spectively. When the weak coupling laser is switched on, the
eigenstate |0〉 contains an admixture of the bare states |2〉 and

FIG. 2. Imaginary part of the probe transition’s linear suscep-
tibility χ ′′ versus the detuning of the probe laser �p for �s =
2π × 30 MHz, �w = 2π × 0.5 MHz, �s = �w = 0, �12 = 2π ×
1.27 MHz, �23 = 2π × 8.86 MHz, �34 = 2π × 7.75 MHz, and κ =
7.57 × 104 s−1. For the solid black graph no pumping on the 1 ↔ 2
transition was applied whereas for the dashed red graph the incoher-
ent pumprate was r = 5 × 103 s−1.

|4〉 and therefore couples to the ground state |1〉. In the bare-
state picture this corresponds to a three-photon resonance and
leads to a very sharp absorption feature [18,24].

The Bloch equations derived in the Appendix allow for a
quantitative investigation of the three-photon resonance. Here,
the decay rates �12, �23, and �34 of the respective atomic
transitions are incorporated. The central result is the system’s
linear response to the probe field �p in the stationary limit,
the linear susceptibility

χ (1) = χ ′ + iχ ′′ = κ
i�3γ1 − |�w|2

�3(γ1γ2 + |�s|2) + iγ2|�w|2 , (4)

with the three-photon detuning �3 = �p + �s − �w, and
the two complex decay rates γ2 = �12/2 − i�p as well
as γ1 = (�23 + �34)/2 − i(�p + �s). The prefactor κ =
N |d21|2/(h̄ ε0) can be calculated from the atomic density N
and the atomic dipole matrix element d21. As usual, the real
part χ ′ describes dispersion, whereas the imaginary part χ ′′
corresponds to absorption (χ ′′ > 0) or gain (χ ′′ < 0). Figure 2
shows the imaginary part of the probe transition’s linear sus-
ceptibility where the three-photon resonance is visible as a
sharp peak for a probe detuning �p = 0 MHz.

To obtain this three-photon resonance even for Doppler-
broadened media and wavelength differences of several nm
between the probe and coupling lasers, it is possible to use
a specific geometrical orientation of the laser beams as pro-
posed in [17] as long as the k vectors involved obey the
triangle equation. The linear Doppler shift of the three-photon

FIG. 3. Superposition of the three laser beams in a mercury va-
por cell taking into consideration the angles for the Doppler-free
configuration so that k253.7 + k435.8 = k546.1 and the corresponding
polarizations as used in the experiment and proposed in [17]. The
weak probe at 253.7 nm is linearly polarized within the plane and
the other two are linearly polarized perpendicular to the plane. The
length of the three laser beams are scaled according to the absolute
value of their wave vectors.
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TABLE I. Laser parameters for the measurements of the Doppler-free three-photon coherence.

Beam Rabifrequency Saturation
Wavelength Power Linewidth

diameter �/2π parameter S0

253.7 nm 50 µW 0.84 mm 0.21 MHz 0.88 26 kHz (@ 1014.8 nm)
435.8 nm 170 mW 2 mm 30.8 MHz 385 60 kHz
546.1 nm 3.95 mW 2 mm 6.17 MHz 20.2 183 kHz
404.7 nm 3.7 mW 2.8 mm 1.80 MHz 9.10 52 MHz

resonance �3 experienced by an atom moving with the veloc-
ity v yields

�3 = �p + �s − �w − (kp + ks − kw ) · v, (5)

where kp,s,w are the wave vectors of the laser beams. If a
geometrical orientation of the laser beams can be found such
that kw = kp + ks, the Doppler shift �3 = 0, independent of
the atom’s velocity when the laser beams are in resonance
with the atomic transitions (�p,s,w = 0). This allows the use
of a gas cell simplifying the experimental realization and al-
lowing for higher atomic densities than in, e.g., atomic beams
or magnetooptical traps.

Mercury has a level structure meeting the requirements
of a four-level LWI system as stated above [cf. Fig. 1(b)].
The LWI laser transition corresponds to the first ground-state
transition in the UV at 253.7 nm. The strong coupling laser
has a wavelength of 435.8 nm and the weak coupling laser at
546.1 nm couples to the metastable 6 3P2 state with a lifetime
in the range of seconds [27]. To prevent population trapping
in the metastable 6 3P0 state through spontaneous emission
from the 7 3S1 state, an incoherent repump at 404.7 nm is
necessary. A great benefit of this LWI scheme is that ra-
diation at a wavelength of 253.7 nm can be obtained by
fourth-harmonic generation so that the spectroscopic prop-
erties can be analyzed by employing a weak probe laser at
this wavelength. The influence of parameters of the coupling
lasers such as linewidth, detuning, and power is of particular
interest since this is the first four-level LWI system being
investigated experimentally. To satisfy the condition for a
Doppler-free three-photon resonance so that �3PR = 0, the
three laser beams have to be aligned as depicted in Fig. 3,
where the strong coupling beam is counterpropagating with
respect to the probe beam at an angle of 15.3 ◦ and the
weak coupling beam is copropagating at an angle of 19.3 ◦.
Figure 3 also shows the superposition of the laser beams in a
mercury vapor cell and their linear polarizations as proposed
in [17].

Based on the measurements presented in this paper, the
theoretical model by Sturm et. al. [18] was extended to also
include the finite interaction time tint of the mercury atoms
with the laser beams. At a temperature of 16◦ C in the ab-
sorption cell, the atoms have a velocity of about 155 m/s.
With a beam diameter of 0.84 mm for the 253.7 nm probe
beam, we find tint = 5.4 μs, defining the upper limit for the
coherence lifetime. Furthermore, the incoherent pump is now
modeled as a directed pump beam as used in the experiment
also taking into account its spectral width (FWHMpump). It is
a crucial parameter as the three-photon resonance is essen-
tially Doppler-free. As a consequence, all atoms regardless

of their velocity class contribute to the coherence effect. As-
suming a directed pump beam, its spectral width determines
how many atoms of the Doppler-broadened ensemble can
be addressed, which, in turn, is a measure of the pump’s
efficiency.

Figure 4 shows absorption spectra of the 6 1S0 ↔ 6 3P1

transition calculated with the extended theoretical model with
laser parameters as in the experiment (cf. Table I) and an
absorption path of 2 mm. The only difference is the linewidth
of the 546.1 nm coupling laser which was measured to be
183 kHz. For the calculation a linewidth of 60 kHz was chosen
for a better fit to the measured data. A possible cause of
this deviation could be the different noise components as de-
scribed in [28,29] and their effect on the coherent stimulation.
This will be investigated more closely in the future. Further-
more, the linewidth of the probe laser was also estimated to be

FIG. 4. Absorption spectra of the 6 1S0 ↔ 6 3P1 transition cal-
culated with the extended theoretical model. The dotted black line
shows the undisturbed absorption for comparison. (a) Absorption
spectrum with coupling lasers and repumper enabled (solid red
line). The inset shows the Doppler-free three-photon resonance peak.
(b) Absorption spectrum with an incoherent pump at 253.7 nm,
showing AWI for the probe beam (solid red line). The two minor
additional peaks at ±50 MHz around the central peak are numerical
artifacts and do not reflect the physical behavior of the system.
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FIG. 5. Schematic diagram of the experimental setup. The angles of the laser beams overlapping in the UHV cell are to scale as in the
actual experimental implementation. The vacuum chamber connected to the UHV cell is not shown in this figure.

60 kHz but could not be verified experimentally. The temper-
ature of the mercury atoms was assumed to be 16◦C, resulting
in a Doppler-width of 1013 MHz, while for the transmission
a temperature of 5◦C was assumed (for an explanation of this
discrepancy, see Sec. III). The black line in Figs. 4(a) and 4(b)
shows the undisturbed Doppler-broadened absorption spectra.
When the two coupling lasers and the incoherent repump are
switched on, the spectrum is modified as shown by the red
line in Fig. 4(a). The inset shows the central ±5 MHz of the
spectrum where the three-photon resonance peak is visible.
The full width at half maximum (FWHM) of this peak is
704 kHz, which is much less than the natural linewidth of the
6 1S0 ↔ 6 3P1 transition with 1.27 MHz. With an incoherent
pump beam, copropagating with the probe beam at an angle
of 5 ◦, a pump rate of 2π × 10 MHz and a spectral width of
100 MHz the three-photon resonance is shifted into the gain
region (transmission > 100 %) as shown in Fig. 4(b) (red line),
demonstrating the possibility of AWI in mercury, which, in
turn, is a necessity for LWI.

III. EXPERIMENTAL REALIZATION

Figure 5 shows a schematic diagram of the experimen-
tal setup. The key parts are the two coherent coupling
lasers at 435.8 nm and 546.1 nm since their linewidth and
frequency stability are important as they directly influence
the three-photon resonance. Therefore, all laser systems are
based on external cavity diode lasers (ECDL) with typical
linewidths below 100 kHz [30]. The radiation at 435.8 nm and
546.1 nm are generated by amplifying the fundamental radia-
tion of an ECDL by a tapered amplifier followed by nonlinear
frequency doubling. Both systems are frequency stabilized
utilizing polarization spectroscopy with a peak-to-peak stabil-
ity better than 495 kHz. Details of the 435.8-nm laser system

can be found in [31]. As the incoherent repump, we use
an ECDL at 404.7 nm artificially broadened up to 68 MHz
by directly modulating the laser diode current with white
noise and simultaneous frequency stabilization by dichroic
spectroscopy [32].

To verify the theoretical model we use a 253.7-nm laser
system based on frequency quadrupling, tunable around the
6 1S0 ↔ 6 3P1 transition. A spatial filter ensures a Gaussian
beam shape of the UV radiation. About 200 μW are diffracted
in the first order of an acoustooptic modulator (AOM) and
power stabilized by a “noise eater” circuit. This beam is split
equally into a probe and reference beam, respectively. The
residual UV power is sent through a second AOM whose car-
rier frequency is modulated with white noise with a maximum
bandwidth of 10 MHz thus providing the pump beam for the
6 1S0 ↔ 6 3P1 transition [33]. However, the AOM driver was
not capable to transfer the white noise bandwidth onto the
carrier frequency and only a frequency broadening of 0.5 MHz
could be measured with an electric spectrum analyzer.

The three laser systems at 404.5 nm, 435.8 nm, and
546.1 nm are stabilized to the 202Hg isotope since it has the
highest abundance with 29.65 % [34]. The probe and ref-
erence beam is scanned about 7 GHz, centered around the
transition of the 202Hg isotope. The scan speed is about 9 s to
ensure that the two doubling stages could follow the frequency
scan without introducing any instabilities. The utilized laser
parameters such as power, beam diameters, and resulting Rabi
frequencies are listed in Table I.

All laser beams except for the reference beam are over-
lapped within an ultrahigh vacuum cell (UHV cell) according
to the Doppler-free configuration as shown in Fig. 3. The
reference beam is vertically shifted with respect to the
overlap region, experiencing only the undisturbed, Doppler-
broadened absorption. Since the UHV cell features a tapered
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shape, the absorption path can be adjusted between 1.5 mm
to 6 mm and is fixed to 2 mm for the measurements presented
in this paper. The beam diameters for the probe and reference
beam, the two coupling lasers and the repumper are listed in
Table I.

As the laser linewidth is a crucial parameter, it was
measured using a self-heterodyne setup [28,29]. While the
linewidth was directly determined for the wavelength of
435.8 nm and 546.1 nm using a 2.06 μs delay time by intro-
ducing an optical delay by a fiber for part of the beam before
impinging both parts on a fast photo diode. For the wavelength
of 253.7 nm it was determined for the fundamental laser at
1014.8 nm and a delay time of 1.71 μs. The linewidth of the
404.7 nm repump was measured with a high-finesse Fabry-
Pérot interferometer. The measured linewidths are also given
in Table I.

The UHV cell is connected to a vacuum chamber including
a temperature-stabilized mercury reservoir (temperature range
between −40◦ C to +30◦ C) leading to an adjustable opti-
cal density of the mercury atoms. During our measurements
the reservoir temperature is fixed to +5◦ C, resulting in an
atomic density of 1.17 × 1013 atoms/cm3 and a transmission
of the reference beam of about 68 % for a 2-mm absorp-
tion path. While the optical density can be varied, the actual
temperature of the mercury atoms stays almost constant at
+16◦ C, independent of the reservoir temperature due to the
spatial separation between the UHV cell and the reservoir in
the vacuum chamber, resulting in a Doppler width of about
1013 MHz. The mean free path length of the mercury atoms
for a reservoir temperature of +5◦ C is in the order of several
centimeter. Therefore, collisions of the mercury atoms in the
interaction zone with a length of 2 mm are negligible and were
not considered in the calculations. To prevent Zeeman shifts
caused by the Earth’s magnetic field, it is compensated to less
than 3μT by a set of three Helmholtz coils arranged around
the overlap region of the lasers employing a Hall probe.
The magnetic field was further reduced by fine-adjusting the
currents through the coils by optimizing the visibility of the
three-photon coherence peak.

The probe and reference beams are detected by UV pho-
todiodes (JEC4, Laser Components GmbH) with a spectral
sensitivity between 210 nm to 380 nm and protected from
ambient light by additional bandpass filters (Hg01-254-25,
Semrock Inc.) with a central wavelength of 250 nm and a
bandwidth of 15 nm. The two photodiodes are connected in
series to directly measure the difference signal and cancel out
residual power fluctuations of the UV beam, which are equal
in probe and reference beam leading to a better signal-to-noise
ratio. In addition, it is possible to simultaneously measure the
signals of the individual photodiodes.

IV. MEASUREMENTS OF THE
THREE-PHOTON COHERENCE

The influence of the two coupling lasers and the repumper
is measured using four configurations as summarized in
Table II. The polarizations of the individual beams were cho-
sen as shown in Fig. 3 for all configurations in Table II. The
polarization of the 253.7-nm probe laser is linear within the
plane defined by the three lasers, while the polarization of

TABLE II. Measurement configurations used to investigate the
influence of the individual lasers.

253.7-nm 435.8-nm 546.1-nm
Measurement 404.7-nm

probe coupling coupling
configuration repumper

laser laser laser

(a)
√

(b)
√ √ √

(c)
√ √ √

(d)
√ √ √ √

the 435.8-nm and the 546.1-nm coupling lasers as well as
404.7-nm repump laser are perpendicular to this plane.

Figure 6 shows the transmission of the probe beam (red
[gray] signal) and reference beam (black signal) for the four
measurement configurations presented in Table II. The inset
shows a zoom into the central ±100 MHz of the absorp-
tion. For frequency calibration of the x axis a high-finesse
Fabry-Pérot interferometer (FPI 100, TOPTICA Photonics
AG) with a free spectral range of 1.00 ± 0.01 GHz was used
before the second frequency doubling stage at the wavelength
of 507.4 nm. Figure 6(a) corresponds to configuration (a)
where the probe and reference beam experience the undis-
turbed Doppler-broadened absorption of the 6 1S0 ↔ 6 3P1

transition. Considering the absorption path of 2 mm, the mea-
sured Doppler-broadening is 1013 ± 84 MHz. In Fig. 6(b)
measurement configuration (b) is applied where the 6 3P1 ↔
7 3S1 transition is coherently coupled and the repumper is
enabled, leading to the reduction of the probe beam’s absorp-
tion since the population is pumped into the metastable 6 3P2

level. An EIT effect induced by the coherent coupling of the
6 1S0 ↔ 6 3P1 ↔ 7 3S1 ladder system is not observed since
the effective Doppler width of the two-photon resonance of
�D,eff = 445 MHz is much larger than the Rabi frequency of
the coupling laser with �435.8 = 30.8 MHz [35,36]. Once both
coherent coupling lasers are superimposed in the UHV cell
[configuration (c)], the Doppler-free three-photon coherence
can develop as shown in Fig. 6(c). In the inset a small peak
is visible, representing the three-photon coherence. As the
repumper is turned off in this configuration, the population
is trapped in the metastable 6 3P0 level. In Fig. 6(d) all four
lasers are superimposed in the UHV cell. This results in an en-
hanced absorption compared to the undisturbed atomic system
because the population otherwise trapped in the 6 3P0 level
now gets repumped into the 7 3S1 level, while the three-photon
resonance is still visible. This demonstrates that the additional
repumper does not significantly disturb the coherent excita-
tion. Since the atoms leave the interaction area fairly quickly,
only very few get actually optically pumped into the 6 3P0

level and overall the effect by the additional repump laser is
small.

The influence of the two coupling lasers and the repumper
becomes even more obvious in the difference signal com-
pensating the residual power fluctuations of the 253.7-nm
radiation. Figure 7 shows the difference signal corresponding
to the measurements depicted in Fig. 6 with designations
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(a) to (d) being identical in both figures. While a positive
signal indicates a reduction in absorption, a negative signal
indicates an increased absorption compared to the undisturbed
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FIG. 7. Difference signal of the photodiodes for the four spectra
of Fig. 6 with identical labeling of the measurements (a) to (d).
A positive signal implies less absorption, while a negative signal
implies more absorption compared to the undisturbed atomic system.
The zoom on the right-hand side shows the Doppler-free three-
photon resonance peak of graph (d) with a Lorentzian fit (solid red
line).

atomic system. Please note that in configuration (a) the sig-
nals are identical, which is why the difference signal is zero
[configuration (a) shown within the box of part Fig. 7(b)].
The difference signal of configuration (b) shows the reduc-
tion in absorption due to pumping into the metastable 6 3P2

level. However, for a relative frequency shift of ±250 MHz
the absorption begins to increase. A probable cause is the
occurrence of incoherent two-photon absorption effects such
as two-step excitation (TSE) [37,38] initiating a second ab-
sorption path from the 6 1S0 ground state, leading to an
increase in absorption. In Fig. 7(c) the three-photon coher-
ence is visible as a small peak when both coupling lasers
are switched on. Furthermore, an additional increase in ab-
sorption occurs in the region of ±50 MHz around the center
of the transition. This effect is visible when the repumper
is also enabled as shown in Fig. 7(d). The absorption is en-
hanced with respect to the undisturbed atomic system, while
the three-photon resonance peak remains. The origin of the
enhanced absorption is a combination of the TSE process
already mentioned, induced by the 253.7-nm probe beam and
the 435.8-nm coupling beam, and an incoherent three-step
excitation (THSE) process induced by the additional 546.1-
nm coupling beam initiating an additional absorption path
from the ground state. The zoom in Fig. 7 shows a span
of ±10MHz±10 MHz around the Doppler-free three-photon
resonance peak of graph (d). By fitting a Lorentzian function
to the peak the FWHM is determined to be 1.41 MHz, which
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FIG. 8. Difference signal for two detunings of 80 MHz and
160 MHz for the 435.8 nm (�νs) and 546.1 nm (�νw) coupling
lasers, respectively.

is slightly higher than the natural linewidth of the 6 1S0 ↔
6 3P1 transition, but smaller than the expected linewidth of
1.27 MHz × √

1 + 0.88 = 1.74 MHz when saturation broad-
ening by the probe beam is taken into account. However, the
theoretical model (cf. Sec. II) predicts a FWHM of 704 kHz,
which is half of the measured width. The broadening is due

to the remaining frequency fluctuations of the two coherent
coupling lasers. For the Doppler-free angle configuration, the
shift of the three-photon resonance is still dependent on the
frequency shifts of the two coupling lasers. This is shown in
Fig. 8 where in the first two graphs the 435.8-nm coupling
laser is frequency shifted by �νs = +80 MHz and +160 MHz
and in the last two graphs the 546.1-nm coupling laser is
frequency shifted by �νw = +80 MHz and +160 MHz with
respect to their atomic transition. The three-photon resonance
is shifted to negative frequencies for a positive detuning of
the 435.8-nm laser and to positive frequencies for a positive
detuning of the 546.1-nm laser. This is the expected behavior
according to Eq. (5). This, in turn, means that every frequency
deviation of the two coupling lasers during the scan of the
253.7-nm probe laser results in a broadening of the three-
photon resonance peak. For the measurements in Fig. 8 the
detuned laser could not be frequency stabilized as it was too
far from resonance. This leads to even broader three-photon
resonance peaks and even a double structure induced by a
frequency hop of the 546.1-nm laser, which is shown in the
inset for �ν546.1 = 80 MHz. Furthermore, the three-photon
resonance peak becomes more and more asymmetric with in-
creasing frequency detuning of the coupling lasers, as shown
in the insets of Fig. 8. This behavior is similar to that of
three-level EIT systems where the coupling laser is frequency-
detuned and is based on the asymmetry of the Autler-
Townes splitting which results in dispersive-like structures
[39–42].

Figure 9 shows a comparison of the measurements of
Fig. 7 and simulated spectra calculated with the theoretical
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(a)−0,1
0

0,1
0,2
0,3   

+ 
+ 

253.7
435.8
404.7

 nm
 nm
 nm

(b)

−0,1
0

0,1
0,2
0,3   

+ 
+ 

253.7
435.8
546.1

 nm
 nm
 nm

(c)

−0,1
0

0,1
0,2
0,3

probe detuning Δp/ (2π) (MHz)
−1500 −500 0 500 1000

  
+ 
+ 
+ 

253.7
435.8
546.1
404.7

 nm
 nm
 nm
 nm

(d)

−0,01
0

0,01

0,02

0,03
  
+ 
+ 

253.7
435.8
404.7

 nm
 nm
 nm

(a)

(b)

−0,01
0

0,01

0,02

0,03
  
+ 
+ 

253.7
435.8
546.1

 nm
 nm
 nm

(c)

−0,01

0

0,01

0,02

0,03

probe detuning Δp/ (2π) (MHz)
−1500 −500 0 500 10001500

  
+ 
+ 
+ 

253.7
435.8
546.1
404.7

 nm
 nm
 nm
 nm

(d)

di
ff

er
en

ce
 s

ig
na

l (
ar

b.
 u

ni
ts

)

di
ff

er
en

ce
 (a

rb
. u

ni
ts

)

FIG. 9. Comparison of the difference signals for the measurement (left-hand side) and the simulation (right-hand side). The letters (a) to
(d) correspond to the experimental configurations discussed in Table II.
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FIG. 10. Transmission of the probe beam for the AWI con-
figuration and various pump powers. For each measurement the
transmission for the undisturbed UV transition is plotted in addition.
The inset shows a zoom of the central ±50 MHz.

model presented in [18] and the extensions mentioned above.
For the simulation, parameters equivalent to the experimen-
tal situation were used (e.g., Rabi frequencies, temperature
of the mercury atoms, absorption path). The simulation
shows the same processes, such as TPA, which could be
observed in the measurement but the strength and width of the
structures differ between simulation and measurement. One
cause is probably the beam profiles, which are taken to have
a uniform intensity distribution in the simulation, but resem-
ble a Gaussian intensity distribution in the experiment. This
leads to a uniform overlap region of the laser beams in the
simulation while for the experiment the overlap region pos-
sesses a complex spatial distribution of the coupling laser
intensities, which could lead to a broadening of the measured
structures.

V. POSSIBILITY OF AWI IN MERCURY

Measuring the Doppler-free three-photon coherence is the
first step towards LWI in mercury as proposed in [17].
The next step is to use an additional incoherent pump on
the 6 1S0 ↔ 6 3P1 transition which corresponds to an AWI
scheme and is implemented as shown in Fig. 5. The angle
between the incoherent pump beam and the probe beam mea-
sures 5 ◦ so that both beams are well separated after traveling
through the UHV cell (cf. Fig. 5). To achieve a good overlap
with the probe beam within the UHV cell, the beam profile
of the pump beam exhibits an elliptical shape of 2.5 mm for
the long axis, which is parallel to the optical table and 1.4 mm
for the short axis. The polarization of the pump beam is linear
and parallel to the probe beam’s linear polarization. Figure 10
shows the transmission of the probe beam in measurement
configuration (d) with pump beam for five different pump
powers from 1 mW to 40 mW. The absorption spectrum of
the undisturbed UV transition is shown in addition for each
measurement.

The power of the probe and reference beams was reduced
to 15 μW for this measurement to decrease the saturation
of the 6 1S0 ↔ 6 3P1 transition. This power corresponds to

FIG. 11. Measured maximum transmission of the Doppler-free
three-photon resonance peak in relation to the pump power (blue
squares). The absorption of the undisturbed Doppler-broadened tran-
sition are depicted as black dots. The calculated values from the
theoretical model are plotted as green [gray] lines for four different
spectral width of the pump FWHMpump.

a Rabi frequency of � = 2π × 0.175 MHz and a saturation
parameter of S0 = 0.27.

The achieved maximum transmission of the three-photon
resonance is 86.9% for a pump power of 40 mW and is mainly
limited by the insufficient spectral width of the pump of about
0.5 MHz (cf. Sec. III). This is shown in Fig. 11 where the
maximum transition of the three-photon resonance peak is
plotted against the pump power and compared to simulated
data for four different widths of the pump. The simulated
data show a strong dependence on the pump width, which
becomes even more obvious in Fig. 12 where the simulated
maximum transition of the three-photon resonance peak is
plotted against the pump width for different pump powers.
The strong dependence on the pump width is based on the
Doppler-free nature of the three-photon coherence. Because it
is Doppler-free, all mercury atoms independent of their veloc-
ity contribute to the three-photon coherence. However, as the

(MHz)

FIG. 12. Calculated maximum transmission of the Doppler-free
three-photon resonance peak in relation to the spectral width of the
pump FWHMpump for different pump powers. The inset shows the
region where AWI should be possible.
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TABLE III. Calculated cumulative population over magnetic sublevels for each atomic state manifold in the mercury level structure for
two different pump parameters (cf. Fig. 12).

Pump
FWHMpump 6 1S0 6 3P1 7 3S1 6 3P2 6 3P0

power

80 mW 70 MHz 45.5 % 3.5 % 0.3 % 31.9 % 18.8 %
350 mW 180 MHz 24.3 % 6.3 % 0.4 % 43.1 % 26.0 %

pump width is very small, it could only address a small part
of the Doppler-broadened spectrum. The broader the pump
width, the more atoms could be addressed, hence increasing
the pump efficiency. The simulation predicts a certain spec-
tral width for every pump power where the pump efficiency
reaches its maximum. As the pump width is further increased,
for a constant pump power, the spectral intensity decreases
and the pump efficiency begins to decrease. The inset in
Fig. 12 shows the region where a transmission >100 % could
be achieved. AWI is predicted for a pump power >80 mW and
a spectral width FWHMpump � 70 MHz. While, in principle,
it is possible to achieve a pump power of 80 mW with the
existing 253.7 nm laser system, the pump width is limited by
the AOM driver employed to 0.5 MHz. To address the whole
bandwidth of the AOM, it is necessary to build a discrete
AOM driver, which is able to transfer the white noise modula-
tion to the AOMs carrier frequency. This approach is planned
in future experiments.

To show that there is indeed no population inversion on
the 6 1S0 ↔ 6 3P1 laser transition even in the case of AWI
the population of each atomic state is calculated based on the
theoretical model for a set of two different pump parameters.
The results are shown in Table III.

VI. CONCLUSION

In conclusion, the measurements of a Doppler-free three-
photon coherence based on a DDKS in mercury vapor were
presented. Because of the large differences of the involved
wavelengths of 253.7 nm, 435.8 nm, and 546.1 nm, a spe-
cial geometrical configuration is necessary to compensate the
Doppler shifts in the thermal mercury vapor. Such a geometri-
cal configuration was also investigated in [43], but without any
effect because of the experimental setup. The three-photon
coherence is the basis of a LWI scheme facilitating LWI at
a wavelength of 253.7 nm and whose feasibility was shown
by detailed calculations in [17,18] (cf. Sec. II). Since the
generation of a 253.7-nm-probe laser is feasible, this system
is particularly useful to compare experiment and theory. To
achieve lasing at even shorter wavelengths, similar four-level
LWI schemes exist, e.g., in mercury for lasing at 185.0 nm
[17] or 116.5 nm in krypton [44]. In addition, there are
also considerations using a three-photon resonance between
6 1S0 ↔ 6 3P0 states for an optical clock [45], which should
also be possible with this system by exchanging the roles
of the 546.1 nm and 404.7 nm lasers. Using different laser
configurations, the influences of the coupling lasers and the
repumper were investigated and it was shown that the coher-
ence only occurs when both coupling lasers are enabled. By
shifting the coupling lasers away from the atomic resonance,
the three-photon coherence experiences a corresponding shift

as predicted by the theory. This, in turn, is the cause for the
larger width of the three-photon resonance peak compared
to the simulation. An AWI scheme was implemented and
the measurement results were compared to the simulation. It
became apparent that the linewidth of the 253.7-nm pump is
a crucial factor since atoms of all velocity classes contribute
to the three-photon coherence. On the basis of these results,
it was possible to predict AWI for a pump power >80 mW
and a spectral width �70 MHz, which would be the basis
for the first LWI measurements with a wavelength in the
UV. A future expansion of the experimental setup will make
use of a mercury vapor lamp as a pump which provides a
much wider spectral width and therefore an optimal pumping
condition.
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APPENDIX: BLOCH EQUATIONS

The coupling of the atoms to the electromagnetic field in-
duces coherent dynamics described by the Hamilton operator
in Eq. (1) as well as the incoherent radiation damping. This is
described by the optical Bloch equations

∂t ρ̂ = (Lc + Li )ρ̂, (A1)

for the atomic density operator ρ̂. Within the Born-Markov
approximation, one finds

Lcρ̂ = − i

h̄
[Ĥ, ρ̂], (A2)

for the coherent evolution and

Liρ̂ =
∑
j∈T

� j
n j + 1

2
(2ŝ j ρ̂ ŝ†

j − ŝ†
j ŝ j ρ̂ − ρ̂ ŝ†

j ŝ j )

+
∑
j∈T

� j
n j

2
(2ŝ†

j ρ̂ ŝ j − ŝ j ŝ
†
j ρ̂ − ρ̂ ŝ j ŝ

†
j ), (A3)

for the incoherent dynamics. Here, T = {12, 23, 34} is the
set of atomic transitions whereas n j and ŝ j denote the corre-
sponding mean photon numbers and lowering operators. The
thermal population of optical modes at room temperature is
negligible, i.e., n j = 0. However, we model an incoherent
pump on the 1 ↔ 2 transition by setting n12 = r/�12 propor-
tional to the pump rate r.
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For the four-level system considered here, we obtain the following set of Bloch equations for the density matrix

ρ̇11 = −rρ11 + (�12 + r)ρ22 − i�∗
pρ12 + i�pρ

∗
12, (A4)

ρ̇22 = −(�12 + r)ρ22 + �23ρ33 + rρ11 + i�∗
pρ12 − i�pρ

∗
12 − i�∗

s ρ23 + i �s ρ∗
23, (A5)

ρ̇33 = −(�23 + �34)ρ33 + i�∗
s ρ23 − i�sρ

∗
23 + i�∗

wρ∗
34 − i�wρ34, (A6)

ρ̇44 = +�34ρ33 − i�∗
wρ∗

34 + i�wρ34, (A7)

ρ̇12 = −[i�p + �12/2 + r]ρ12 − i�∗
s ρ13 + i�p(ρ22 − ρ11), (A8)

ρ̇13 = −[i(�p + �s) + (�23 + �34 + r)/2]ρ13 + i�pρ23 − i�sρ12 − i�wρ14, (A9)

ρ̇14 = −[i(�p + �s − �w ) + r/2]ρ14 − i�∗
wρ13 + i�pρ24, (A10)

ρ̇23 = −[i�s + (�12 + �23 + �34 + r)/2]ρ23 + i�∗
pρ13 − i�sρ22 + i�sρ33 − i�wρ24, (A11)

ρ̇24 = −[i(�s − �w ) + (�12 + r)/2]ρ24 + i�∗
pρ14 + i�sρ34 − i�∗

wρ23, (A12)

ρ̇34 = −[−i�w + (�23 + �34)/2]ρ34 + i�∗
s ρ24 + i�∗

w(ρ44 − ρ33). (A13)

From the stationary state ρ̇ = 0 of the Bloch equations, subject to probability conservation Tr[ρ] = 1, we obtain the linear
susceptibility on the 1 ↔ 2 transition

χ (1) = χ ′ + iχ ′′ = |d21|2N
ε0h̄�∗

p

ρ21. (A14)
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