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We study gain without inversion due to coherence effects in a Doppler-broadened degenerate three-level
system of a rubidium-hydrogen mixture in a miniaturized micron-scale custom vapor cell. The cell minia-
turization gives rise to collisions of atoms with the walls of the cell. This, combined with the high collision
rate with the hydrogen buffer gas, allows us to observe gain in the absorption spectra. Furthermore, we
analyze the role of cell miniaturization in the evolution of the gain profile. In addition to fundamental
interest, the observation of gain without inversion in our miniaturized cells paves the way for applications
such as miniaturized lasers without inversion.
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I. INTRODUCTION

Atomic coherence effects, such as a coherent population
trapping [1–7], electromagnetically induced transparency
[5,8–15], high index of refraction with vanishing absorp-
tion, and amplification and lasing without inversion (AWI
and LWI) have been intensively investigated over recent
years due to their fundamental properties and their multiple
potential applications [16–24], ranging from laser cooling
to isotope separation and from ultrahigh-sensitivity mag-
netometers to the generation of giant pulses of laser light.
Among these phenomena, AWI and LWI have received
considerable attention for their potential to obtain laser
light in diverse spectral domains, e.g., the x-ray range
where conventional methods based on population inver-
sion are not available or are difficult to implement.

In the present work, we demonstrate, for the first time,
gain without population inversion in a micron-scale Rubid-
ium vapor cell without the use of an incoherent pump
beam. The demonstrated effects take advantage of the fre-
quent atom-wall collisions in our micrometer cell as well
as the frequent collisions with the buffer gas (hydrogen)
to suppress the optical pumping. In the following, we
describe the theoretical background and the simulations
of gain and populations in different types of cells. This is
followed by a description the experimental setup and the
obtained experimental results.

II. THEORY AND SIMULATIONS

To analyze the rubidium (Rb) hot vapor system, in
the presence of buffer gas and wall collisions, we con-
sider a model as shown in Fig. 1, which consists of four
levels labeled |1〉, |2〉, |3〉, and |4〉. We assume a
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high-power pump beam, which allows us to excite all the
energy levels of the D2 hyperfine manifold at the same
time due to power broadening, and thus the excited states
can be treated as a single state instead of separate states.
Regarding the probe beam in the D1 transition line, there is
a large separation between the two hyperfine excited states,
of about 361 MHz. Owing to this large separation, we can
consider only one of the hyperfine excited states. To ensure
accurate experimental results, we need to cancel out the
Zeeman levels of the excited and ground states. We accom-
plish this by setting the external magnetic field to zero,
which is achieved experimentally using four layers of mu-
metal. A strong driving field induces a coherent coupling
between levels |1〉 and |4〉, whereas a weak probe beam is
scanned around the transition between levels |1〉 and |3〉.
Under the rotating wave approximation, the Hamiltonian
of the system, including the interaction between the atoms
and the two electromagnetic fields can be written as

H = H1 + H2

H1 = �ωpra+
3 a3 + �ωpua+

4 a4

H2 = ��pra+
3 a3 + ��pua+

4 a4 + �[�pra+
3 a1

+�pua+
4 a1 + c.c.]

(1)

where � is Planck constant, a, a+ are the lowering and
raising operator respectively. �pr = ωpr − ω13 and �pu =
ωpu − ω14 are the detunings, and ω13 and ω14 denote the
frequencies of the transitions from |1〉 to |3〉 and |1〉 to
|4〉, respectively. ωpr and ωpu are the probe and the pump
beam frequencies respectively. �pr and �pu are the Rabi
frequencies of the probe and the pump fields. The time evo-
lution of the density operators is described by the Liouville
equation,

∂tρ = − i
�

[H , ρ] − 1
2
{�, ρ} + �, (2)
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FIG. 1. Schematic diagram level of rubidium vapor. W12 is
the population exchange rate of the ground levels �pr, �pu are
the Rabi frequencies of the probe and the pump beam, respec-
tively; R34, R43 are the energy transfers rates between excited
states due to buffer gas collisions; �pr, �pu are the probe and
pump detunings.

where the square brackets denote the commutator, and
the curly brackets stand for the anticommutator. We
assume that the upper states |3〉 and |4〉 decay sponta-
neously with rates γ3 and γ4, respectively [25,26]. In
addition to spontaneous relaxation, we must also take into
account the influence of buffer gas. Buffer gas can lead
to the transfer of population from excited states through
collisional processes (denoted as R34 and R43). Further-
more, pressure broadening relaxation should be consid-
ered as well. The overall relaxation is described by the
matrix �,

� = W12|1〉 〈1| + W12|2〉 〈2| + (γ3 + R34 + γwall)|3〉 〈3|
+ (γ4 + R43 + γwall)|4〉 〈4| . (3)

W12 is the wall collision relaxation (see Supplemental
Material [31]). R34, R43 are the collisional transfer rates
between 5P1/2 and 5P3/2 levels due to the buffer gas (for
more information see Supplemental Material [31]). We use
here the simple model of ground state relaxation. � is
related to the repopulated matrix (see Supplemental Mate-
rial [31]). The evolution equation for the atomic coherence
related to the absorption as obtained from Eq. (2) is equal
to (see Supplemental Material [31])

ρ13 = 2�pri(ρ33 − ρ11) + 2i�puρ43

R + W12 + γ3 + 2i�pr
. (4)

From the numerator of Eq. (4) we see that there are two
contributions of the coherence (ρ13) that modify the usual
gain and absorption. The first is the dynamical Stark effect
[27], studied theoretically and experimentally in a V-type
configuration in Ref. [28]. There is, however, another effect
that modifies the properties of the V scheme. This contri-
bution is represented by the coherence effect of the two
excited states (ρ43).

Figure 2(a) shows the evolution of the population of
the ground states and the excited states as a function
of time. The relaxation rate (W12) between the ground
states due to wall collisions is assumed to be W12 ∼ 0.5γ3,
corresponding to approximately 8 Torr of H2 buffer gas.
The wall collision suppresses the optical pumping. There-
fore, the population difference ρ33 − ρ11 is determined by
the rates at which atoms leave and decay into states |1〉 and
|2〉. In the limit of a weak probe beam, atoms can leave
state |1〉 only by being pumped to state |4〉. It is worth
mentioning that if level |2〉 decays faster than level |4〉,
an inversion of the transition coupled by the weak probe
field cannot be achieved [see Fig. 2(b)]. By observing the
steady-state values, we see that the value of ρ13 is positive
[Figs. 2(b) and 2(c)], hence gain is achieved in spite of the
fact that ρ33 − ρ11 is negative, giving rise to gain without
inversion.

We now address the case of a large cell with negligi-
ble wall collisions by repeating the calculations, this time
with W12 = 0. Figure 3(a) shows that when wall colli-
sions are negligible the population of the ground state |2〉
is increased due to optical pumping. As a result, the coher-
ence of the levels |3〉 and |4〉 is diminished [i.e., ρ43 is
nulled, see Fig. 3(c)], and ρ13 becomes negative. As such,
observing gain without inversion becomes impossible in
this case.

Next, we calculate the gain (absorption) coefficient
as a function of probe detuning for a weak probe
field on the |1〉 to |3〉 transition. As mentioned pre-
viously, the gain is proportional to the imaginary part
of the off-diagonal elements of the atomic density
matrix ρ13. In the weak probe field, and under the
condition of the pump being at resonance, we obtain
the following expression for the frequency-dependent
susceptibility:

χ(5S1/2→5P1/2)(�pr, v)

= 3λ2
prNLγ3

4π

Im(ρ13(�pr, v))

�pr

= 3λ2
prNLγ3

4π�pr

2(R + W12 + γ3)

(R + W12 + γ3)
2 + (2�pr)

2

(�puρ43(�pr, v) + �pr

(ρ33(�pr, v) − ρ11(�pr, v))). (5)

Where N is the atomic density and L is the cell length.
From Eq. (5) (see right parenthesis of the second equality)
we can identify two contributions that affect the gain-
absorption terms. The first is related to the coherence
of the two excited states, ρ43, while the second corre-
sponds to the population inversion of the ground state
and the excited state of the probe beam, ρ33 − ρ11. There-
fore, as mentioned previously, we can observe gain in the
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FIG. 2. Time evolution of
the density matrix as calculated
from the four-level optical
Bloch model, with parameters
of �pr = 0.1γ3, �pu = 90γ3,
W12 = 6γ3, R34 = R43 = 10γ3,
γ3 = 2π5.75 MHz, and
γ4 = 2π6.06 MHz.

absorption although there is no population inversion (i.e.,
ρ33 − ρ11 < 0). In order to calculate the actual gain while
taking into account the Doppler effect, which is a dominant
factor in our hot vapor system, we multiply the suscepti-
bility by the Boltzmann distribution and integrate over all

velocities.

G(�pr) =
∫ ∞

−∞
χ(�pr, v) exp

(
−v2

u2

)
dv (6)

where u is the most probable velocity.

FIG. 3. Time evolution of
the density matrix as calculated
from the four-level optical
Bloch model, with parameters
of �pr = 0.1γ3, �pu = 90γ3,
W12 = 0, R34 = R43 = 10γ3,
γ3 = 2π5.75 MHz, and
γ4 = 2π6.06 MHz.
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FIG. 4. Simulation of the transmission spectra as a function
of the probe detuning with and without ground state relax-
ation (W12) due to wall collisions. In both plots the parameter
are �pu = 0, �pr = 0.05γ3, �pu = 60γ3, R34 = R43 = 2γ3, γ3 =
2π5.75 MHz, and γ4 = 2π6.06 MHz.

Figure 4 shows transmission spectra for the two differ-
ent cases of negligible collisions (W12 = 0, red line), and
significant collisions (W12 = 6γ3, blue line). Indeed, when
the collision effect is negligible, we cannot observe gain
in the transmission, whereas when the wall collision rate
is significant one can observe gain within the transmission
spectra.

Next, we turn to study the influence of the relaxation
mechanisms (e.g., wall collision) on the gain obtained
in the absorption spectrum. As shown in Eq. (5) the
susceptibility at the resonance transition is dependent upon
the imaginary part of the coherence element ρ13 and can be
written as (see Supplemental Material [31])

χ(5S1/2→5P1/2) = G[(ρ33 − ρ11) + �∗
pu

2
(ρ11 − ρ44)], (7)

where

�∗2
pu = �2

pu

γeff
, (8)

G = 3λ2
prNLγ3

2π(R + W12 + γ + γwall + �2
pu(γtot/γeff))

. (9)

The susceptibility is dependent upon two factors. The first
is known as the dynamical Stark effect. The second contri-
bution is represented by the term proportional to the �∗2

pu in
the second term of Eq. (7) and is precisely due to the quan-
tum interference of the absorption. It follows from Eq. (7)
that absorption interferes destructively if ρ11 − ρ44 > 0.
This leads to a reduction of absorption and enhancement of
the gain. As a result, the probe field can be amplified even
if ρ33 − ρ11 < 0. The effective pump is dependent upon the

(a) (b)
Experimental setup and results

FIG. 5. (a) Illustration of the experimental setup used for the entire results. PBS, polarizing beam splitter; Det, detector. (b) Top
view of the device and side cross-section schematic (not to scale) of the micrometer rubidium cell.
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relaxation mechanisms by

�∗2
pu = �2

pu

γeff
. (10)

So, to obtain gain we need to set the pump beam to satisfy

�2
pu >

1
2
(R2 + γ 2

wall + 2Rγwall). (11)

By choosing this parameter we can obtain gain in the
absorption signal. It is worth mentioning that, as shown by
Eq. (9), the relaxation effects reduce the overall contrast.
The reduced contrast should be taken into account when
performing experiments in this system.

III. EXPERIMENTAL SETUP AND RESULTS

An illustration of our experimental setup consisting of
two laser beams is shown in Fig. 5(a). The pump beam
wavelength is 780 nm, corresponding to the D2 transition
(5S1/2–5P3/2) of the Rb vapor. This laser has a short-
term linewidth on the order of 100 kHz, and its frequency
is stabilized to the Fg = 2 → Fe = 3 transition using the
well-known saturated absorption spectroscopy technique
[29]. As shown in the previous section, to obtain gain we
need to generate a strong excited state coherence. This is
done by setting the pump intensity to be fairly high, around
2 W, by using a tapered amplifier (Toptica BOOSTA). The
probe beam is tuned to the wavelength of 795 nm, cor-
responding to the D1 transition (5S1/2–5P1/2) of Rb. It is
kept at a relatively low intensity level of around 150 μW.
At such intensity levels, we do not change the popula-
tion distribution of the system, but only measure the probe
transmission through the miniaturized cell, in the presence
of wall collisions and buffer gas, and under the condition
of strong pump beam intensity. The linewidth of the probe
beam laser is around 100 kHz.

As mentioned previously, in order to observe gain we
need the wall collision rate to be significant with respect
to the excited state decay rate. To facilitate such a case,
we fabricate a custom miniaturized vapor cell with thick-
ness of about 30 μm along the light propagation direction.
A schematic description of the cell geometry is given in
Fig. 5(b). For more details related to the cell fabrication
method see Ref. [30].

To eliminate the Zeeman sublevel splitting, the resid-
ual magnetic field is canceled using a fourfold mu-metal
shield, which reduces the residual magnetic field to less
than 10−7 T. The magnetic shielding is used to reduce the
optical pumping effect because of the equal probabilities
of occupying each Zeeman sublevel. The experiments are
done at elevated temperatures in the range of 150–250 °C
corresponding to atomic densities of 3.5 × 1019 m−3 and
3.05 × 1020 m−3, respectively. These high temperatures
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FIG. 6. D1 line transmission for natural rubidium in microm-
eter vapor cell at temperature of 150 °C where the pump beam
is fixed at theFg = 3 → Fe transition (a) and Fg = 2 → Fe tran-
sition (b) of 85Rb. The pump beam (780 nm) intensity is about
2 W and the probe intensity is around 150 μW (795 nm). Red
dotted line represents the transmission of a reference cell at room
temperature.

allow us to reach high optical densities even at low propa-
gation length. Furthermore, by increasing the temperature
we increase the most probable velocity and as a result the
wall collision rate is increased, further enhancing the effect
of gain without inversion.

In order to detect only the probe beam while eliminat-
ing the detection of the pump beam, we set the pump
beam to be TE polarized while the probe beam is set to
be TM polarized. By using a polarizing beam splitter after
the vapor cell we filter out the TE mode and detect only
the TM mode. To further improve the filtering, we add a
bandpass filter around 795 nm allowing only the probe to
be transmitted, while rejecting the pump at 780 nm.

Using the previously described setup, we measure the
transmission spectrum of light through the miniaturized
vapor cell, as shown in Fig. 6. The red dotted lines in Fig. 6
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FIG. 7. D1 line transmission for natural rubidium in microme-
ter vapor cell at temperature of 250 °C where the pump beam is
fixed at the Fg = 1 → Fe transition (a) and Fg = 2 → Fe tran-
sition (b) of 87Rb. The pump beam (780 nm) intensity is about
2 W and the probe intensity is around 150 μW (795 nm). Red
dotted line represents the transmission of a reference cell at room
temperature.

represent the transmission spectra of the D1 transition of
natural Rb vapor measured in a 7.5-cm-long reference cell
at room temperature (25 °C), while the blue lines represent
the transmission spectra obtained from our 30-μm-thick
cell at a temperature of 150 °C. In the top panel [Fig. 6(a)]
the pump is parked at the Fg = 2 → Fe transition of 85Rb,
whereas in the bottom panel [Fig. 6(b)], the pump is parked
on the Fg = 3 → Fe transition of 85Rb. Because the use
of the thin cell results in a low optical density, the over-
all contrast is approximately 5% even at these elevated
temperatures. The line width of the transmission spectra
obtained from the 30-μm cell is broader than the transmis-
sion measured from the reference cell, mainly because of
power broadening, increased Doppler broadening (due to
the elevated temperatures), and pressure broadening (due
to the presence of the buffer gas).
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FIG. 8. D1 line transmission of natural rubidium micrometer
vapor cell without modulation (green line) and with modu-
lation (blue line). The parameters are temperature of 200 °C,
pump beam (780 nm) intensity of about 2 W, and probe inten-
sity of around 150 μW (795 nm). The pump is aligned to
the Fg = 2 → Fe transition of 85Rb. Red dotted line represents
the transmission of the probe through a reference cell at room
temperature.

In both cases [Figs. 6(a) and 6(b)], we observe gain in
the transmission spectra. The observed gain from our 30-
μm-long cell is approximately 1%, validating our assump-
tion of inversionless gain. As predicted, the spectral lines
in our cells are broader than the spectral lines in the
reference cell. This is attributed to the combined effect
of pressure broadening, power broadening, and enhanced
Doppler broadening.

In Fig. 7 we repeat the same experiments; however,
this time the pump beam is set to the 87Rb resonance
transitions. To reach significant contrast in the 87Rb
(approximately only 27% in natural rubidium), we need
to increase the optical density. To do so, the temperature
is increased to 250 °C. Indeed, when the pump is aligned
to the Fg = 1 → Fe transition [Fig. 7(a)] the observed
absorption contrast is around 12% and the gain is around
2%. Furthermore, for the stronger transition Fg = 2 → Fe
[Fig. 7(b)] the observed gain approaches 4%.

One of the primary reasons for the increased gain
observed in Fig. 6 as compared to Fig. 7 is the use of
elevated temperature, which leads to enhanced collisional
transfer rates (R34, R43), thereby resulting in an increase in
gain. Furthermore, as illustrated in Fig. 7, the buffer gas
spectrum shows a noticeable shift from the reference sig-
nal, owing to its strong dependence on temperature. Thus,
as the temperature of the cell is significantly increased, the
buffer gas shift is expected to increase as well. In order to
verify that the gain results from coherence rather than from
population inversion, we repeat the results of Fig. 6(a);
however, this time we increase the laser linewidth by mod-
ulating the current of the diode laser with a noisy signal. By
doing so, the linewidth is increased, allowing us to destroy
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the coherence while maintaining the population distribu-
tion. In Fig. 8 we present the transmitted probe signal with
(blue curve) and without (green curve) laser modulation.
As can be seen, only the green curve shows gain, whereas
the gain disappears for the blue curve.

IV. CONCLUSION

We demonstrate theoretically and experimentally the
existence of gain without population inversion in
miniaturized vapor cells of rubidium. The effect is a direct
result of coherence between excited states. To achieve
the condition of gain without population inversion we use
buffer gas and a miniaturized vapor cell. The use of the
buffer gas increases the population transition rate from
level 4 to level 3, whereas the miniaturized cell results
in the enhancement of the collision rate, destroying the
optical pumping and allowing constant transition from the
ground state to level 4 by the pump. Our results may pave
the way to the demonstration of laser without inversion in
miniaturized vapor cells.
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