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Superluminal Raman laser with enhanced cavity
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Abstract: We demonstrate experimentally a superluminal ring laser based on optically pumped
Raman gain, and a self-pumped Raman depletion for producing anomalous dispersion, employing
two isotopes of rubidium. By fitting the experiment data with the theoretical model, we infer that
the spectral sensitivity of the superluminal Raman laser to cavity length change is enhanced by a
factor of more than a thousand, compared to a conventional laser.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, we have been investigating the use of critically tuned anomalous dispersion
for a range of metrological applications [1–14]. Of particular interest in this context is the
superluminal laser [1–8], for which the laser frequency shift due to cavity length perturbation
can be enhanced by several orders of magnitude. The group velocity in a superluminal laser is
larger than the speed of light in vacuum, without violating causality or special relativity [15].
Making a superluminal laser requires the use of a gain medium which is tailored in a way so
that the laser experiences steep negative dispersion. Recently, we demonstrated experimentally
[8] a superluminal laser using a Diode-Pumped Alkali Laser (DPAL) gain medium, coupled
with a with a Raman resonance induced depletion. In this DPAL based superluminal laser, the
spectral sensitivity to change in the cavity length was found to be enhanced by a factor of ∼190.
While achieving a much larger factor of enhancement in sensitivity should be possible in the
DPAL based superluminal laser, it is not well suited for some applications, such as rotation
sensing [2], that requires the operation of two spatially overlapping but counter-propagating
lasers to operate in the same cavity without any cross talk. This is due to the fact that the gain in
a DPAL medium is bi-directional. Here, we demonstrate a new type of superluminal laser for
which the gain is unidirectional, thus making it suitable for such applications. Specifically, in
this scheme, the main gain mechanism is a Raman population inversion between two hyperfine
ground states in 85Rb, produced via optical pumping. Application of a Raman gain pump then
produces Raman gain for a probe, which is maximized when it is two-photon resonant with the
Raman pump. The width of the Raman gain profile is relatively narrow (few MHz), and can
be tailored by adjusting the operational parameters. We use this gain to realize first a Raman
laser [16,17]. The requisite dip in the gain spectrum [1] is then produced by applying another
laser, called the Raman depletion pump. The frequency of this Raman depletion pump is chosen
to be such that the Raman laser is two-photon resonant with this pump with respect to the two
hyperfine ground states in 87Rb. For suitable choice of parameters, the Raman laser experiences
a narrow band absorption from 87Rb, thus producing a dip in the gain profile. This is called
self-pumped Raman depletion. Since co-propagating (counter-propagating) Raman resonance
is highly insensitive (sensitive) to the Doppler broadening in atomic vapor, both Raman gain
and Raman depletion only efficiently work when the Raman laser is co-propagating with the
Raman gain pump and the Raman depletion pump, thus making the process unidirectional. If
two separate gain cells are used in the same cavity, each with its own Raman gain and depletion
pumps, then two counter-propagating superluminal ring lasers can be realized without any cross
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talk, by making use of polarizing beam splitters to insert and remove the pumps for one cell
before they can enter the other cell. This is made possible by the fact that the polarization of the
resulting Raman laser is orthogonal to that of the Raman gain pump and the Raman depletion
pump (which are polarized in the same direction).

2. Experimental configuration

The relevant laser fields and the energy levels in both isotopes of Rb are shown in Fig. 1(a). In
85Rb, we denote the relevant energy levels as follows:|1〉 ≡ {5S1/2,F = 2}, |2〉 ≡ {5S1/2,F = 3},
|3〉 ≡ 5P1/2, and |4〉 ≡ 5P3/2. The optical pump is tuned to the |1〉 ↔ |4〉 transition, and kept
stable using a peak-lock servo. This creates a condition where the population of level |2〉 is
greater than that of level |1〉. The Raman gain pump A is tuned above the |2〉 ↔ |3〉 transition,
by |∆1 | ' 1GHz. Under this condition, a relatively broad gain is produced for a probe applied
along the |1〉 ↔ |3〉 transition. The peak of this gain occurs when the difference in frequency
between the Raman gain pump A and the probe matches the frequency difference between |1〉
and |2〉. In the presence of a cavity tuned to this frequency, this system will produce a Raman
laser at this probe frequency.

Fig. 1. (a) Energy levels and optical fields in the gain medium and (b) the schematic of the
experiment configuration.

In 87Rb, we denote the relevant energy levels as follows: |1〉 ≡ {5S1/2,F = 1}, |2〉 ≡
{5S1/2,F = 2}, |3〉 ≡ {5P1/2,F = 1}. Here, we make use of the self-pump Raman depletion
process, which works as follows. The Raman depletion pump B is tuned below the |2〉 ↔ |3〉
transition by an amount |∆2 |. This creates a condition where the population of level |1〉 is
greater than that of level |2〉. Consider now the application of a probe along the |1〉 ↔ |3〉
transition. When the difference in frequency between the Raman depletion pump B and this
probe matches the frequency difference between |1〉 and |2〉, the probe will experience maximum
Raman depletion. Thus, the Raman laser produced in 85Rb will experience this peak Raman
depletion if the value of |∆2 | is chosen to be ∼1.280 GHz, given that |∆1 | ' 1GHz. Under this
condition, the frequency difference between the Raman gain pump A and the Raman depletion
pump B, denoted as ∆AB, will match the difference between the ground state hyperfine splittings
of 87Rb and 85Rb, which are 6.834682 GHz and 3.035732 GHz, respectively. When rounded to
three decimal points, the value of ∆AB is 3.799 GHz under this condition. If |∆1 | is increased by
an amount |δ |, then |∆2 | also has to be reduced by |δ | so that ∆AB remains unchanged. Note that
the sign of ∆1 is positive and the sign of ∆2 is negative.
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The schematic of the experiment apparatus is shown in Fig. 1(b). We make use of a cell filled
with natural Rubidium vapor, which contains 72% 85Rb and 28% 87Rb and is heated up to 150
°C, as the gain medium of a triangular ring laser with a cavity length of 61 cm. The cavity is
composed of two plane perfect reflectors and a plane output coupler with a reflectivity of 54.5%.
The estimated empty cavity linewidth is ∼70 MHz. A lens, with a focal length of 75 cm, is
inserted into the cavity to produce a stable cavity mode. The three pump lasers are coupled into
the cavity through polarizing beam splitters (PBS). The power in each Raman pump is 5 mW,
and the power in the optical pump is 315 mW. All three pump beams are focused (not shown) to
match the cavity mode. The output of the laser is split into two parts. A small fraction (∼5%)
of the output is received by a photo detector (PD) used to measure the output power, and the
rest of the output is combined with the two Raman pumps and sent into a Fabry-Perot cavity to
characterize its properties. There are three saturated absorption set ups for the three pump lasers
to keep track of their frequencies.

3. Theoretical modeling

To quantify the sensitivity enhancement of a superluminal laser, we developed a theoretical model
to simulate its behavior. The simulation is based on the N-level algorithm [18,19] developed
previously by us, and considers all the hyperfine levels in both 5S1/2 and 5P1/2 manifolds, as shown
in Fig. 2(a). For simplification, the optical pumping in 85Rb is modeled as an effective decay rate,
denoted as Γop, between the two hyperfine states in the 5S1/2 manifold, and its value is calculated
as follows. We first consider a 3-level system shown in Fig. 2(b). Here, we denote the relevant
energy levels as follows: |1〉 ≡ {5S1/2,F = 1}, |2〉 ≡ {5S1/2,F = 2}, and |3〉 ≡ 5P3/2. The optical
pump is tuned to the resonance of the |1〉 ↔ |3〉 transition. The optical pumping beam is linearly
polarized, which is equivalent to a superposition of left and right circular polarizations. We
define the saturation intensity as Isat = αIsat,max, where Isat,max ' 1.67mW/cm2 is the saturation
intensity for the cycling transition that couples 5S1/2,F = 3,mF = 3 to 5P3/2,F = 4,mF = 4
levels. The value of α is determined by carrying out an average of the squares of the matrix
element between the Zeeman sublevels within the 5S1/2,F = 2 hyperfine state and the F′=1,
2 and 3 hyperfine states within the 5P3/2 manifold. Since the optical pumping beam is tuned
to the center of the Doppler broadened transition between the 5S1/2,F = 2 level and the 5P3/2
manifold, we treat the later as a single energy level. We assume, for simplicity, that the rate
of decay from 5P3/2 to 5S1/2,F = 2 and 5S1/2,F = 3 are equal, indicated as Γ/2 in Fig. 2(b),
where Γ/2π ' 6MHz. We also assume a collisional decay from |1〉 to |2〉 and |2〉 to |1〉, at
the rate of γ12 and γ21, respectively. Since the steady state population of states |1〉 and |2〉 are
nearly equal at the operation temperature, we assume γ12 ' γ21 ≡ γ. Based on the linewidth
of a typical Raman transition in such a system [11], we assume the value of γ/2π to be ∼1
MHz. Under these assumptions, we solve the Liouville equation in steady state, to determine the
populations of |1〉 and |2〉, denoted as ρ1 and ρ2, respectively. If we summarize the role of the
optical pumping beam as producing a net decay at the rate of Γop from |1〉 to |2〉, then we can
write that (γ12 + Γop)/γ21 = ρ2/ρ1. For γ12 ' γ21 ≡ γ, we thus get Γop = γ(ρ2 − ρ1)/ρ1.

For the Raman gain process in 85Rb, wemodel the D1 manifold as a 4-level system, as illustrated
in the left panel of Fig. 2(a). We denote the relevant energy levels as follows: |1〉 ≡ {5S1/2,F = 2},
|2〉 ≡ {5S1/2,F = 3}, |3〉 ≡ {5P1/2,F = 2}, and |4〉 ≡ {5P1/2,F = 3}. We again assume the
natural decay from |3〉 and |4〉 to |1〉 and |2〉 to be at the same rate of Γ/2. The collisional decay
rates between |1〉 and |2〉 are again assumed to be γ12 ' γ21 ≡ γ = 2π × 106sec−1. The Raman
gain pump A is linearly polarized and excites both |2〉 ↔ |3〉 and |2〉 ↔ |4〉 transitions, and is
tuned above the |2〉 ↔ |3〉 transition, by |∆1 | ' 1GHz. The saturation intensity for each transition
is calculated individually using the averaging approach discussed above. The Raman laser field
is nominally tuned to be two-photon resonant with the Raman gain pump A and excites both
|1〉 ↔ |3〉 and |1〉 ↔ |4〉 transitions. However, during the calculation, we set the frequency and
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Fig. 2. (a) Theoretical model of the superluminal Raman laser, and (b) the 3-level system
for calculating the optical pumping rate between the hyperfine levels in the 5S1/2 manifold
of 85Rb.

the intensity of the Raman laser field to be variables that need to be determined using an iterative
algorithm [8,19].
Similarly, for the Raman depletion process in 87Rb, we model the D1 manifold as another

4-level system. The relevant energy levels are denoted as follows: |1〉 ≡ {5S1/2,F = 1},
|2〉 ≡ {5S1/2,F = 2}, |3〉 ≡ {5P1/2,F = 1}, and |4〉 ≡ {5P1/2,F = 2}. The natural decay rates
from |3〉 and |4〉 and the collisional decay rates between |1〉 and |2〉 are assumed to be the same
as those in 85Rb. The Raman depletion pump B is tuned below the |2〉 ↔ |3〉 transition, by
|∆2 | ' 1.280GHz. To match the experimentally measured output power of the Raman laser, we
first assume that the frequency of the Raman depletion pump B and that of the Raman gain pump
A are fixed. By solving the Liouville equation and the equations of motion for a single mode
laser in a self-consistent manner [8,19], we can obtain the steady state solutions of the intensity
and the frequency of the Raman laser field. To calculate the sensitivity of the Raman laser under
this condition, we manually apply a small perturbation in the cavity length (dL). The simulation
can find the output frequency shift (df ) of the Raman laser. Here we define the sensitivity of
the Raman laser as SRL=df/dL. The sensitivity enhancement can be then expressed as SRL/SEM,
where SEM is the sensitivity of an empty cavity with the same length as that of the Raman laser.
We then vary the frequency of the Raman depletion pump B around ∆2 (with the frequencies of
the Raman gain pump A and the optical pump fixed). The simulation can determine the output
power of the Raman laser at each single frequency of the Raman pump B. By solving for all the
frequencies within the experiment frequency scan, we can find the theoretical output power of
the Raman laser as a function of the frequency difference between the two Raman pumps.

As noted earlier, for each isotope, the Raman pump is linearly polarized, which is a superposition
of left- and right-circular polarizations. For the left-circular polarization, the allowed transitions
correspond to all Zeeman sublevels that meet the condition of m′ − m = −1, where m′ (m) is the
angular momentum quantum number for a sublevel in an upper (lower) hyperfine level. Similarly,
for the right-circular polarization, the allowed transitions correspond to all Zeeman sublevels that
meet the condition of m′ − m = 1. We have taken into account the dipole matrix elements of all
of these transitions to estimate the effective Rabi frequency for the Raman pump. Of course,
this approach is an approximate one. A more rigorous approach would require a multi-level
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calculation, taking into account all the Zeeman sublevels in all the hyperfine states. In other
contexts, we have carried out such calculations, using an algorithm develop by our group [18].
However, such a computation is prohibitively time consuming for the case considered, since
we are employing an iterative algorithm [19] to solve for the steady state laser power and laser
frequency. Nonetheless, in the near future, we plan to carry out such a detailed model for the
superluminal laser.

4. Results

Figure 3(a) shows the experiment data and the simulation result of the output power of the Raman
laser, as functions of the frequency difference between the two Raman pumps. The dip is centered
at ∼3.799 GHz, as explained earlier. The noise present in the experimental data is due to the
power fluctuation of the Raman laser, which could be caused by the temperature instability and
the vibrations of the optical components. It should also be noted that the frequencies of the
Raman pumps are not locked. There are several ways the frequencies of the Raman pumps can
be stabilized. For example, one could lock a maser laser to an atomic transition, and then use the
technique of offset phase locking to produce a stable frequency difference between each of the
Raman pump lasers and the master laser. Such an approach will be used when attempting the use
of this technique for precision metrology in the near future.

Fig. 3. (a) Experimental and theoretical results of the output power of the superluminal
Raman laser as functions of the frequency difference between the two Raman pumps and
(b) theoretical estimation of the enhancement of cavity length sensitivity at the two-photon
resonance frequency in 87Rb.

In the experiment, the value of ∆1 is determined by using the following procedure. First,
the frequency of the laser (i.e., the Raman gain pump) is scanned by varying the drive current
linearly. The Raman lasing is observed at a particular point in this scan. A part of the Raman
gain pump is passed through a saturated absorption cell, as shown in Fig. 1(b). The saturated
absorption spectrum is observed during the whole scan. From the known separations between
the observed resonances, the value of the change in the frequency for a given change in the
current is determined. This number is then used to determine the value of ∆1. The value of ∆2 is
determined by following a similar procedure. Specifically, the frequency of the laser (i.e., the
Raman depletion pump) is scanned by varying the drive current linearly. The Raman dip in the
power of the Raman laser is observed at a particular point in this scan. A part of the Raman
depletion pump is passed through a saturated absorption cell, as also shown in Fig. 1(b). The
saturated absorption spectrum is observed during the whole scan. From the known separations
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between the observed resonances, the value of the change in the frequency for a given change
in the current is determined. This number is then used to determine the value of ∆2. The
measurements of the values of ∆1 and ∆2 are carried out with a precision of ∼1MHz. The
measured values are used in the density matrix equations for the simulations. However, this
uncertainty in the measurement means that there is an uncertainty of the order of± 1MHz in the
value of ∆AB. In Fig. 3(a), the location of the dip in the experimental data is lined up with the dip
in the theoretical plot as a fitting process.
By matching the amplitude and the linewidth of the Raman depletion in the output power,

as well as the laser power away from the dip, we have inferred the expected enhancement as a
function of the cavity length change, as shown in Fig. 3(b). The peak value of the enhancement
factor is∼1080. To generate Fig. 3(a), the following approach was used. The values of the relevant
parameters were estimated by using a combination of measured and known quantities (such
as powers in the pump lasers, mode size, output coupler transmissivity and cavity length) and
theoretical modeling (which was used to estimate the Rabi frequencies and the optical pumping
rate). The parameters were then varied slightly to produce the best fit with the experimental
data. Given the complexity of the model, it is difficult to establish quantitatively the degree of
uncertainty in the inferred value of the enhancement factor. Only a direct measurement of the
enhancement factor would suffice to establish full confidence in the value thereof. As can be
seen in Fig. 3(b), the high sensitivity enhancement only happens with very small cavity length
perturbations. To measure such a high sensitivity experimentally, over a very narrow range, it is
necessary to enhance the stability of the system to ensure that the Raman laser operates at the
center of the dip. Currently, work is underway to improve the stability of the system in order to
reach this regime.
It is also important to consider the roles of any AC Stark shift of the energy levels, due

to the application of the detuned Raman pumps. The Rabi frequencies of the Raman pumps,
estimated by weighted averaging over all the allowed magnetic sublevel transitions, are quite
small compared to the values of the detunings. Specifically, for the Raman gain pump, the
detuning (∆1) is 109 Hz, while the Rabi frequency (Ω1) is ∼15.4*106 Hz. Using the fact that
the AC Stark shift is approximately Ω1

2/4∆1, we get the shift to be ∼59 kHz. For the Raman
depletion pump, the detuning (∆2) is 1.28*109 Hz, while the Rabi frequency (Ω2) is ∼14.8*106

Hz. This corresponds to a shift of ∼43 kHz.
When the signs of the detunings are taken into account, along with the fact that the shifts are

for the upper level in each isotope, the effective values of the hyperfine splittings are found to
be 6.834639GHz (reduced by 43 kHz) for 87Rb and 3.035791GHz (increased by 59 kHz) for
85Rb. The difference is now 3.798848GHz, which is 102 kHz smaller than the ideal value of
3.798950GHz. Thus, the frequency difference between these two pumps has to match this value
at the bottom of the dip. As can be seen in Fig. 3(a), the noise in the experimental data tends to
mask such a small shift. However, the theoretical model (which includes the effect of the AC
Stark shifts naturally, since it employs density matrix equations), to which the experimental data
is fitted, shows that the minimum is shifted to the left by ∼200 kHz to the left. Thus, while the
sign of the shift is consistent with the prediction based on the analysis of the AC Stark shifts
summarized above, the actual magnitude of the shift is somewhat different. However, it should
be noted that the shift of the minimum away from the ideal location may not be solely due to the
AC Stark shift. Since the vertical axis here represents the output laser power, cavity mode pulling
may also affect the exact location of the minimum.
In Fig. 4, we have shown comparative theoretical simulation results for two cases: one (red

line) in which ∆1 is positive (with an amplitude of 1GHz) and ∆2 is negative (with an amplitude
of 1.280GHz), and the other (blue line) in which the signs of the detunings are reversed. As can
be seen, for the latter case, the center of the dip is shifted to the right, by ∼500 kHz, while we
would expect it to have moved to the right by 102 kHz due to the estimated AC Stark shifts. Thus,
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the signs of the shift in these two cases are consistent with the analysis of the AC Stark shift
shown above, but the magnitudes of the shifts are somewhat different from the estimated values.
Again, we attribute this quantitative discrepancy to the fact that the shifts may not be solely due
to the AC Stark shifts, and possible cavity mode pulling effects need to be analyzed carefully to
investigate the source of the discrepancy. More careful analysis of the system, theoretically as
well as experimentally, will be carried out in the future to establish clearly the role of the AC
Stark shift and the cavity mode pulling effect in the determination of the shift of the minimum
away from the ideal location.

Fig. 4. The asymmetric Raman depletion profiles on both sides of the resonance.

The degree of the spectral asymmetry of the absorption profile depends on the intensity
difference between the Raman laser and the Raman depletion pump. For a certain Raman
depletion pump power, the stronger the Raman laser beam is, the more asymmetric the absorption
profile will be. Moreover, if the signs of ∆1 and ∆2 are reversed, the asymmetry will be mirrored
across its center, as can be seen in Fig. 4.

5. Summary

To summarize, we have experimentally demonstrated a superluminal Raman laser employing
optically pumped Raman gain and self-pumped Raman depletion, with more than a thousand-fold
inferred enhancement in sensitivity. If one of the mirrors in the cavity is mounted, for example,
on a metallic diaphragm, which transduces acceleration to change in the cavity length, such a
laser can be used as a highly sensitive accelerometer. Furthermore, this scheme is suitable for
realizing a pair of counter-propagating superluminal lasers in the same cavity without cross-talk.
Such a system may be useful for measuring rotation with a sensitivity significantly larger than
that of a conventional ring laser gyroscope.
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