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ARTICLE INFO ABSTRACT

MSC: Although potassium stands out among alkalies by its smallest ground state hyperfine splitting, smaller than
0000 Doppler broadening, investigations of its four-wave mixing (FWM) quantum properties, like squeezing and
111 entanglement, were neglected. Here we present measurements of quantum correlations in potassium vapor
Keywords: using far-detuned double A scheme for FWM. We obtained the relative intensity difference squeezing (IDS) of

Intensity difference squeezing
Four-wave mixing
Potassium

-6.1 dB, with the squeezing bandwidth between 0.9 to 4.5 MHz on the noise spectra. The squeezing maximum
in potassium compares well with the best results obtained in Rb and Cs, and has larger value than previously
reported IDS in potassium. This result agrees qualitatively well with the squeezing calculated using analytical
expressions from the model of operators when with chosen parameters FWM generates both squeezing and
probe at their maximums. The ultimate squeezing level in potassium, predicted by the model, when conjugate
absorption in the cell and optical losses behind the cell are neglected, is —10.29 dB. This is among the largest

predicting squeezing obtained by FWM in alkalies.

1. Introduction

Squeezed states of light are of great interest because quantum
noise reduction below the standard quantum limit (SQL) allows ap-
plications to metrology with sub-shot noise precision [1], quantum
enhanced sensing [2] and imaging [3,4], quantum interferometry (for
gravitational wave interferometry) [5], atomic magnetometry [6] and
quantum-enhanced spectroscopy [7].

Spontaneous parametric down conversion (SPDC) and FWM are
common methods to generate squeezed light. FWM occurs when a
strong pump, through the third order nonlinearity, produces two new
frequency components. The frequency and polarization of new photons
are governed by the energy conservation law and the phase matching.
FWM itself has been extensively studied in both atomic [8-11] and
solid-state mediums [12,13]. Of special interest in our research is FWM
generated in atomic vapor utilizing double A atomic scheme. It was
already used in demonstrations of slowing [14,15] and storing [16,17]
light pulses, entanglement [18,19] and study of optical nonreciproc-
ity [20]. In addition to above mentioned application associated to this
quantum effect, FWM also produces two-mode quantum correlated pho-
ton pairs of the same polarization, with multi-spatial-mode squeezing.
The amplitude difference (and phase sum) of the two modes have
reduced noise at the expense of increased noise in the sum of their
amplitudes (and difference in their phases). Due to strong nonlinearity
of FWM media, intense parametric amplification of twin photons and

large squeezing are obtained in a single pass of the pump beam through
atomic vapor. Quantum correlated and entangled photon pairs have
made strong impact on several areas of research and in industry.
Applications include quantum metrology [21], microscopy [22] and
imaging [23,24], quantum teleportation [25,26] and information [27,
28].

FWM as a means for generating squeezing was first proposed by
Yuen and Shapiro [29]. The first experimental observation of squeezed
light by FWM was by Slusher et al. [30] in 1985, who used intra-
cavity sodium vapor beam and two-level atomic scheme. McCormick
et al. [31] used FWM in Rb vapor to generate two-mode squeezing
in a joint quadrature of correlated probe and conjugate fields, or
intensity difference squeezing (IDS). Large intensity squeezing obtained
by phase-insensitive FWM in Rb of —9.2 dB [32] is close to the highest
level of squeezing produced by any method for generating squeezed
light [33]. This result made FWM in hot alkali vapors widespread
method for testing limits of FWM with different gases, and different
atomic schemes [34-39]. Several groups tried different approaches
to enhance IDS, by modulating internal energy level with additional
laser [40], or by conical pump beam [41]. With FWM based two-beam
phase sensitive amplifier, IDS above 10 dB was obtained in Rb va-
por [42]. The strongest IDS obtained in hot Cs vapor was —6.5 dB [38].
The difficulty in getting higher quantum correlation in Cs is believed
to be due to larger hyperfine splitting (hfs) of the ground state in
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Fig. 1. (a) Double A scheme for D, line in potassium. Pump beam — thick line (red for online version), probe beam — thin line (green for online version), conjugate beam —
dashed line (blue for online version), hfs — hyperfine splitting, 4 — one photon detuning, 6 — two photon detuning (b) Experimental setup for FWM, M — Mirror, L. — Lens,
PBS — Polarization beam splitter, AOM — Acousto-Optical Modulator, AP — Aperture, PD — Photodetector, SA — Spectrum Analyzer.

Cs [37]. Recently, study of IDS based on FWM on double A scheme was
extended with the use of two pump beams [43,44], generating multi-
beam quantum correlation and also with integration of FWM system
with optical parametric amplifier [45]. These studies could pave the
way to expanding the range of the possible applications of IDS based
on FWM in atomic vapor.

Here we present measurements of IDS realized by the nondegen-
erate FWM in hot potassium vapor. So far the only published result
for IDS in potassium is given in [39]. Intensity squeezing in [39] was
—1.1 dB, but the probe frequencies were close to atomic resonances,
as opposed to the off-resonance FWM used in experiments with the
largest values of squeezing [31,32,38]. Potassium has smaller ground
state splitting and higher Doppler broadening of absorption resonance
than other alkalies. Smaller hyper-fine splitting, of 460 MHz, means
higher cross-susceptibility [46], large gain of twin beams for usual
pump powers [47], and cheaper method for the probe offset from the
pump frequency. In the experiment, the twin beams were generated
by the off-resonant double A scheme on D1 line in K (Fig. 1(a)).
We investigated effects of FWM parameters on IDS measuring noise
power spectrum of the signal difference, and gains of twin beams as
a function of pump detuning, two-photon pump-probe detuning and
the vapor density. The relative intensity squeezing were calculated by
the model of operators [31,48-50] and compared with experimental
dependence of IDS as a function of pump and pump-probe detunings,
at several vapor densities.

2. Experiment

The double A scheme used for the FWM is given in Fig. 1(a). The
pump beam at 770 nm couples 45, ,, F = 1 to 4P, , with detuning 4.
The probe “seed” beam couples the 45, ,, F = 2 to the same excited
state, detuned from the pump-probe Raman resonance by §. The source
for the pump and the probe is the Ti:Sa laser (MBR-110, Coherent), as
depicted in the schematic of the experiment, Fig. 1(b). For the probe
detuning §, around ~460 MHz, we had to use two available AOMs
summing two frequency offsets to the total that is close to hfs. To keep
probe spatially stable during fine detuning, the second AOM had to
be in a double pass. The pump and the probe, orthogonally polarized,
with diameters 0.8 mm and 0.5 mm, respectively, are intersected at the
center of the 30 mm long K cell. Conservation of momentum defines the
range of phase matching angle for efficient generation of FWM, from
which we choose 4 mrad as the intersection angle between the pump
and the probe. The cell windows are AR coated on both sides, resulting
in the probe transmission of 0.98(5) per cell window. For calculating
expected levels of squeezing, we used measured losses at the cell exit
window, on optics elements behind the cell (beam splitter, mirrors
and lenses), 0.91(5), and the quantum efficiency of balanced photo-
detector, 0.83, leading to the total losses in detection of ~0.25. The

cell was heated by the stream of a hot air for a temperatures ranging
from 110 °C to 130 °C, corresponding to atomic density from 1.54-10'2
cm™3 to 5.51-10'2 em~3 [51].

After the cell, the probe and the conjugate are directed to the
photodiodes of the balance detector (Thorlabs PDB450A-AC), while
the pump is blocked by the Glan-Taylor beam splitter with 10°:1
extinction ratio. The difference of the two signals is sent to a spectrum
analyzer (RSA607 A Real-Time spectrum Analyzer from Tektronix) with
a resolution bandwidth set to 3 kHz and a video bandwidth of 30 Hz.
The results for IDS presented below are values of the noise spectral
density of the signal difference at the frequency of 1.5 MHz, minus the
SQL. SQL is determined by splitting the probe beam with a 50:50 beam
splitter and then sending the obtained beams to the balanced detector,
Fig. 2(a). In Fig. 2(b) we present the results of the SQL calibration @
1.5 MHz, as a function of the total power.

3. Model of operators for intensity difference squeezing

The Hamiltonian governing the FWM process of creation of probe
and conjugate photons from annihilated two pump photons, assuming
no depletion for the strong pump, is defined with H = in(y,a’ht —y,ab),
where @ and b are annihilation operators for probe and conjugate, and
Ya. is constant, proportional to . The time evolution of 4 is given by
% = #[}AI ,a] = —y,b', and by the similar expression for b. Then, after
defining & = yt, and choosing y as real, we can write the equations for
a and b after the mixing as:

a = d cosh(¢) + b sinh(&), (1a)
b' = a/ sinh(&) + b cosh(&). (1b)
Here, ¢ is the squeezing parameter that depends on the pump power
and frequency (detunings), medium length, and can be calculated from
the classical pump field, while 4, and b, are input field operators for
the probe and conjugate field, respectively.

The mean photon number per mode a (b) at the output, with vacuum
field at the input for mode b is
(N,) = (a'a) = cosh*(s)(a] @) + sinh*(s) = G(a/ ay). (2a)
(Ny) = (biby) = (G = 1)(a} a). (2b)
where cosh®(s) = G, is the nonlinear gain coefficient. The variance of
the difference of the probe and conjugate photon numbers is Var(N, -
N b)) = (d;ﬁo). The noise reduction factor (NRF) given in respect to SQL,
(N, + N,), is
_ Var(Na—Nb) _ 1
O (N,+K,) QG-
In an ideal case, in the absence of probe absorption in the FWM
medium, neglecting twin beam losses after the mixing medium, and

NRF 3




M.M. Curéié and B.M. Jelenkovi¢

PBS
probe beam

N>

(SA)

(a)

Optics Communications 533 (2023) 129301

%12-
= 10 "
g
& 8- -
a " -
o
8 6 ]
= -
z ] -
2_/
0 T T
o} 100 200 300 400 200 800

Tatal power [UW]

(b)

Fig. 2. (a) Schematic of the setup used for the balanced beam detection and SQL measurement (b) SQL calibration @1.5 MHz as a function of total power, corrected for the

electronic noise.

assuming ideal detection efficiency, squeezing and twin beam intensi-
ties are directly associated with the FWM gain. Eq. (3) gives relation
between classical (gain) and quantum (squeezing) properties of FWM,
showing that for nonclassical behavior, the mixing gain has to be
greater than 1. Although noise of probe and conjugate increase with
gain, the NRF is decreasing because of correlation in fluctuations
imparted on both beams. The IDS in dB below SQL is then given by
IDS = -101og(2G - 1).

The optical losses on the probe (conjugate) are modeled by the
action of the beam splitter (BS) as in [48,49]. The heterodyne detection
of probe (conjugate) is replaced by an ideal quadrature detection with
fictitious BS, with probe (conjugate) on one input port and the empty
second input port. The vacuum modes on the empty port contribute
to the output of the BS, inducing losses in the transmitted probe
(conjugate) beam. The transmitted beams through BS are then Al =

N Ay + /1 =1;A,,, Optical losses ; = #,; X g, are product of
two terms that quantify transmission losses and efficiency of photo-
detectors, for i = a(b). If the number operator for the probe (conjugate)
at the BS is (N,,)*® and transmission through the BS is ), the photon
number operator at the exit port of the BS is (N, )® = p(N,,)*®.
After some algebra, assuming equal number of photons for the probe
and conjugate at the outputs of BS, the NRF after losses is

2G = )(G(n, = mp)* = 1})
Gn, +(G =Dy
where with index TL we are referring to the case when transmission
losses are included. The Eq. (4) indicates that in addition to the probe
mixing gain, the balanced transmissions of the probe and the conjugate,
from the cell to the detectors, are important for the noise reduction.
When the FWM gains of the probe and conjugate are also similar, we
have preferable conditions for optimum squeezing, under given FWM
parameters. The imbalance between twin beams at the detectors, due
to different gains of the probe and conjugate, results in lower or no
squeezing at all. Note that the results presented below, obtained with
BS model, are for equal transmissions of probe and conjugate from the

vapor cell and detectors.

Finally, we will compare experimental IDS with the model that
includes intrinsic losses of the twin beams in the FWM medium. Ab-
sorption and spontaneous emission impose fundamental limit on the
maximum squeezing in the vapor cell. Different models, that includes
these effects, have been described in [31,49,50]. Eq. (5) for two-mode
squeezing is the result of gains and losses due to absorption in the probe
introduced through a large number of interleaved stages onto which
the medium was divided along paths of twin beams. The losses were
introduced through vacuum ports of BS, for the probe and another for
the conjugate, in every stage. The model also includes optical losses
after the medium, as in Eq. (4).

NRFp; =1+ , (€3]

2.Ssinh?¢ VT Slog?T, sinh*¢
a

NRF; =1- .
L nCcosh(ZZj + ) 2£3cosh(2¢ + y)

)
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Fig. 3. Measured spectral noise density for the probe-conjugate difference (solid blue
line), the SQL (dash—dot green line), the probe (dot black line) and the conjugate (dash
red line), corrected for the pump leakage, at 123 °C, for 4 = 1.2 GHz, § = 6 MHz,

Py = 750 mW, P, ., = 6 pW.
Here, ¢ = i\/ 1652 +log? T, and tanh{ = %. The overall squeezing
parameter is S = cosh™'(G,,), where G,, is intrinsic gain. S was

calculated by solving Eq. (15) from [49]. T, is the transmission of the
probe in the medium, obtained when the pump power was just below
the onset for FWM. The corresponding value for the pump power was
determined by the absence of the conjugate beam, monitored by the
high sensitivity APD, and by the change of the probe beam profile mon-
itored by the CCD, since at the onset of the FWM the probe beam profile
changes from its initial Gaussian profile. Since the pump power at the
threshold varies with the cell temperature, the probe transmission was
measured for the pump power in the range 200-300 mW, depending
on the cell temperature. The absorption of the conjugate is neglected,
T, = 1 in Eq. (5). Both absorption and strength of the mixing gain
are the characteristics of the alkali atom. Therefore, with the Eq. (5)
one can estimate effects of FWM parameters on squeezing and tailor
their values for optimization. Assuming no optical losses behind the cell
and setting n = 5, = 5, = 1, one can estimate the ultimate squeezing
expected from the vapor for the particular FWM parameters.

4. Results and discussion

The degree of quantum correlation between the probe and the
conjugate is given by the noise power spectral density of the signal from
the balanced detector, in Fig. 3. The variance in the photon number of
the coherent laser light gives the limit in the corresponding noise in
the photodetector signal, that is SQL. SQL in Fig. 3 is from balanced
differential homodyne measurements of the laser noise at the same
power as the combined optical powers of the probe and the conjugate.
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Fig. 4. (a) Gains of the probe (black squares) and the conjugate (red circles) — top plots, and intensity difference squeezing — bottom plots, as a function of 4; (b) Squeezing
vs A — calculated results with detection losses, using Eq. (3) ((i) — green inverted triangles), with Eq. (4) ((ii) — blue triangles), and using Eq. (5), with detection losses ((iii)

— red circles) and for an ideal detection ((iv) — black squares), at 110 °C, for 6 =0 MHz, P,

The spectrum of the SQL is not flat in the whole range of frequency and
changes occurring at higher frequency were presented also in [36,37].
Calibration of SQL made in the frequency range 0.5-2.5 MHz confirmed
that flat part of spectra is the SQL. The squeezing is observed in the
frequency range from 0.9 MHz to 4.5 MHz, limited on the lower side
by the technical noise, and on the high side by the detection bandwidth.
The maximum of IDS is —6.1 dB at 1.2 MHz. Individual spectra of the
probe and the conjugate are also shown. In order to find the optimal
set of values of experimental parameters, for every cell temperature
we first fixed 4, and changed 5 while observing level of IDS on the
SA. Next, we jumped to another 4, and repeated variation of 6. We
performed the same process for the temperatures ranging from 110 °C
to 130 °C. The frequency noise spectrum of the signal difference in
Fig. 3 is obtained at the cell temperature of 123 °C, for 4 =1.2 GHz, § =
6 MHz, and for the pump and the probe powers of 750 mW and 6 pW,
respectively. Sufficiently high pump power is needed for the enhanced
nonlinearity in our experiment, and 750 mW was the maximal available
pump power. Measured gains of the probe and conjugate are 7.12 and
7.64, respectively. For the results presented below, the pump power
was lower, at the value that we more routinely obtain. All spectra
of the noise fluctuations in Fig. 3 and results presented on Figs. 4—
6 are corrected for the electronic noise and the pump leakage. The
contribution of the fraction of the pump reaching the detectors to the
noise of signal difference was determined by extrapolating SQL and
probe-conjugate signal difference to zero power, and subtracting the
former from the later. Note, that the amount of leaked pump noise
in the measured difference of FWM and SQL signals, is frequency
dependent, and therefore it has to be evaluated at the frequency at
which the results were reported.

We investigated mechanisms of noise reduction by considering de-
pendence of IDS on several FWM parameters: one-photon detuning
A, two-photon detuning § and temperature of potassium vapor. The
values for IDS in figures below are obtained from the noise spectra at
the analyzing frequency of 1.5 MHz. Objectives we wanted to realize
with the results in these figures, are to test dependence of IDS and
gains in the widest possible range of the variable parameter. Only if
this range is appropriately wide, we can have clearer picture of how
this parameter is affecting IDS, and more so, how different models
compare with the experiment. In Fig. 4(a) we present gains of the
probe and conjugate and the IDS as a function of the one-photon pump
detuning 4, at the temperature 110 °C. We chose two-photon detuning
5 = 0 MHz, since it allowed squeezing in the widest possible range
of one-photon detuning, at different temperatures. The pump power

= 700 mW, P =6 pW, at 1.5 MHz.

pump probe

was 700 mW. Gain of the probe (conjugate) is the ratio of the probe
(conjugate) behind the cell and the probe before the cell, corrected
for the losses on the cell windows. The plotted probe gain includes
seed probe that is 6 pW. In Fig. 4(b) we plotted NRF calculated
using formulas in Egs. (3)-(5). The simple relation for NRF by Eq. (3)
correctly qualitatively describes experimental IDS dependence on 4,
only when pump detuning is large, near the edges of the Doppler
broadened absorption line, but gives larger values of squeezing. Good
quantitative agreement between experiment and results for NRF;,,
by Eq. (4), indicates that our measurements of the probe gain and
twin beam losses, as well as predictions of detectors efficiency are
correct within a few percent. This model, however, is not qualitatively
in agreement with the experiment. Not surprisingly, because internal
losses of the probe and the conjugate, which depend on pump detuning,
are not taken into account. For calculating NRF;, we have used optical
and detection losses behind the vapor, and probe transmissions and
gains through the potassium cell, measured at each 4 for which IDS
was observed. We find two reasons for observed discrepancies between
the results of interleaved gain-loss model and experiment. Presented
results for NRF; only takes into account absorption of the probe beam.
While this assumption is correct for Rb and Cs, it is not so correct for K
because of much lower hfs of potassium, hence much smaller conjugate
detuning from the probe. Small, but still present conjugate absorption
in the vapor cell, degrades the squeezing, as our measurements show.
Another reason for the quantitative discrepancy between theoretical
results and experiment is the model assumption that pump and probe
fully overlap in the vapor, which is not the case in the experiment,
were we had to focus two beams at the cell center. Having this in
mind, we expect that for a smaller gas cell, the measured IDS will come
closer to the predicted values. Finally, we present NRF; for intrinsic
losses only, neglecting optical losses behind the medium. This gives the
estimated value for the intrinsic source squeezing from potassium FWM
of —10.29 dB, which is among the highest that this and similar models
predicted [31,32,37].

The gains of twin beams and the IDS were also measured at higher
temperatures of the potassium vapor, at 114 °C, Fig. 5(a), and at 118 °C,
Fig. 5(b). The other FWM parameters are the same as in Fig. 4. As
temperature increases, A for the maximum of squeezing has to be
further from the pump resonance. While the one-photon detuning for
the maximum of squeezing, 4,,, was 0.75 GHz at 110 °C, at 118 °C was
shifted to 4,, = 1.2 GHz. As density of the vapor increases, the 4,, is
detuned further from the resonance in order to reduce probe losses due
to, other vise, too high probe absorption. At the same time, as seen
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Fig. 5. Measured gains of the probe (black squares) and the conjugate (red circles) — top plots, and intensity difference squeezing — bottom plots, as a function of 4 at different

cell temperatures (a) 114 °C, (b) 118 °C, for 6 = 0 MHz, P = 700 mW, P

pump probe

in Figs. 4(a) and 5, at higher densities gain maximum shifts slightly
towards lower 4, resulting in nearly the same gains at 4,, for all three
densities we have in the experiment. The model cannot simulate well
the results at higher densities, not even qualitatively, when parameters
for the maximums of gains are different from parameters for the maxi-
mum of squeezing. For too large 4, on the other hand, the nonlinearity
of medium is vanishing, and gain and squeezing are decreasing, with
G below unity and squeezing approaching SQL. The temperature range
and the pump detuning in this experiment, although similar in values
as in experiments with other alkalis, evidently bring different behavior
of squeezing, gains and probe transmission. For instance, in the work
with Rb [31] at the temperatures as in this work, the maximums of gain
and squeezing are still at the same detuning, while probe transmission
spans in different range.

Fig. 6 shows characteristic dependence of IDS and the gain of the
probe as a function of two-photon detuning 6 for 4 = 1.1 GHz and the
cell temperature of 121 °C. Again, This combination of values of 4 and
vapor density, allowed the largest range of § for which the noise of
the intensity difference is below SQL. The values of 6 for the highest
level of squeezing vary, both on the vapor density and on A. New
temperature requires new detunings, for both 6 and 4, in order to reach
maximum of IDS. While keeping the value of § constant, at lower atom
concentration, the optimal conditions for IDS are obtained at smaller
pump detuning. At higher cell temperatures it is necessary to detune
the pump towards the wings of the Doppler broaden line profile, to
keep gains in the range optimal for highest squeezing. Our study shows
that value of a single parameter is optimal for IDS only for the specific
values of all the other FWM parameters. Change of one FWM parameter
requires changes of the others for the new optimal squeezing. Hence,
having an adequate theoretical model for description of FWM process
and calculation of squeezing level is of great importance when finding
the optimal set of experimental parameters.

Presented in the 6 is NRF;, calculated using known losses be-
hind the cell, from Eq. (5). The calculated NRF behaves similar to
experimental results for 5 below 8 MHz. Most theoretical models can
predict squeezing correctly only when gain is in sync with squeezing,
as presented for Rb [31,49] and Cs vapors [37]. An upgrade of existing
models is needed for an adequate modeling of squeezing by FWM in
hot K. We believe that having microscopic model based on Heisenberg—
Langevin formalism, such as described in [8] for cold atoms, with more
detailed description of light-atom interaction, but extended to take
into account Doppler averaging, transit time of the atoms through the
interaction area and frequency detuning due to the motions of atoms,
would result in better overall agreement with the experiment.

=6 puW, at 1.5 MHz.
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and intensity difference squeezing — bottom plot, experimental results (black squares)
and calculated (red circles), as a function of §, at 121 °C, for 4 = 1100 MHz, P =

punp
700 mW, P,,,,, = 6 W, at 1.5 MHz.

5. Conclusion

Intensity difference squeezing of —6.1 dB below SQL was obtained
using non-degenerate double A atomic scheme for the FWM in potas-
sium vapor, while running the FWM at the large pump detuning of
~1 GHz, in the far wings of the Doppler broaden line. Obtained level
of squeezing is close to the strongest squeezing measured in Cs, and
compares well to squeezing obtained in Rb. The large IDS in potassium
is of interest for quantum enhanced sensing and imaging, its small
hyper-fine splitting means simpler and cheaper methods for controlling
pump - probe frequency off-set. By investigating effects of FWM pa-
rameters (pump detuning and vapor density) on IDS, we have shown
that for the optimum IDS, the single pass gain of the probe remains
at the value that ensures optimum balance between squeezing strength
and probe absorption. Agreement between calculated noise figures from
the model operators and measured IDS is better if the measured gain
maximum is obtained at the same FWM parameters as the maximum
of squeezing. Better agreement should be obtained after averaging the
annihilation and creation operators over atom velocity distribution.
Neglecting optical losses behind the mixing source, the model predicts
—10.29 dB for the IDS, which is among the highest expected from FWM
in alkali vapor.
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We investigate both theoretically and experimentally four-wave mixing (FWM) in hot potassium vapor,
generated by a copropagating pump and probe in an off-resonant double-A system, and present conditions
when this atomic system is (1) a strong phase-insensitive parametric amplifier and (2) a source of large-amplitude
squeezing. Theoretically, nonperturbative numerical calculations of optical Bloch-Maxwell equations have been
solved for a four-level atomic system of K in order to derive the atomic polarization and then amplitudes of
propagating optical waves, pump, probe, and conjugate. For potassium, to our knowledge, there are no such
comparisons of theoretical and experimental results of gains of twin beams under the large range of FWM
parameters as presented here. Results have shown that one-photon detuning has to be slightly larger than the
Doppler broadened transition for large gains and strong squeezing. The gain is particularly large for small red
two-photon detuning (—2-6 MHz) and high K density (5.5-10 x 10'> cm ™). Following experimentally and
theoretically determined relation between gains, probe transmissions, and squeezing in Rb and Cs, we have found
parameters of FWM when maximum squeezing in hot K vapor is expected.

DOI: 10.1103/PhysRevA.97.063851

I. INTRODUCTION

Four-wave mixing (FWM) is a nonlinear phenomenon
that in alkali-metal vapors can efficiently generate entangled
photon pairs, essential for probing quantum properties of light
and for quantum information [1-3]. It also enables slowing and
storing of light in atomic ensembles [4-9], essential elements
for quantum memories.

Different schemes have been used to generate paired pho-
tons, such as on-resonant spontaneous FWM [2], the diamond
[10], and double ladder scheme FWM [11]. An atomic system
that is often used for generation of twin beams is off-resonant
FWM in a double-A scheme, realized by two input fields,
pump and probe, in a three (four) -level atomic system.
The lower A is made of pump and probe photons, while
the pump photon and conjugate photon close the upper A
(see Fig. 1). This atomic scheme is similar to schemes for
electromagnetically induced transparency (EIT) and becomes
nonlinear FWM under certain conditions: whether the system
will behave like EIT or a parametric amplifier depends on laser
detunings, atomic density, and pump power [12,13]. While
resonant absorption processes for EIT conditions lead to losses,
FWM gains of both probe and conjugate, typically observed for
high pump beam, allow for much larger propagation distances
[4,14,15].

“marijac @ipb.ac.rs
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A nondegenerate, off-resonant double- A scheme was found
to be a good source for relative amplitude squeezing [16—19]
and for simultaneously generated intensity correlations and
phase anticorrelations or entanglement of probe and conjugate
[20,21]. Large entanglement is an important resource for
quantum information [22]. A correlation between the amount
of squeezing and entanglement and the gain of the twin beam
is established [20].

Theoretically, FWM was studied in degenerate and coun-
terpropagating laser beams [23], as well as in nondegenerate
and copropagating beams. In the latter, nonlinear parametric
processes in FWM were studied in a double-A configuration
with either resonant (larger contribution from CPT and EIT
phenomena) [24] or off-resonant pump frequency [15], in hot
gas vapors or in cold atoms [25]. There are different approaches
to model complex processes in FWM. They depend on the
intended applications of the system, which can be parametric
gain, quantum-correlations of twin beams, squeezing and
entanglement, slow and stored light, i.e., whether classical
or quantum properties are of interest. For work presented
here, the most relevant are models that analyze the continuous
wave regime and calculate gains of twin beams. Quantum
mechanical theory of multiwave mixing was applied for
calculating Rabi sidebands generated by FWM [26]. In most
models, the treatment is based on analytical solutions, after
perturbation theory and a number of approximations being
applied [15]. In the seminal paper [24], pump and probe are
resonant with atomic transitions with conditions for EIT, while

©2018 American Physical Society
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FIG. 1. Double A scheme at D; line of an alkali-metal atom.
hfs = hiperfine splitting, A = one-photon detuning, § = two-photon
detuning. Levels: |1) and |2) = hyperfine levels of 4S;,, F = 1 and
Siy2, F = 2 respectively, |3) = 4Py, |4) = virtual level, degenerate
with |3), introduced by the model. Hfs of the level |3) is negligible in
comparison with ground state hfs.

cross susceptibilities are enhanced by coherence in the ground
hyperfine levels. Heisenberg-Langevin formalism was used to
calculate the classical and quantum properties of probe and
conjugate beams beyond the linear amplifier approximation
[25,27]. A phenomenological approach when the medium
is quantum mechanically described by a simple model of
distributed FWM gain and probe loss was used in Ref. [16].

FWM in alkali metals has been extensively studded, partic-
ularly in Rb and Cs [4,14,16,19,25,28,31], but little work was
done on potassium [32-37]. Potassium has hyperfine splitting
(hfs) of the ground state of only 460 MHz, by far smaller
then for any other alkali metal. For FWM based on two pump
photons, small hfs means that detuning of the upper A scheme
is not far from detuning of the lower A scheme. This suggests
that large gains and squeezing and other FWM properties are
possible at lower laser power.

With this study, we extend our previous work on FWM
in K [33] with results of the theoretical model and new
experimental results. The model is a semiclassical treatment
of FWM processes, and atomic polarization, calculated from
optical Bloch equations (written for the system presented
schematically in Fig. 1), is applied in the propagation equations
to obtain amplitudes of three optical fields at the exit from the
K vapor. We compare calculated and measured gains for a
wide range of parameters, which is important for efficiency of
FWM. This includes the angle between the pump and the probe,
atomic density, detuning of the pump from the D, transition,
A, and two-photon detuning in respect to hfs of the ground
state, 8.

Performance of FWM for high-level squeezing, quantum
information protocols, and quantum cloning machines [3]
strongly depends on FWM parameters: vapor density, A
and 8. The former controls probe absorption, while two
detunings control nonlinearity and gain. Measurements and
models [16,18] have shown that for stronger squeezing and
low noise figures, moderate gains of probe and conjugate are
at a maximum, while probe absorption is minimal. We made
intensive calculations of gains and probe transmissions for the
large range of K density and one- and two-photon detuning,

and present parameters of FWM that we believe will generate
the strongest quantum correlations and squeezing in K vapor.
In the theoretical analyses for FWM parameters for strong
squeezing we have included results that take into account the
Doppler average of density matrix elements. These values
are compared with values used in a resent experiment [38]
to measure squeezing in K vapor. Since for the alkali-metal
atoms with higher hyperfine splitting of the ground state,
higher powers are required for efficient degree of squeezing
[19,29], we believe that potassium, having the smallest hfs
of the ground state, could be more convenient, compared to
others, for high-level amplitude squeezing.

II. THEORETICAL MODEL

In the model, the three electric field modes, pump (drive),
probe, and conjugate, with frequencies w,, w,, and w,, re-
spectively, interact with four levels of the **K atom. The
double-A scheme with modes coupling atomic levels of the
D, transition is given in Fig. 1. Level |3) is 4P, while
levels |1) and |2) are hyperfine levels of 4S;,,, F =1 and
F =2, respectively. The lower A scheme consists of the
pump photon that couples the level |1) to the level |3) with
the one-photon detuning A3y = A. The other “leg” of the
first A scheme is the probe photon that stimulates the Stokes
scattering from level |3) to the level |2), with two-photon
detuning A3 = . The pump is sufficiently strong to drive
the off-resonant transition |2) — |4) in the upper A scheme.
By the way of stimulating anti-Stokes scattering the conjugate
photon closes the upper scheme. The total detuning for the
level |4) is A(1324) = (2a)d — a)p) - (a)4 - (,()1), where w4 — W1
is angular frequency of the transition 1) — |4). We introduce
level |4), which is degenerate to the level |3), and like level |3)
is weakly coupled to both level |1) and level |2) because of a
large detuning.

Atoms are simultaneously illuminated by the pump, probe,
and conjugate and experience a total electric field approxi-
mated by the sum of three monochromatic fields:

E — Z e[E;+)e7iwt+ik,'l' + c.C. (1)
i=d,p,c

Here E™ is the slowly varying approximation of the fields
envelope, at positive frequencies. The Hamiltonian for the
atomic system is given by

4
A=Ho+Hu=)Y holi><il—d-Exp), (@)
i=1

where Hy is the unperturbed Hamiltonian of the system and

—

Hiyy is interaction Hamiltonian, Ziw; is the energy of atom level
i, and d is atomic dipole moment.

Atomic dynamics is described by the set of Bloch equations
for density matrix elements p:

. I A —~ A
,5=—£[H,,5]+SE+R, 3

where SE denotes the spontaneous emission from the excited
states, and R is the relaxation due to atom transit time-induced
losses and collisional dephasing. The full set of Eq. (3) is given
in the Appendix. Because of the fast oscillating laser field, as

063851-2
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FIG. 2. Experimental setup. M = mirror, PBS = polarization beam splitter, PD = photodetector.

in Eq. (1), substituting H from Eq. (2) into Eq. (3) produces
fast oscillating terms in p;;. After substitution,

Pijs 4

where w; ;) are different angular frequencies: w13y = we4) =
Wy, WER3) = Wp, W(14) = Wc, W(12) = W(13) — W23), D34) =
W(14) — W(13), W(ij) = —ji), and K; ) are wave vectors of sums
(differences) of wave vectors: k(13) = K4y = kg, K3y =k,
kKas) = K¢, Ka2) = Ka3) — Kesy, Kagy = Kasy — Kz, Kij) =
=k with k. = 2k; — k, — Ak. Terms that oscillate with
the sum of frequencies are neglected in the rotating wave
approximation. Left in Eq. (3) are time-independent terms and

a few spatially dependent terms with oscillating coefficients
eiDkz.

ﬁij — e—iw(ij]l-‘rik(,»j)r

Propagation along the z direction and temporal evolution
of pump, probe, and conjugate are described by the set of
nonlinear equations for the slowly varying envelopes of the
three fields:

0 10 kN -
( + —)E((JH =i—d(Pu2) + A31), (5a)
0

9z cot 2¢0
3 18 kN
— 4 - EWD =i dpga, 5b
<8z+c3t) P 1280 P(32) ( )
3 18 kN
— 4+ —— |E®W = i—dpu. 5
(Bz+cat) ¢ T logdPEn (5¢)

Here N is the atom density.

Since we are also interested in probe absorption, we cal-
culate the above equations by setting the intensity of pump
beam to be zero. The probe transmission is then the quotient
of the intensities of the outgoing and incoming probe beam.
In a hot vapor the Doppler effect is present. The shift of the
observed angular frequency is dependent on the z component
of the velocity, v,, for which the Maxwell distribution is given
by

2

—mvz

f) = kTl (6)

The observed angular frequency is wy = % wy, where wy is

angular frequency of the source and 8 = v/c. The frequency
shift alters one photon detuning and detuning of the conjugate
pulse, while two-photon detuning stays the same since the
pump and probe are almost copropagating. Hence, density
matrices depend on v,. We perform Doppler averaging with
the most basic approximation. We calculate the signals, gains
of twin beams, and probe transmission for different v, and then
average them over the Maxwell distribution.

The gains of the probe (conjugate) are calculated from
the ratio of amplitudes of probe (conjugate) at the exit from
the K vapor to the probe amplitude at the entrance to the
vapor. The model assumes that the pump and the probe
fully overlap. The gas cell used in the experiment is 5 cm
long, therefore for a typical angle between the probe and
the pump ~3 mrad, beams are overlapped only in the part
of the cell. Our theoretical results are for a 1 cm long
interaction region. Parameters used in the calculations are as
in the experiment, like atom density, one- and two-photon
detuning, and angle between pump and probe. Rabi frequen-
cies of the pump and probe are calculated from the laser

. . . 2dESY () ,—iot

intensity / using Q = = ,F = Epcos(wt) = E; e +
Ey e ESY = L = /(I ]2). Here n = 376.73 Q [39] is
the vacuum impedance, and d is the reduced dipole matrix
element, which for potassium is d = 1.74 x 1072 Cm [40].
For total relaxation rates, y (see the Appendix), we used the

value y ~ 10° Hz.

III. EXPERIMENT

We have measured gains of the probe and the conjugate
using the setup described in Ref. [33]; see Fig. 2. Laser beam
from the high-power, narrow line laser (Coherent, MBR 110)
is splitin two by a 90:10 beam splitter. A stronger beam is used
as the pump beam, and the weaker fraction is the probe beam.
The probe is sent through two AOMs, one in a double pass, for
the probe frequency detuning in respect to the pump frequency,
and for scanning of this detuning around the hfs of the K ground
state. Thus, we vary two-photon detuning § by changing the
probe frequency and vary one-photon detuning A by tuning
the pump frequency. Diameters of the pump and the probe
beams are 1.1 mm, and 0.75 mm, respectively. Two beams are
orthogonally polarized and recombined on the polarizing beam
cube before entering the K cell. This is the vacuum K cell with
natural abundance of isotopes, 5 cm long, 25 mm in diameter.
The cell was heated by hot air up to 150 °C. Pump and probe
beams enter the cell at the small angle 6. We can adjust this
angle by changing the probe direction with the entrance mirror,
placed before the combining cube. With the pump beam behind
the cell blocked, two beams emerge: probe and the frequency
up-shifted beam (conjugate). Both beams are detected with the
pair of photodetectors. We get the gains of the probe and the
conjugate from the ratios of measured powers of the probe and
conjugate beams behind the cell to the probe beam input power.
Radius and shape of beams behind the cell are monitored with
a CCD beam profiler.
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FIG. 3. Calculated gain of the conjugate beam as a function of the angle 6 for two pump powers. (a) 2, = 3.25 GHz, (b) 2, = 1.95 GHz,
for N =1x 10?cm™,§ = —9.5MHz, A = 1 GHz, and Q, = 22.5 MHz.

IV. RESULTS AND DISCUSSION

In this section we present results of gains of twin beams as
a function of FWM parameters: the angle between the pump
and the probe, gas density, one- and two-photon detuning, and
the probe power. But, as we will show, dependence on one of
the parameters depends on values of the other parameters.

A. Measured and calculated gains of probe and conjugate
1. Dependence of gains on the angle between pump and probe

Probe and conjugate gains as a function of the angle 6
between the pump and the probe are results of FWM phase
matching. As we see from results in Figs. 3 and 4, the phase
matching condition is satisfied at different angles 6, depending
on values of other parameters. Behavior of FWM gains versus
6 is influenced by the index of refraction at the probe frequency,
which is influenced by values of laser powers, densities, and
detunings. In Figs. 3 and 4 we present calculated conjugate
beam gains as a function of 6. We decided not to show results
for the probe because the model gives very similar behavior of
gains of the probe and the conjugate.

Results in Fig. 3 are obtained for different pump Rabi
frequencies, while results in Fig. 4 are for different density
of the K vapor. Results show that FWM gains have different
behavior at high and low pump Rabi frequencies 2, (Fig. 3)
(@)

0.035
0.030-
0.025

€ 0.020-

®©
QO 0.0151

Gain
- N w B (4] [} ~ o]

0.0104

0.005-

0.0004

and at high and low K densities (Fig. 4). In both figures, one-
and two-photon detunings, and probe Rabi frequency €2, are
A =1GHz, § = —9.5MHz, and @, = 22.5 MHz. As we can
see, at high €2, and higher density, FWM gains are in a narrow
range of angles 6 and the gain maximum is away from zero
values of 8. On the other hand, at lower power and density,
FWM phase matching is found at smaller angles. Here gain
increases as 6 is decreasing. Occurrence of FWM gains at near
zero angle means negligible changes of index of refraction
at the probe frequency and/or its continuous change along the
vapor due to strong pump absorption and therefore variation of
pump power along the propagation direction. The possibility of
the latter was not supported by the calculated pump absorption.
On the other hand, our model shows correlation between how
gain depends on angle, and the amount of the phase changes
of the probe and conjugate. When the gain versus angle is a
narrow peak as in Fig. 3(a), then Ak, varies for more then
2 over the propagated distance. When gain monotonically
changes as the angle increases from zero, Ak, changes only a
little, less then 7 /4.

Experimental results for the gains of twin beams as a
function of the angle 6 for K densities of 5.5 x 10'> cm™
(cell temperature 130°C) and 1.75 x 103 cm—3(150°C) are
given in Fig. 5. The smallest value of the angle between pump
and probe we needed to separate the probe and conjugate

(b) (c)

35000+
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n
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15000+
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4 o
D
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FIG. 4. Calculated gain of the conjugate beam as a function of the angle 6, for three values of the potassium density. (a) N = 1 x 10" cm~3,
B)N =1x10%cm™3,and (c¢) N = 1 x 10" cm~3 for , = 1.95GHz,

0 2 4 6 8 10 12 14 16 8
©®(mrad)

12 14 16

®(mrad)

10

3
Q, =22.5MHz, § = —9.5MHz, and A = 1 GHz.
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FIG. 5. Experimental results of gains of probe (open symbols)
and conjugate (filled symbols) for two K density, 5.5 x 10> cm™3
(squares) and 1.7 x 103 ecm™ (triangles). A = 1GHz (for lower
density) and 1.35 GHz (for higher density). § = —3.7MHz, P, =
370mW, and P, = 25 uW.

behind the cell was & = 1.5 mrad. The twin beam gains at the
highest vapor density that we had in the experiment are lower
and were measured only at high A = 1.35 GHz. Experimental
results of gains versus angle, as shown in Fig. 5, are typical
for copropagating pump and probe with a similar diameter in
a rather long gas cell, because beams do not fully overlap in
parts of the cell.

2. Dependence of gains on two-photon detuning

Calculated and measured gains of the probe and the con-
jugate versus two-photon detuning §, for several values of
one-photon detuning, are presented in Fig. 6. Dependence is
given for two A, 1 GHz and 1.35 GHz, and for 6 = 5.5 mrad.
Typical widths of calculated gains are between 1.5 and 3 MHz,
and of measured gains are 6—13 MHz.

Maximum of gains are, at §,,, shifted from two-photon
resonance (§ =~ 0). This shift is mainly due to differential Stark
shift, 85, because of different detunings of hyperfine levels
from the off-resonant pump. As shown in Fig. 6, §,, is larger
for smaller A. Not shown, but when A is 670 MHz, §,, =
—12MHz. The maximum of the gain curve may not coincide
with the FWM resonance because of Raman absorption at
the resonance. We experimentally investigate how §,, varies
with certain parameters by keeping A fixed. For A = 1 GHz,
6 = 3 mrad, and change of K density from 1.5 x 10> cm 3 to
1.7 x 10" cm~3, §,, stayed the same, —3.7 MHz for the probe
and —1.7 MHz for the conjugate. On the other hand, changing
0 from 5.5 to 2.6 mrad, for the K density of N =5.5 x
10'2 cm—3, moves §,, from —4 MHz to —2.5 MHz. This slight
shift to smaller two-photon detuning when the angle is decreas-
ing is the same behavior of §,, as found for Rb in Ref. [15].

It appears from Fig. 6 that typical curves representing gains
versus 4, both calculated and measured, are not symmetric
around the maximum. The asymmetric shape of lines might
be because of inhomogeneous differential ac Stark shift, since

(a) 20~ (b)
25
20 15-
154
c £ 107
& 10- S
5_
5_
04 0+
-20 -15 -10 5 0 20 -15 -10 5 0
8(MHz) 8(MHz)
507 (c) 25| (d)
407 20
307 15 ]
c =
‘© @©
820‘ O 10/
10 5]
20 -15 -10 -5 0 5 10 20 -15 -10 -5 0 5 10
8 (MHz) 8(MHz)

FIG. 6. Gains vs two-photon detuning. (a), (b) Calculations of the conjugate gain. The pump and probe Rabi frequencies are 1.94 GHz
and 22.6 MHz, respectively. (c), (d) Experimental results of gains for the probe (solid circles, blue for online version) and the conjugate (solid
squares, red for online version). Pump and probe powers are 370 mW and 25~ uW, respectively. (a), (¢) A = 1 GHz, (b), (d) A = 1.35GHz.

Density N = 5.5 x 10 cm™3, 9 = 5.5 mrad.
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FIG. 7. Gains vs one-photon detuning. (a), (b) calculations of the conjugate gain. (c), (d) experimental results of gains of probe (solid
circles, blue for online version) and conjugate (solid squares, red for online version). (a), (¢c) § = —4 MHz, (b), (d) 6 = —8 MHz. Pump and
probe Rabi frequencies, as well as pump and probe powers, K vapor densities, and angle 6 are the same as in Fig. 6

atoms in different areas of Gaussian beams experience different
laser fields, and thus have different ac shift.

3. Dependence of gains on one-photon detuning

Potassium has larger Doppler broadening than other alkali
metals, ~850 MHz. Width of Doppler line broadening in hot
alkali metal vapors determines the range of A for large FWM
gains. It is between 0.5 and 1 GHz for large gains and best
squeezing for Rb and Cs [17,18,30,31].

We have calculated and measured gains versus A, with §
and 6 as parameters. Presented results are for K vapor density
of N =5.5 x 102 cm™3 (130°C) (see Fig. 7). Parameters in
the calculations are the same as for results in Fig. 6. Results

(a)

in Figs. 7(a) and 7(c) are for § = —4 MHz, while those in
Figs. 7(b) and 7(d) are for § = —8 MHz. Gains versus A
are broad, asymmetric curves whose width is 200 MHz for
calculated and 400 MHz for measured results.

One-photon detuning for the maximum gain, A,,, is close
to 1 GHz. We found that A,, doesn’t change when 6 changes
if we keep 4 the same. On the other hand, for the same angle
0 (Fig. 7), A, will have a different value when § is changed:
it is at 0.9 GHz for § at -8 MHz and can go as far as 1.2
GHz for § ~ 0 MHz. Because of different detuning, gain of
the conjugate is larger then the gain of probe. Large detuning
of the probe, beyond the Doppler broadening, minimizes the
effect of EIT on the probe absorption.

(b)

20 600-
181 500
16+
1] 400
c
g 121 £ 3001
© 0] o )
200+ .
8— L]
N 100
a4 . . . . . , , 0 . . ; . )
0 50 100 150 200 250 300 350 0 10 20 30 40 50

Probe power (uW)
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FIG. 8. (a) Calculation of conjugate gain vs probe power. (b) Measurements of probe (solid circles, blue for online version) and conjugate
(solid squares, red for online version) gain vs probe power, for A = 960 MHz, § = —3.7 MHz, and cell temperature 130 °C.
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FIG. 9. Calculations of probe transmission (solid squares, black for online version) and gains for probe (solid triangles, blue for online
version) and conjugate (solid circles, red for online version): (a) without Doppler averaging; (b) with Doppler averaging.

4. Gain dependence on probe power

Efficiency of FWM in alkali metals depends on the probe
power, as presented in Fig. 8, for both calculated and measured
values of gains. Evidently the lower the probe power, the higher
the gain of both beams. The FWM gain in K vapor can thus
be very large. In the experiment, we could not decrease probe
below 5 uW because of limited sensitivity of photo diodes.
Even without the probe beam at the entrance, with the probe
initially in the vacuum state, a strong pump can generate side
modes or twin photons [26].

B. Parameters of K vapor for optimum squeezing:
Theoretical diagnostics

The numerical model explained above and derived in the
Appendix allows us to search for the set of FWM parameters
which should provide strong degrees of squeezing in K vapor.
It was found, both experimentally and theoretically, in Rb and
Cs [16,18,19] that in order to increase the squeezing and noise
figure, it is necessary to reduce probe absorption and have
modest and similar gains of both probe and conjugate. When
plotted as a function of detuning, squeezing is at a maximum
when gain is at a maximum. But too large gain results in probe
noise that is large due to absorption and losses (fluorescence
and nonlinear processes), and depending on gains, one needs
FWM parameters that provide optimum probe transmission.
Typically, the strongest squeezing is for A near the edge of
Doppler broadening, when gains are at a maximum and probe
transmission at about 90% [16].

We performed thorough analyses of effects of FWM pa-
rameters on gains and probe transmission in a search for those
that produce maximum gains and large probe transmission at
the same time. Results in Fig. 9 show dependence of gains
and transmissions on A, for K density of 1 x 10'> cm™3, §
—0.5MHz, and 6 2.8 mrad. Clearly there is the range of A
near 900 MHz when modest gains are at maximum and probe
transmission is high. We recommend this set of parameters
for the new measurements of squeezing in K. Results of gains
and transmissions are presented with [Fig. 9(a)] and without
Doppler averaging [Fig. 9(b)]. Apparently, corrections due

to Doppler broadening are small for gains, as found to be
the case also for Rb [15], but are considerable for the probe
transmission. Results obtained for squeezing in potassium [38]
for A of 500 MHz and probe transmission below 50% are
below values for Rb [16,29] and Cs [19]. Parameters of FMW
in Ref. [38] are outside ranges we believe, based on present
results, are optimal for squeezing.

V. CONCLUSION

A nonperturbative numerical model was applied to the
double- A atomic system in potassium vapor, and gains of probe
and conjugate were calculated under the conditions of FWM.
Results are in agreement with experimental results and show
high gains when A is slightly larger than the Doppler width
and § is in the range —10-0MHz. This system is a strong
parametric amplifier with gains of several hundred, larger than
observed with other alkali-metal atoms for similar pump laser
power. On the other hand, potassium is the only alkali metal
whose hfs of the ground state is smaller than the Doppler width,
i.e., both pump and probe couple simultaneously both ground
hfs levels to the excited level.

The model was also used to find parameters of FWM in K
vapor that would be optimal for relative amplitude squeezing.
In search for these parameters we included results that take
into account Doppler averaging of density matrix elements.
We have found that the density of 1 x 10'2 cm™3, the angle
between the pump and the probe § = 2.8 mrad, while § and A
are —0.5 MHz, and ~900 MHz, respectively, and for the pump
and the probe Rabi frequencies 1.938 GHz and 23.72 MHz,
respectively, are the set of parameters required for strong
squeezing in hot potassium vapor.
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APPENDIX

Far-detuned FWM is treated here as an atomic system with two ground and two excited levels. The pump couples two
transitions, |1 >— |3 > and |2 >— |4 >, while the probe and conjugate couple |2 >— |4 > and |4 >— |1 >, respectively.
Transitions to |3 > are highly detuned, which justifies introducing another far detuned level |4 >, with a similarly weak coupling
strength from the levels |1 > and |2 >.

The explicit form for the spontaneous emission in Eq. (3) is given by

Fi3+03 T 44T

['13033 + I'1 4044 0 — =513 —— 5014
—~ 0 23033 + 24044 —hathae b — et
SE = . ’ 2 2 , (A1)
_1"1_3-;1"“ 031 _rl,3‘;r2.3 03 —T'y3033 + o303 _F1,3+F2.3-§F1.4+F2,4 034
——F”;F“ P41 ——FM;F“ P42 _—r1_3+r23;r,‘4+r2,4 P43 —T1apaa — Toapas
and the relaxation term is
A~ . 11 N .
R = —)/[/3 - dlag(z,E,O,O)} — Ydepn [0 — diag(p11,022,033,044)]- (A2)

Optical Bloch equations are
. 1 i
pui=vy <§ - Pn) + 13033 +T1apas + E(Ef;r)*dpsl — EXPdpis + ES*dpyy — EMdpyy), (A3a)
X 1 i
=y <§ - ,022> + 23033 + 124044 + g(E;,J’)*dpn - E;+)dp23 + Ey)*dpm - E‘<i+)d,024), (A3b)
. i
P33 = —p33y —3p33 + ﬁ(EL(JHdPn — E{™dps1 + EVdpys — ES7*dpy), (A30)
. i
Pas = —paay — Tapas + g(Eng)dpm — EM*dpy + Efg+)d,024 - E[(1+)*dp42), (A3d)
A . i . .
P12 = —(¥ + Vaeph + i A132)p12 + h( E " dps; — M E dpuy + €M ES*dpyy — Edpy3), (A3e)
. I';
P13 = (7/ + Vaeph + 7 + lA13>013 +5 (E(+)*dp — ESP*dpn + ES*dpas — ES™*dpyy), (A3f)
pra = (V =+ Vdeph + 4 1A1324>,014 + h( y)*dﬂm — e_iZAkE[(lJr)*d,Olz + ES*dpyy — Ef.ﬂ*d,o”), (A3g)
o3 = (7/ + Vdeph + =+ lA13>,023 + = P (E§,+)*d033 - E;L)*dpzl + e*"ZAkEf;“)*dp% — ES*dpy), (A3h)
foa = (V + Vdeph + SR 1A1%24>,024 + - 5 (E(+)*dp44 - Ef;r)*dng + '8k E§,+>*d,034 — M EM*dp,y), (A3i)
. I'y I . .
P3a = <7/ + Vdeph + >y > +iA3 — lA13),034 + g(E((;)dpM — e AR ED s 4 €IZAkE§,+)d,024 — ES*dpsy).

(A3))

Here Ak is the phase mismatch defined as Ak = 2k; — k, — k., where k, is the pump wave vector. I'; ; is the decay rate from
level j tolevel i, while I'; = I';; + I'; 5. y = 10° Hz is spontaneous decay from the excited state, and Yaeph = O is the dephasing
decay rate.
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Slowing 80-ns light pulses by four-wave mixing in potassium vapor
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We experimentally and theoretically study propagation of 80-ns Gaussian-like probe pulses in hot potassium
vapor under conditions of four-wave mixing (FWM). The atomic scheme for FWM is off-resonant, double-A
atomic scheme, with pump and probe photons, mediated in the K vapor, generating new probe and conjugate
photons. We define the subset of FWM parameters, one-photon pump detuning, two-photon pump-probe Raman
detuning, vapor density, the pump Rabi frequencies, when slowed pulses exit the vapor are also Gaussian-like.
When Gaussian-like pulses exit the cell we are able to compare theoretical and experimental results for fractional
delays and broadening for the probe and conjugate. We have obtained fractional delays above 1. Results of
the model are compared with the experiment, with and without the model of Doppler averaging, when the
atom velocity distribution is divided into different number of groups. We analyze possible causes for pulse
broadening and distortion of slowed probe pulses and show that they are the result of quite different behavior
of the probe pulse in the FWM vapor. Besides presenting the first results of slowing 80-ns probe pulses, this
work is a useful test of the numerical model and values of parameters taken in the model that are not known in

experiments.

DOI: 10.1103/PhysRevA.98.023829

I. INTRODUCTION

Slow light, or reduced pulse group velocity below the speed
of light, was demonstrated in different systems [1-10]. There is
a strong interest for slow light because of its applications [11],
in particular for all-optical signal processing. Optimizations of
different slow light systems are based on results for fractional
delays and broadenings of initial pulse waveforms.

There are different protocols and different physical systems
for generating slow light and ultimately storage of light.
A quantum phenomenon that is widely used for slow light
is electromagnetically induced transparency (EIT) [12-15].
Narrow EIT resonance is accompanied by steep dispersion,
effectively slowing down wave packets propagating through
the medium. EIT for slowing and storing light was applied
in many physical systems, very often in alkali-metal vapors
[16-18].

Four-wave mixing (FWM), characterized by both quantum
and strong nonlinear processes, has been used in the last
decade for light slowing [19,20] and storage [21-23]. In a
typical FWM scheme, in alkali vapor, pump photons and probe
photons couple two sublevels of ground states to the same
excited state. The second pump photon simultaneously excites
the atom, allowing nonlinear conversion of pump photons
into probe and conjugate photons. The process is therefore
dominated by a strong photon-photon coupling meditated by
the nonlinear medium, and photon conversion. Transmission
and gain of twin beams strongly depend on detuning around
two-photon Raman resonance. Also, the index of refraction
varies strongly around the resonance. The FWM gain com-
pensates optical losses, which is an advantage over the EIT as
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a physical system, allowing much longer propagation of probe
pulses.

In this work we use the off-resonant double-A scheme
for FWM in K vapor to theoretically and experimentally
investigate propagation of 80-ns probe pulses and generation
and propagation of conjugate pulses. This atomic scheme
was used before to investigate slow light in Rb [19] and Na
[20]. However, there is a growing interest in the behavior
of transitions on D lines in potassium vapor [24,25], as
well as interest in potassium as an active medium for a
study of strong nonlinear processes due to its characteristics
[26-30]. Parameters of FWM in [26] simultaneously support
two propagation regimes of light pulses, slow and fast light.
In our work, we are focused on the FWM regime when this
system acts as a slowing and amplifying medium, with obtained
fractional delays typically larger than 1. In the model we
use Maxwell-Bloch (MB) equations to calculate propagations
of pump, probe, and conjugate beams through the K cell.
FWM parameters in the study are one-photon detunings of
the pump beam A, two-photon Raman detaining between
pump and probe beams §, pump and probe Rabi frequencies
Qg4 and Q,, respectively, pump laser power P, and potas-
sium vapor density N, related to cell temperature T,. Fixed
for all measurements and calculations were phase-matching
angle and probe Rabi frequency €2, related to the probe
power P,.

Potassium is different from other alkali metals. It has
the smallest hyperfine splitting (HFS) of the ground state
of all alkali metals [24], smaller than the Doppler width.
Comparing theoretical and experimental results, qualitatively
in terms of pulse waveforms and quantitatively in terms of
fractional delays and broadening, we have tested the model
and also values of dephasing and decoherence relaxation rates
assumed in the calculations. We have discussed results of

©2018 American Physical Society
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FIG. 1. (a) Experimental setup. (a) Double-A scheme for D, line
in potassium. Pump beam—thick line (blue for online version), probe
beam—thin line (red for online version), conjugate beam—dashed line
(green for online version).

the model with and without Doppler averaging of density
matrix elements. At the end, we have investigated whether
there is a relation between the waveform of the outbound
slowed probe pulse, which is either broadened Gaussian-like or
distorted, and the pulse behavior as it propagates through the K
vapor.

II. EXPERIMENT

The schematic of the experiment is shown in Fig. 1.
The output from the CW laser (MBR, Coherent) locked to
481 2-4 P12 D transition in K, at 776 nm, is used for both
the pump and the probe beams. A smaller fraction of the
probe is sent through two acousto-optic modulators, with
the first one in double pass, in order to scan the frequency
of the probe beam around Raman resonance with the pump
beam frequency. We use the electro-optic modulator to form
Gaussian probe pulses. The probe is combined with the pump
on the nonpolarizing cube, and both beams are sent to a
4-cm-long vacuum glass cell containing the natural abundance
of K vapor. The beams intersect at the center of the cell at the
angle of 3 mrad. The pump and the probe beams are linearly
and mutually orthogonally polarized with Gaussian radial
intensity distribution 1/e? at 1.08 and 0.8 mm, respectively.
The K cell was heated by hot air up to 150 °C, or a K density
of 1.7x10"3 cm~3. The probe and the conjugate beams are
detected with two photodiodes, and their signals are sent
to the storage oscilloscope. Group velocities of the probe
and conjugate beams were measured by recording the arrival
times of the probe and the conjugate relative to the reference
pulse.

The double-A scheme was realized on the D; line of
¥K (A =770 nm [24]), Fig. 1. The pump beam couples
the lower hyperfine ground level 45, F' =1 to the excited
4P/, level with one-photon detuning A. Due to the small
hyperfine splitting of 55 MHz [24], the hyperfine structure
of the 4Py, level is omitted. The probe beam couples the
excited 4 Py, level to the upper hyperfine ground level 45 ,,
F =2 and makes a lower A scheme with the two-photon
Raman detuning §. Pump photons and new conjugate photons
couple 4512, F =2 to the 4S5, F =1 via an excited state,
detuned from the 4 Py /, levels by ~(A + HFS), in the upper A
scheme.

III. THEORETICAL MODEL

Our model describes interaction between *’K atoms in the
vapor and electromagnetic (EM) field. The same as in the
experiment, four levels of the double-A scheme, two ground
states |1) and |2), and two excited states |3) and |4), are
coupled to produce FWM, Fig. 1. Three components of the
total electric field, pump, probe, and conjugate, are denoted
by d, p, and c, respectively. The pump couples the |1) — |3)
and |2) — |4) transitions and the probe couples the |2) — |3)
transition. In the medium, the conjugate beam is generated
from optical coherence between levels |1) and |4). Let the
energy levels be E; = hiw; with w3 = wy, and the angular
frequencies of the EM field modes wgy, w,, and w, for the pump,
probe, and conjugate, respectively. The one-photon detuning
is then A3y = wg — (w3 — wy), and two-photon detuning
is 8132y = wg — wp — (w2 — wy). Detuning of the conjugate
beam is defined as A(1324) = Qwy — wp) — (w4 — w1).

The total electric field

E — Z é’iE§+)e*iwit+iki; + c.c. (1)
i=d,p,c

serves as an interacting potential for *K atoms. The Hamilto-
nian is therefore

4 £ S
H = Hy+ Hn = )_hoyli)(i| — d-EGF, 1), (2)
i=1

where dis the atomic dipole operator.
To obtain the set of Bloch equations, we first start with the
equation for the density matrix

. 1 -~ ~
0= —ﬁ[H, 01+ SE + R, 3)

with spontaneous emission SE and relaxation R included. We
have

SE =Y Ti(AgAl — AlA0/2— 0AlAi/2), 4
i=1

with A = [1)(3], Ay = [1)(4], A3 = 2)(3|, A4 = |2)(4], and
I[; all equal to half of the spontaneous emission rate. The
relaxation term is

R = —y[@ — diag(%, %, 0, O)]
— Vaeph [0 — diag(o11, 022, 033, Q44)], &)
where y and ygepn are relaxation rates. After the substitution,
0ij> (6)

where W(13) = W24) = W4, W(23) = Wp, W(14) = Wc, 63(12) =

—iwgjt+ikej)r

oij=e

W(13) — ©3), WG4 = O4) — ©3), V) = Wi, Kaz) =
72(24) = ka, ks) = kp, ka4 = ke, kaz) = kas) — k(23l’ kaay =
k(14) — k(13), k(,’j) = —k(j,'), with k., = 2k; — kp — Ak, we ap-
ply the rotating wave approximation. The resulting system
of differential equations does not have coefficients depending
on time. Some coefficients have dependence on e'2kz where
Ak = 2kys(1 — cos8), i.e., it is related to the angle 6 between
the pump and probe beam. Here we set the propagation of the
pump in the z direction.
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FIG. 2. Experimental observations of slow light, probe (thick black), conjugate (thin black), and reference 80-ns incoming probe beam
(green) waveforms for (a) § = —4 MHz, (b) § = —8 MHz, and (c) 6 = —12 MHz. In all three cases (a), (b), and (¢), A = 0.7 GHz, T = 120°C,

pump power P; = 220 mW, probe power P, =20 uW.

With a slowly varying envelope approximation, the propa-
gation equations are

0 19\, .y AN
Z oD EY =<4 : 7
(8z+cat) p 1280 (Paz + P31) (7a)
0 10 kN,
—+—— |EWW =i—dps, 7b
<Bz+c8t> P T g, P2 (70)
0 10 kN,
—+ —— |E®D =i—dpy, 7
<Bz+cat> ¢ 1280 pa (70)

where N, is the atom density.

In order to take into account the Doppler effect, we divide
atoms into M groups, each having different z component of
the velocity v,. Due to the Doppler effect these groups differ
by effective detuning. Let us denote with A3y, 8(132)0, and
A (13240 detunings subject to atoms with velocity v, = 0. For
an atom with z component of the velocity v, different than

1-p
mws’
where w; is the angular frequency of the light source and
B = v,/c. The Doppler shift is Ap = w, — w,. The detun-
ings are therefore A(13)qm = A(13)0 + AD, 8(132),,” = 3(132)0,
A(1324),m = A(]324)0 + AD, where m = 1, ey M enumerates
velocity groups of atoms. In our model, we keep track of
density matrices g;j,»,m = 1, ..., M for each group of atoms.
There are M sets of Bloch equations. Propagation equations
are slightly modified. The source term on the right-hand
side of Eq. (8) is the sum of contributions of all groups of
atoms:

zero, the observed angular frequency w, is w, =

M
] 10 +) kN,
-~ - —|E == —d (0 m 0 m)s
<8z+cat) p mE:ll 2o (Ba2,m + 031,m), (8a)
M
0 10 kN,
_ — E(+)= : c,md.. . 8b
<8z+681) ’ ;l 2¢ . (80)
M
0 19 kN,
— - — JEP =) i —"dpu . 8
<Bz+c8t) ¢ mX:‘:l 26, 04 (8c)

Here N., is the atom density of the kth group. We
choose v, and N, to mimic Maxwell distribution f(v;) =

m2mkgTe T . In the results below, with the Doppler
averaging, we have chosen M = 3 with Doppler shifts A; =
—0.25GHz, A, = 0GHz, and A; = +0.25 GHz; the densities
are N.p = (1.1/3)N; and N.; = N.3 = (0.95/3)N.,.

IV. RESULTS AND DISCUSSION

The probe pulse waveform before the cell is Gaussian
with a FWHM of 80 ns; behind the cell the amplified probe
and conjugate pulses have different forms. For some FWM
parameters they are (broadened) Gaussians, while for others
they are distorted. Only when outgoing pulses are Gaussians
can we get fractional delays and broadenings. We first present
the experimental results, which are compared with the results
of numerical simulations, with and without Doppler averaging.

A. Experimental results

We observe propagation of 80-ns probe pulses under condi-
tions of FWM when several parameters are varied. In order to
have Gaussian shapes for outgoing probe and conjugate pulses
in K vapor, the FWM ought to be realized for densities be-
tween 3x10'? cm™ and ~1.75x 10" cm~3 (cell temperature
120°C-150°C), A between 700 MHz and 1.3 GHz, and §
in the range 10 MHz. Note that not every, or any arbitrary
choice of parameter values from the above ranges will produce
Gaussian-like pulses at the cell exit. In Fig. 2 we present pulses
of reference, probe, and conjugate beams, with their amplitudes
normalized to the reference pulse, when A = 0.7 GHz for three
values of §, —4, —8, and —12 MHz. The resonant probe scatters
much more than the conjugate beam, and is slowed more and
amplified less than the conjugate, as shown in Fig. 3. The results
presented in Fig. 3 are gains, fractional delays, and broadening
versus é obtained from waveforms of Gaussian-like outbound
pulses, like the ones shown in Fig. 2. Gains of twin beams are
calculated as the ratio of their outbound intensities to the probe
inbound intensity. The maximum of probe gain, around 100, is
atnegative §, ~ — 4 MHz, a small shift from Raman resonance
due to Stark shift of energy levels, induced by the blue detuned
pump laser. Delays and broadening also have small maximums
at these negative values of §. Maximum values for probe and
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FIG. 3. Probe (solid squares, black for online version) and conjugate (solid triangles, red for online version) (a) gains, (b) fractional
broadenings, and (c) fractional delays vs 8, for A = 0.7 GHz, T = 120°C, P; =220 mW, P, =20 uW.

conjugate fractional delays are ~1.08 and ~0.6, while their
fractional broadenings are 0.35 and 0.15, respectively.

B. Theoretical results

In the model, the probe entering the cell has a Gaussian
profile with 80-ns pulse width and the pump has a constant
intensity. The pump and probe detunings, and the gas density
correspond to their values in the experiment. However, the
model uses parameters whose values are not known in the
measurements, such as relaxation coefficients. In the calcu-
lations the pump is a plane wave, and although the angle
between the pump and the probe is the same as in the
experiment, there is a different overlap of two beams in the
model than in the experiment. Hence, to find the pump and
the probe electric field amplitudes adequate to those in the
experiment is not straightforward. We obtain better agreement
with measurements if electric field amplitudes in the model
are a little lower than those implied by the measurements. The
presented results are with Doppler averaging of density matrix
elements, assuming three velocity groups for atoms, result-
ing in three Doppler shifts A; = —0.25 GHz, A, = 0 GHz,
Az = +0.25 GHz.

Propagation of EM fields through FWM alkali vapors, when
all fields are continuous waves, was discussed in [31]. When
probe field is in the form of a pulse, the initial condition for

the MB equations is

+ —41n 20t~ tmax)?
E;;_H = E;;O)(fdc + fpulsee FWHM? s 9

where FWHM is the pulse full width at half maximum, #,,,,x is
the time when the pulse reaches peak value, and fa. + fpuise =
1 and represents dc and pulse components. To improve the
stability of numerical simulation, we first solve a stationary
system where we set ¢ = 0 in Eq. (9) and obtain dependencies
of z for all unknown variables. These solutions are initial
conditions for t = 0 in the time propagation of MB equations.
Variable parameters in the numerical simulations are the pump
and the probe intensities, atom density, €, A, §, propagation
distance zax, and relaxation coefficients. As a result, we have
obtained dependencies of the probe and the conjugate beam
pulses on ¢ and z. We have found, like in the experiment, that
pulse shapes may be Gaussian-like or deformed by a strong
asymmetric broadening or presence of multiple peaks.

Similar to the experiment, FWM parameters giving
Gaussian-like outgoing pulses in the calculations are limited to
a rather small range. Both measurements and the model show
more deviations from Gaussian profiles when atom densities
are higher or when the gains are lower. In Fig. 4 we present
calculated waveforms of the probe and the conjugate pulses at
Zmax = 4 cm.

If outgoing pulses have Gaussian waveforms, we can extract
gains and delays of probe and conjugate pulses by fitting the

— Ref 1.0
g — Prob |
S Conj 0.8
g
& 1 0.6
=2
@ 1 0.4]
g
= 0.2
5 |

0.0
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Time (ns) Time (ns) Time (ns)

FIG. 4. Calculated waveforms of probe (thick black line) and conjugate (thin black line) for 80-ns incoming probe pulse (green line).
(a) § = —4 MHz, (b) § = —8 MHz, (c) § = —12 MHz. Values of other parameters were kept constant, Q; = 1.38 GHz, 2, = 18.9 MHz,
y = 0.5x107 Hz, ygepn = 1.5x10” Hz, A = 0.7 MHz, N, = 3x10"? cm™ (T = 120°C), § = 3 mrad.
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FIG. 5. Calculated probe (solid squares, black for online version) and conjugate (solid triangles, red for online version) (a) gains (note
that probe gain is multiplied by 10), (b) fractional broadenings, and (c) fractional delays vs § of 80-ns input Gaussian pulses in K vapor at
3%x102? em™ (T = 120°C), 2, = 1.38 GHz, Q, = 18.9 MHz, A = 0.7 GHz.

time dependence of both fields to Gaussian profiles. The fit
gives three values, Ef“om, fi maxgy» ad FWHM; o, i = p, c,
for gains, delays, and broadening, respectively. Gains of the
probe and the conjugate beams are defined as

2

E(+)0ut
G,=|—-2—|, (10a)
(+)
Ep0
E(+)0ul 2
G, = ﬁ (10b)
p0o

In Fig. 5 we plot gains, fractional delays, and broadening
versus 8 for A = 0.7 GHz and N, = 3x10'2 cm—3. Gain of
the conjugate beam in Fig. 5 is larger than that of the probe,
but that is not the general property. At the beginning of the
propagation, at z = 0, there is only a probe beam, G, =1
and G. = 0, while at 7 = zpax We have G, > G,. Therefore
G,/ G, is directly dependent on z, for other parameters fixed.
The values of § for which gains are maximal depends on the
pump intensity, a property known already from the CW regime
[31]. Gains have maximums at the negative 8, determined by
the detuning A and the pump Rabi frequency 2.

In the study of slowing light, we are looking for the range
of values of § where the broadening is low and fractional delay
is as high as possible. Similar to the experimental results, this
turns out to be the case for § ~ —4 MHz.

1.2 - 1.2

Relaxation coefficients are fitting parameters in the model.
For y = 0.5x107 and yueph = 1.5% 107, we get good agree-
ment with the experiment.

1. Effect of Doppler averaging with different numbers
of atom velocity groups

Including the Doppler effect into the model has, for most of
the FWM parameters, a strong effect on probe and conjugate
waveforms in and behind the vapor. Since Doppler averaging
of the density matrix elements can considerably increase
computing time, it is also good to know what might be
the optimal number of atom velocity groups onto which the
velocity distribution is divided. In Fig. 6 we plot the results
of the model without taking into account the Doppler effect,
top graph (a), with Doppler averaging with three velocity
groups, middle graph (b), and with the Doppler averaging
using five velocity groups, lower graph (c). Results are for
the following parameters: A = (0.7 GHz and 6 = —12 MHz.
Values of other parameters in simulations are: 2; = 3.08 GHz,
Q, =18.9 MHz, N =3x10" cm™3, y = 5x107, yueph =
1.5x107. Having no Doppler averaging gives very much
different results than obtained in the experiment. Averaging
with three velocity groups gives a more compact profile at
the end of the propagating distance. It is broadened with
the small secondary peaks, features that measurements have
also showed. In the presented case, a further increase of the
number of velocity groups does not make a big difference in

Ref. Intensity (arb. unit)

1.2
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08
| 06
{ 04

] 02
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Time (ns)

200 300 400 O 100 200 300 400
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FIG. 6. Numerical simulations of probe (thick black) and conjugate (thin red) waveforms. a) without Doppler averaging, b) with Doppler
averaging using 3 velocity groups, and c) using 5 velocity groups. Results are for 80 ns probe inbound pulse, A = 1 GHz, and § = 4 MHz.
Other parameters for simulations: Q; = 2.31 GHz, Q, = 18.9 Mhz, N. = 3x10"? cm ™3, y = 5x10” Hz, y4epn = 1.5x107 Hz.
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FIG. 7. Dynamics of 80-ns probe pulse propagation through K
vapor cell of 4 cm, example of pulse destruction and revival. (a)—(f)
Pulse waveforms at 0, 8, 16, 24, 52, and 100% of the total cell length,
respectively. Small perturbations at the top of the probe pulse are
followed in several figures representing pulse waveform at a later
time (distance). Parameters for the simulations: A = 0.7 GHz, § =
—2 MHz, Q; = 3.08 GHz, Q, = 18.9 MHz, N, = 3x10'? cm~3,
y = 0.5x107 Hz, Y4epn = 1.5x107 Hz.

the obtained pulse’s waveforms. This is not always the case.
For higher pump Rabi frequencies and higher gas temperatures,
calculations with five groups of atoms give better agreement
with the experiment compared to the ones with three velocity
groups. Also, for larger §, when stronger multiple peaks are
observed in the pulse profile, averaging with five velocity
groups is a better option. However, one has to be careful with
the choice of velocity values.

2. Probe pulse behavior in the hot potassium
vapor—Two case studies

Whether the outbound pulse waveform is broadened
Gaussian-like or distorted with multiple pulses depends on the
pulse behavior from the time it enters the vapor to the time
when it exits from the vapor. We have studied probe pulse
propagation, while the pulses are at different distances from
the (cell) vapor entrance, for two sets of FWM parameters.
Both sets of parameters give Gaussian-like outbound pulses,
but as we will see below, these pulses exit the vapor after
different behaviors while in the vapor. To ease comparison of
different and sometimes complex behavioral studies of pulses
in the K vapor, we numerically followed propagation of the
marker, placed on the top of the probe input pulse, in respect
to propagation of the pulse itself. This wavelet is so small that
it does not generate an additional effect on the behavior of the
pulse, its delay, or broadening. By following the location of
the marker versus the pulse peak, we show that the Gaussian
pulse at the output may not be directly connected to the input
pulse by a time evolution. Instead, another pulses, behind the
initial, start to appear, and with enough gain at the end of the

0.06 | 008
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0.02 0.01
0.001 0.001
0 100 200 300 400 500 0 100 200 300 400 500
Time (ns) Time (ns)

FIG. 8. Dynamics of 80-ns probe pulse propagation through K
vapor cell of 4 cm, example of pulse broadening. (a)—(d) Pulse wave-
forms at different percentages of cell length, 0%, 20%, 60%, 100%, re-
spectively. Q; = 1.72GHz, N. = 1x10> cm™3 (T = 110°C), A =
0.7GHz, and 6 = 0 MHz. y and yqcpn are the same as in Fig. 7.

propagation distance, they dominate over the initial pulse. An
example is given in Fig. 7 for the following parameters: A =
0.7 GHz, § = —2 MHz, Q; = 3.08 GHz, 2, = 18.9 MHz,
N, =3x10"? em™, y =0.5x107, yyepn = 1.5x107. It is
clear from the location of the marker that the pulse entering
the cell disappears at about z = 0.6 Xz, (2.5 cm from the
entrance). The choice of parameters for results in Fig. 7
give a broadened and slightly distorted outbound pulse, and
we see that the secondary pulses, in the high-gain regime, are
responsible for the slowed light pulse and broadening.

In Fig. 8 we give an example of pulse propagation when
the initial pulse is preserved, i.e., the same pulse travels from
the entrance to the exit of the medium. It is only slowed and
broadened, and as seen from the graphs in Fig. 8, the marker
is slipping behind the pulse peak as it slowed more than the
probe pulse. Observed pulse broadening is the result of the
pulse front traveling faster that the back of the pulse.

The different behavior of pulses in Figs. 7 and 8 is at
different gas density and pump power. This type of simulation
shows that for some parameters, there will be only the primary
pulse, while for others, secondary pulses may appear, in the
vapor and at the exit. The additional pulses may be small,
or dominate, or can completely replace the initial pulse,
depending on the length of the vapor cell. For ranges of
FWM parameters both theory and measurement give complex
waveforms of outbound pulses, which theory describes as the
result of a generation of new pulses. The secondary pulse is
more delayed and less broadened than the primary, and thus
offers new possibilities for slow light applications.

V. CONCLUSION

Gains, frictional delays, and broadening of probe and
conjugate pulses after 80-ns probe pulses traverses the
4-cm K vapor cell have been measured and calculated when
FWM is generated by the double-A scheme. Of the broad
range of FWM parameters good for parametric gains in the
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medium, only the small subrange is good for slowing Gaussian
pulses. Both the experiment and the model have shown that an
outbound pulse is a nondistorted Gaussian only when every
FWM parameter is in a specific, small subrange: 0.7 GHz
< A < 13 GHz~16 MHz < § < 4 MHz, 3x10'2 cm—3
< N. < 9.96x10'? cm~3. Both model and experiment have
shown that maximum fractional delays are at the maximum of
pulse broadening, and typically at two-photon detuning when
gains of the probe and conjugate have the highest values. The
maximal fractional delays are 1 in the experiment and 1.4 in
the model.

We have shown that without Doppler averaging the model
fails to reproduce correct pulse profiles. For more complex
waveforms, Doppler averaging over a larger number of atom
velocity groups, a minimum of 5, might be needed. Following
the time (and distance) propagation of the small wavelet, placed
at the top of the probe pulse at the cell entrance, in respect to

the propagation of the probe pulse itself, we have shown that,
depending on the FWM parameters, the outbound Gaussian-
like pulse is the result of quite different pulse propagation
dynamics in the vapor. In some cases the initial pulse will
disappear and new one can be formed, and for a sufficient gain
or length of the vapor, a newly generated pulse will dominate
the waveform of the outbound pulse.
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Abstract: We present an experimental study on ultraslow propagation of matched optical pulses
in nondegenerate four wave mixing (FWM) in hot potassium vapor. The main figures of merit,
i.e. fractional delay and fractional broadening, are determined to be 1.1 and 1.2, respectively.
The latter two are approximately constant for the broad range of the two photon detuning. Input
probe pulses between 20 ns and 120 ns can be delayed within broad range of the gain. The results
are compared with the preceding works for Rb and Na.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Low group velocity of light pulses i.e. slow light is of the great importance for many applications,
in particular for all-optical signal processing. The applications that utilize slow light effect like
optical delay lines [1,2], slow-light buffers [2], Phased Array Radar Beam Steering [2] are among
many others. Since the first observation of group velocity reduction [3] a number of different
techniques of slow light generation have emerged. All of these techniques are based on exploiting
large dispersions which accompany narrow transparency windows. In gases, electromagnetically
induced transparency (EIT) [4] has been used in hot [5, 6] and cold atomic/molecular gases [1,7],
as well as double absorption resonances [8,9]. EIT technique can be also applied in solids [10,11]
along with coherent population oscillations [12, 13], double dark states [14], and spectral hole
burning [15]. In optical fibers techniques based on Brillouin scattering [16] and stimulated
Raman scattering [17] were implemented. Although aforementioned techniques and methods
were successful in reducing group velocity, all of them suffer from signal attenuation due to
absorption.

Any technique used for optical delay lines is expected to provide arbitrary optical delay with
minimum of signal distortion. In this sense light amplifying mediums are good candidates
[16,18,19]. On the other hand, quantum noise accompanied with the amplifying FWM is a
serious issue in quantum information applications and it is studied in details theoretically [20]
and experimentally [21]. The mediums suitable for implementation of double-lambda atomic
scheme are of particular interest. [22-26]. This scheme is characterized with large nonlinearities
of susceptibility based on the coherence between sublevels of ground state which result in high
gain of parametric FWM [23]. Obtained gain resonances are spectrally narrow which enables
slowing down of optical pulses [26,27].

Since the recent observation of high-gain parametric FWM in hot potassium vapor [28], new
interest has aroused for exploration of different quantum optical effects in this media [29,30]. In
light of this interest, we were motivated to investigate the slowing of short light pulses in hot
potassium vapor based on parametric non degenerate FWM. In particular, we find optimal pulse
duration and delay-to-pulse broadening ratio.
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2. Experimental realization

The double-lambda scheme was realized on D1 line of *°K (1 = 770 nm, [31]), Fig. 1(b). Pump
beam couples lower hyperfine ground level 45/, F=1 to the excited 4Py, level with one-photon
detuning A. Due to small hyperfine splitting 55 MHz [31] the hyperfine structure of the 4P,
level is omitted. Probe beam couples excited 4Py, level to the upper hyperfine ground level
4812, F=2 and it has two-photon detuning 6. Due to high intensity, pump couples 4S5 ,, F=2
to the excited state having detuning A + HFS, where HFS is ground state hyperfine splitting.
The double A scheme is closed by the newly created conjugate beam that couples the excited
state with detuning HFS + A and 48 /5, F=1 level. The results for 120ns Gaussian shaped pulse
duration are shown in Fig. 2. The magnitudes of probe and conjugate amplification are given by
their respective gains which are defined as ratios of probe and conjugate peak intensities and
reference peak intensity: G, = I,/1, , G. = I./I.. The slowing of optical pulses is described
by fractional delay. Fractional delay is defined as the ratio between absolute delay, which is the
time difference between probe (conjugate) peak and reference peak, and reference pulse width
(’Delay’/’Width R’ from Fig 1 (c¢)). Likewise, fractional broadening is defined as the ratio of
probe (conjugate) pulse width to the reference pulse width ("Width P’/’Width R’ from Fig 1 (c)
for probe). The latter parameter is informative about the broadening of the slowed light pulses
and should be as close as possible to one.
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PD Py
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D 1 D1 line
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Fig. 1. (a) Experimental setup (BS - beam splitter, PBS - polarizing beam splitter, L - lens,
AOM - acousto-optic modulator, EOM - fiber coupled electro optic modulator, P - linear
polarizer, M - mirror, PD - photodiode, A/2 - lambda-half wave plate, 1/4 - lambda-quarter
wave plate, AP - aperture). (b) Double-lambda scheme at D1 potassium line. (c) The
appearance of typical pulses order and basic definitions.

In our experiment (Fig. 1(a)) single mode Ti: Saphire laser was stabilized to the D1 potassium
line and it is used for creating pump and probe beams. A small fraction of the beam is picked by a
90:10 beam splitter and sent to the acousto-optic modulator (AOM1) in double pass configuration
which operates in vicinity of 190 MHz. By scanning the RF-frequency fed to the AOM1, we
were able to scan two-photon detuning . The AOM2 with fixed frequency of 80MHz sets
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up the final frequency difference between pump and probe close to the HFS of the ¥K (462
MHz [31]). After the AOM2 light was fiber coupled to the LiNaO3s amplitude electro optic
modulator (EOM)(EO-SPACE, model: AZ-0K5-10-PFU-PFU-780-S) followed by a polarizer.
By applying Gaussian voltage signals from the signal generator to the EOM we were able to
create Gaussian polarization pulse in the plane of the polarizer. The polarizer transforms this
signal to the Gaussian intensity pulse. The pulse peak power was 20 uW. For the reference
pulse, a fraction of the probe pulse was picked and detected before the vapor cell. The pump
(200 mW) and probe beams have mutually orthogonal polarizations set by two A/2 plates and
they are combined at a polarizing beam splitter. Pump and probe waists are 1.05 mm and 0.8
mm, respectively. These two beams intersect at the angle of 3 mrad inside 50mm long, heated,
evacuated, natural-abundance potassium vapor cell. The cell temperature was 120°C. After the
vapor cell another PBS deflects the pump away.

The three type of pulses; reference, amplified probe and newly generated conjugate were
detected by an avalanche and two PIN photo diodes, respectively. For the reference the Si
avalanche photo diode (APD) Hamamatsu S12023-10 was used. The Si APD was biased with
160 V which provides the gain of 100 and the bandwidth of 600 MHz. For both, amplified probe
and conjugate, two identical Si PIN photodiodes Hamamatsu S5973-02 were used. The Si PIN
photodiodes were biased with 9 V providing the bandwidth of 1.4 GHz. Due to very low intensity
of the reference pulses, the Si APD had to be used because of its amplification. In all cases the
photo current was fed to 50 Q load and DC coupled to the oscilloscope. Each photodiode has
enough bandwidth for detection of pulses in the duration range 20-120 ns that is used in the
experiment.

3. Results and discussion

Typical results for delayed amplified probe and conjugate pulses for input pulse duration of 120 ns
and 20 ns are shown in Fig. 2(a) and 2(b), respectively. The two pulse duration values are chosen
from the edges of the interval in order to illustrate the fastest and the slowest signal changes in
the experiment. The waveforms for the other pulses durations (40 ns and 80 ns) and/or for other
parameters regardless the pulse duration are not shown, but the relevant parameters are extracted
and used later on throughout the paper.

In Fig. 2(a) we present results for 120 ns long pulse with one photon detuning A = 1 GHz and
two photon detuning 6 = 0 MHz. The curves were obtained upon 1000 averaged measurements.
We have observed amplified Gaussian probe pulse of gain 16 and delay 124 ns which gives
fractional delay of 1.1. The fractional broadening for this case was 1.2. Newly created conjugate
pulse was also Gaussian with fractional delay of 0.56 and fractional broadening of 1.05. The
emergence of conjugate pulse before the probe pulse observed in references [26,27] was confirmed
for the case of potassium as well. In Fig. 2(b) the results for 20 ns long pulse are presented
with one photon detuning A = 700 MHz and two photon detuning 6 = 0 MHz.For this set of
parameters we have also observed Gaussian shape of amplified probe and conjugate signals as
well as the emergence of the conjugate before the amplified probe. For amplified probe we have
measured gain of 14.5, fractional delay of 3.7 and fractional broadening of 3.2. For conjugate we
have measured 10, 2.7, 2,7 for gain, fractional delay and fractional broadening respectively. We
would like to emphasize that separation between probe and conjugate at the exit of the cell can be
tuned by choosing different parameters.

In order to obtain the results presented in this paper we scanned ¢ from -4 MHz to 10 MHz.
For the values of ¢ out of this range, including the -4 MHz and 10 MHz values, the pulse profile
loses its Gaussian shape and becomes distorted, so that the relevant parameters such as pulse
width, delay and broadening couldn’t been extracted. The latter case is shown in Fig. 2(c) as
an illustration. According to the findings in [26] waveform distortion in Fig. 2(c) could be
due to complex dynamics that arises from the interplay of parametric amplification and Raman



Research Article Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 34269 I

Optics EXPRESS N Y

absorption. Certain balance between losses and gains of probe beam are critical for temporal
shapes of twin beams, which means that the range of ¢ that gives undistorted waveforms will be
different at different A, and K density. Also, it should be noted that the gain for the amplified
probe pulse in Fig. 2(c) is around 0.9, which is considered to be extremely low in potassium. All
the peaks of the pulses are normalized to the same value in order to make the pulses comparable.
Due to small leakage of the light through the EOM and parasitic differentiation of the signal in
the detection and acquisition circuits the false undershoot at the times larger than 320 ns (Fig.
2(c)) becomes pronounced since it is magnified in the normalization procedure.
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Fig. 2. Slowing the optical pulses by FWM in K vapor. The waveforms are obtained upon
1000 averaged measurements. (a) 7 = 120ns, d =0 MHz, A =1GHz (b) 7 =20ns, 6 =
0MHz, A =0.7 GHz (¢c) 7 = 120ns, 6 = -4 MHz, A = 1 GHz (Note: Gaussian shape of
the probe is lost). Other parameters were kept constant throughout depicted measurements:
T=120°C, A=1 GHz, Ipump= 200 mW, I,y = 20uW, 6 = 3mrad.

In Fig. 3 we have plotted the dependence of fractional broadening, fractional delay and gain
for probe and conjugate pulse as a function of ¢ for A = 1 GHz. Fractional delay and broadening
of both, probe and conjugate, are either nearly flat or vary slowly with ¢ in the region where
the gain is not negligible. The best result, in terms of the lowest broadening and largest delay,
was achieved for the probe gain of 16 which is close to a half of maximum gain of 26 (achieved
for § = 2 MHz). Our results are qualitatively different in comparison with results obtained in
Rb [26] and Na [27]. In Rb the delay is highest near the bare state 2-photon resonance and drops
down quickly as the ¢ is increased. Although the dependence of fractional delay and fractional
broadening on pump Rabi frequency (i.e. intensity) is depicted in [27] we can conclude that
the gain and the delay are in trade-off relation in Na since both gain and delay are monotonic
functions of pump Rabi frequency. In other words, for sodium vapor one can say that higher
the gain, smaller the delay and and vice versa while in potassium we do not see such strong
dependence of delay (or broadening) on gain. This difference might arise from the fact that in
potassium the hyperfine splitting is less than the Doppler width and the condition, set in [26],
A+ HFS > Ais not fulfilled in this case.
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Fig. 3. Fractional delay, fractional broadening and gain dependence on ¢ for (a) amplified
probe (b) conjugate. T=120°C, A=1 GHz, Ipymp = 200mW, I,.cy = 20uW, 6 = 3 mrad.

In Table 1 we have updated the overview of the results given in [27] with values for potassium
at zero 8. The obtained (fractional) delays are somewhat larger than those in Rb [26] and
comparable to those in Na [27] at the approximately same experimental conditions.

Table 1. Summary of the results for slowing of short optical pulses via FWM in Rb, Na
and K.

Medium Rb Na K
Reference pulsewidth [ns] | 70 109 | 120

Gain 13 28 16
Fractional delay 0.57 | 1.03 | 1.1
Fractional broadening - 1.12 | 1.2

For increasing the capacity of information carried by a train of optical pulses, the pulses have to
be as short as possible. In order to find the shortest input pulse duration that will have the optimal
slowing characteristics, i.e. the longest delay and minimal distortion, we have performed the

measurements of fractional delay and fractional broadening with various pulse durations (Fig. 4).

All the pulses had the Gaussian temporal shape. By lowering the pulse duration fractional delay
and fractional broadening are increased simultaneously. As suggested by [32] the broadening
of the pulse is due to the fact that a short pulse is spectrally broad and a larger number of its
Fourier components gets slowed differently which manifests as broadening in time domain. An
alternative explanation can be given using equations for group velocity and group delay given
in [33] characterizing the slow light effect related to the EIT effect. The group delay is linearly
proportional to optical depth and inversely proportional to the (EIT) control, in our case probe,
intensity. Since the latter two parameters are fixed when the the pulse duration is decreased, the
group delay should be fixed and thus the fractional broadening will increase when decreasing
input pulse duration.

In order to have optical delay lines capable of producing arbitrary delay the fractional delay
should be one or higher. Comparing results from Fig. 4, we found that the 120 ns long input
pulse, gives better results in terms of delay and broadening than other input pulse lengths. These
results are the best suited for delay lines in potassium, since there is only about 20% of widening

Gain
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Fig. 4. Dependence of fractional broadening and fractional delay on incident pulse duration
in slow light process via FWM in K vapor for (a) amplified probe (b) conjugate pulses. ¢ =
O0MHz. T =120°C, A =1 GHz, Ipymp =200 mW, I,y = 20uW, 6 = 3 mrad. The red line
represents the value with no broadening.

while the fractional delay is above one.

In Fig 5 we show the dependence of fractional delay and fractional broadening on pump
intensity. Other parameters were kept constant. One can see that unlike in sodium vapor [27]
fractional delay and fractional broadening in our case don’t depend strongly on the pump intensity,
although they keep the same trend i.e. get lower as the pump intensity increases.
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Fig. 5. Dependence of fractional broadening and fractional delay on pump intensity in slow
light process via FWM in K vapor for (a) amplified probe (b) conjugate pulses. 7 = 80 ns, &
=4MHz. T=120° C,A=1.3 GHz, I,y = 20uW, = 3 mrad.

Comparing the results for fractional delay and fractional broadening dependence on TPD (Fig
3) and on pump intensity (Fig 5) in potassium to the corresponding ones in Rb [26] and in Na [27]
one can see that the dependence of these parameters in potassium are rather modest to almost
uniform. Since the most conditions are the same (e.g. fine/hyperfine structure quantum numbers,
experimental geometry) for all of the alkalies in which this kind of measurements was performed
, we could conclude that ground state hyperfine splitting, which is the smallest in K, plays
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important role, but possibly associated with rather large Doppler broadening (Doppler broadening
in K is as twice as high compared to the ground state hyperfine splitting.). However, for the
detailed description of the slow light parameters in potassium one needs to develop throughout
theoretical model and to conduct simulations taking into account specific atomic properties such
as ground state hyperfine splitting, Doppler broadening and dipole matrix elements. In addition,
analytic approximations in the model have to be chosen with care. An approximation may be
valid for some alkali atoms but not for others.

4. Conclusion

In this paper we have reported slowed propagation of short optical pulses based on parametric
four wave mixing in hot potassium vapor. It is shown that within the range of ¢ centered around 0
the slow light’s figures of merit, i.e. fractional broadening and fractional delay, are approximately
constant regardless to the gain. Out of this range, the slowed pulses, amplified probe first, become
distorted hindering the determination of the pulse parameters i.e. pulse width and peak. Also,
we have shown that fractional delay and fractional broadening are dependent on the input pulse
duration. Shortening the input pulse duration may lead to better (fractional) delay, but on the
other side, to the larger broadening at the same time. This suggest the trade-off between the latter
two when optimal pulse duration is required, for example in delay lines and other applications.
The straight forward optical setup, that can be further simplified, doesn’t require high coupling
(pump) laser intensities achievable even with conventional laser diodes and enables slowing of
the pulses within the broad range of gains. It turned out that light slowing systems with gains,
including unity, are important in order to manipulate photonics quits [26]. Eventually, the results
shown in this study suggest potassium as an medium that is worth to be considered in application
of the slow light and FWM effects.
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ABSTRACT

We will present results that demonstrate squeezed light source based on Four Wave Mixing (FWM) in hot
Potassium vapor. Squeezed light with the noise level of -6 dB below standard quantum limit is observed in the
difference signal between correlated probe and conjugate beams, generated via FWM in potassium vapor.
The vapor is contained in the vacuum K cell. For generating FWM we use nearly co-propagating pump and
probe beam in a double A atomic scheme, which is similar to schemes used to demonstrate sqeezing in Rb and
in K. Obtained level of squeezing is improvement from the previous results for squeezing in potassium.
Keywords: lasers, four wave mixing, squeezing, spectral noise power, quantum noise limit.

1. INTRODUCTION

Four Wave Mixing enables amplification of probe photons, and generation of conjugate photons, due to
parametric conversion of two pump photons, in a nonlinear process that is mediated by the optical medium.
FWM is shown to be an efficient source of quantum correlated, probe and conjugate photons [1]. There is a big
interest in entangled photons because of applications in quantum information [2] and imaging [3].

There are different methods for generating squeezed light, but the most often these methods are using non-
linear medium. FWM in hot alkali vapours is particularly efficient in generating relative intensity squeezing of
probe and conjugate beams, explored in many cases for reduction of signal quantum noise below SQL Relative
intensity squeezing of -9.2 dB below QNL was demonstrated in Rb vapor [4]. Squeezing was also demonstrated
in other alkali vapors, Cs and K [5,6].

Several experimental and theoretical investigations of FWM in hot alkali vapors have described relations
between gains of twin (probe and conjugate) beams and of the probe transitions through the vapor, with the
maximum achievable intensity squeezing. According to such results, best relative intensity squeezing is achieved
when gains of twin beams are at their maximums, their intensities nearly equal, and the probe transmission
through the vapor cell is high.

In this work we experimentally studied relative amplitude squeezing in potassium vapor. The only previous
work on squeezing in K [6] has shown low level of squeezing, -1.1 dB. We believe it is worth reinvestigating
squeezing in K since their [6] FWM parameters cannot develop conditions for optimal squeezing, as described
above. Our previous work with K [7] has shown that K is exceptionally good FWM medium for high gains with
relatively low pump powers. We used standard atomic scheme for FWM in alkalis, double A scheme, in which
pump enables cycling of population from one hyperfine level to the other, and back: the lower A is made of the
pump and the probe photon, coupling two K ground state hyperfine levels to the excited state (D1 line), while
pump photon and the conjugate photon make the upper A (Fig. 1a).

hfs+8

nP1/2

D1 line

ns, 2

(b)
Figure 1: (a) Schematic of atomic levels of *’K, coupled by the pump and probe lasers;(b) Schematic of the
experiment, M — mirror, PBS — polarization beam splitter, PD — photodetector, SA — spectrum analyser.

2. EXPERIMENT

The experimental schematic is sketched in Fig. 1b. Pump and probe beams are obtained from the same, MBR
110 (Coherent) laser. Probe is detuned from the pump after passing two AOMs, one in double pass. The
difference of this detuning from the hyperfine splitting of S, state is the two-photon detuning 8. The pump
detuning from the F=1 to F' =1 level is the one-photon detuning, A. Pump and probe beam are linearly and

978-1-7281-2779-8/19/$31.00 ©2019 IEEE 1
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mutually orthogonally polarized before being overlap at the middle of the heated K cell, intersecting each other
at the angle of ~4 mrad. Pump and probe diameters at waists (in the cell) are 800 um and 650 pm, respectively.
The cell is 5 cm long and has dimeter of 25 mm. The pump beam is moved away from the direction of probe and
conjugate by the polarization beam splitter. Probe and conjugate beam intensities are measured by the two diodes
of the balanced photodetector (PDB450A, Thorlabs)). The difference signal is fed to the spectrum analyser, with
the resolution bandwidth of 3 kHz. Throughout the experiment we varied the main FWM parameters in the
ranges: 700 MHz < A < 1500 MHz, -20 <8 <+10 MHz. 1x10 "' <n < 10" cm™.

The SQL was measured by splitting the laser (beam from the MBR) in two equal parts and recording noise
power of the signal difference. Results of the relative intensity squeezing were corrected for the electronic power
noise, generated by the balance detector and spectrum analyser.

3. RESULTS AND DISCUSSION

As a result of FWM mixing in alkalis, generated by the double A scheme, (Fig. 1a), probe beam is amplified,
and conjugate beam, frequency non-degenerate, is generated. Correlation and entanglement of the probe and
conjugate photons enables intensity squeezing. Results of measured levels of intensity squeezing in alkali
vapors depend on twin beam FWM gains, and probe transmission through the vapor cell. Absorption of probe
and subsequent fluorescence brings noisy modes into the squeezed light, degrading the amount of squeezing.
The minimum of noise figure of the signal difference between probe and conjugate is, usually, at the maximum
of gains, and in an ideal case of no probe losses in the cell, the noise of the difference intensity is related to the
noise at cell input by the relation 1/(2G-1) [8], where G is the ratio of the probe intensity behind and before the
cell. Affecting the results are also losses of light due to imperfect optical elements, reflection on cell’s windows,
on mirrors used to steer the beams, and on PBS used to divert the pump beam from the direction of probe and
conjugate. The final results, noise spectrum on SA, depends on detector efficiency and electronic noise.

In the experiment we studied effects of all FWM parameters on the amount of squeezing. We varied vapor
density, pump and probe powers and pump and probe beam diameters, one and two photon detuning. We have
found that larger probe absorption (losses of the order of 30% or more) and non-balanced gains of the probe and
the conjugate degrade squeezing so much that it stays above QNL in the measured ranges of noise frequency.
For reducing probe losses and balancing gains, we needed very large values of one-photon detuning,
A=1500 MHz. We have previously investigated effects of gains of twin beams in FWM in K vapor on slow
light of probe and conjugate pulses, and on pulse broadening [7]. There [7] the best slow light results are
corelated with the largest gains. Here, for the purpose of best squeezing, we found an indirect role of gains of
twin beams, the optimum gain now is a balanced gain, for which probe and conjugate have the same intensities
at the photo-detectors. Results presented in Fig. 2 show dependence of gains of both beams as values of & was
changed. Evidently, at 3 = + 6 MHz, probe and conjugate intensities are well balanced.

45

@ probe
@ conjugate

35 T

40 -

(X

30

(X4
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20
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T T T T
-4 -2 o] 2 4 6 8
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Figure 2. Gains of probe and conjugate as a function of two-photon detuning & (TPD) for one-photon detuning
A =1500 MHz. pump power 250 mW, seed probe power 10 uW, cell temperature 118 °C ( 2.6x10" cm™).

That balanced gain is most important as demonstrated in Fig. 3, where we plot noise figure of probe and
conjugate, at 1 MHz, as a function of 5. At & >+ 6 MHz relative intensity squeezing (red circles) falls below
SQL. Since noise flour of QNL and squeezed light varies with light power, the laser power used for measuring
SQL in Fig. 3 was equal to the combined powers of probe and conjugate.
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@ OPD=1500 MHz, freq = 1 MHz, corrected for pump leakage and electronic noise
@ SQL at1MHz
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Figure 3. Noise power of difference intensity between probe and conjugate (squeezing, red circles) and of SQL
(blue circules0 vs two-photon retuning o. Values of FWM parameters are the same as in Fig. 2.

The noise power spectrum of squeezed light and QNL are given in Fig. 4. Two-photon detuning was +8 MHz,
while one-photon detuning was 1500 MHz. There is spectral range when noise of squeezed light is below QNL.
The modest noise reduction of about —6 dB below QNL is in the frequency range between 750 kHz and 1 MHz.
This value is bellow intensity difference squeezing reported also for K in [6]. At their level of probe detuning of
few hundred MHz we couldn’t obtain squeezing due to high probe absorption and losses.
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Figure 4. Noise power spectrum of the intensity difference between probe and conjugate (red line) and of SOL
(black line). Reduction of noise below SOL of — 6 dB is obtained in the range between 760 kHz and 1 MHz.

4. CONCLUSIONS

Using FWM in hot potassium vapor we obtained intensity difference squeezing of -6 dB below SQL in the
spectral range of 200 kHz, centred at 850 kHz. This is improvement on squeezing level reported previously for
potassium [6]. We found that most critical for squeezing are probe losses in the cell and balanced gains of twin
beams. Although correlated, even small unbalanced beams lead to increased noise on the signal difference
Balancing intensities of twin beams is challenge, since in general, FWM is not producing balanced beams.
We had to carefully tailor FWM parameters to achieve such behaviour of FWM, and the reported squeezing is
obtained for high one-photon detuning, A =1500 MHz, and two-photon detuning & = +8 MHz, while the cell
temperature was 118 °C, corresponding to the gas density 2.6x10'>cm” There is certainly room for further
improvements of relative intensity squeezing in K vapor in our experiment. New vapor cell with AR coating on
windows will reduce probe and conjugate losses in the cell. Higher quality PBS behind the cell will eliminating
more of the pump beam for reaching detectors, and in addition, reduce the probe and conjugate losses.
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1. INTRODUCTION

Squeezed states of light are of great interest because quantum noise reduction below the standard
quantum limit (SQL) allows spectroscopy and metrology with sub-shot noise precision, quantum
enhanced sensing, and atomic magnetometry. Quantum correlated and entangled pairs of photons
generated in these nonlinear processes, enable in addition a two mode amplitude difference
squeezing. Quantum correlation of photons from such palred photons, entangled in momentum,
energy and numbers, are essential m-imaging and communication.
The main sources of such photon pairsSige demﬁoemsmﬁmmw conversion (SPDC), and
FWM. In the latter, three photons are mi T
conjugate photons. FWM is phase insensitive amplifier, meaning that high gain and therefore high
flux of new photons pairs can be generated, a certain advantage of FWM vs SPDC, Also, photons
due to FWM have wavelengths close to atomic transitions, allowing transfer of photon to atom
entanglement. On the other hand, a large choice of nonlinear crystals available nowadays, provides
wide range of frequencies for photons from SPDC.
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Montpellier
University (FR)

Synopsis

This 5th edition of the international
conference wholly dedicated to
Optical Nano-Systems covers a
spectrum from applied to basic
research of this domain providing a
forum for all the aspects with the
purpose of advancing the state-of-
the-art of nanoscale optics.

New  properties in  nanoscale
structures can be dramatically tuned
with  size and shape of the
nanostructures. Completely different
optical behaviours are produced
compared to the bulk counterparts,
such as narrow linewidths for
emission, solar energy conversion,
etc. Indeed materials and applications
require strong effort to develop
spectroscopy and microscopy tools
allowing visualization and
manipulation of optical properties with
nanoscale resolution.

Topics

e Emerging Technologies
o metamaterials,metasurfaces,

nonradiating modes, topological

insulators

¢ Nonlinear Optics and Applications

o chirality and symmetries, plasmonics
and SHG, nonlinear materials and

THz

s+ ntum Optics and quantum
** Jnologies
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¢ Optical Sensors
o novel approaches in optical sensing,
optical biosensors, plasmonic sensing
e Materials for photonics
o quantum dots, perovskite
nanostructures, 2D nanomaterials
¢ Imaging and spectroscopy
¢ Advanced Theoretical and Numerical

Tools for Nanooptics, Photonics and
Plasmonics

CALL FOR
PAPERS

SUBMIT

Program Committee

Invited Speakers

SPECIAL INVITED

Title: Practical Quantum
Communication and Processing

Fabio Antonio Bovino, Sapienza

University of Rome (IT)

Title: Ultrafast emission and

detection of quantum emitters
.* Agio, University of Siegen

L
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Title: Ultrafast dynamics in
quantum dots

Davide Boschetto, ENSTA Paris
Tech (FR)

Title: Expansion(s) of
electromagnetic fields on
dispersive quasi normal modes

Guillaume Demesy, Institut Fresnel
(FR)

Title: Experimenting with optical
plasticity in photonic machine
learning - towards all-optical
Artificial Intelligence

Eugenio Fazio, Sapienza
University of Rome (IT)

Title: Monolithic semiconductor
light sources for quantum
photonic integration on Si

Teemu Hakkarainen, Tampere
University (FI)

Title: Intensity squeezed States of
ILght from FWM in hot alkali
Vapors -Review of Results and

.+ cations
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Brana Jelenkovic, University of
Belgrade (RS)

Title: Is practicle perfect optical
transmission possible?

Gilles Lerondel, UTT, Troyes (FR)

Title: Generation of nonclassical
light in integrated nanophotonic
resonators

Marco Liscidini, Universita di Pavia
(IT)

Title: Listening to metal
nanoparticles super-aggregates
by photoacoustics

Roberto Li Voti, Sapienza
University of Rome (IT)

Title: Dielectric metasurfaces for
emission efficiency control at
telecom wavelengths

Giovanni Mattei, University of
Padova (IT)

Title: Surface wave photonic
crystal biochips for cancer
biomarkers detection

Francesco Michelotti, Sapienza
University of Rome (IT)

Dt Jiagnostic potential of
disorder: development of an

https://www.europeanoptics.org/pages/events/eosam202 1 /toms/ons.html
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innovative nanostructured
platform for rapid, label-free and
low-cost analysis of genomic
DNA

Valentina Mussi, CNR-IMM Roma
(IT)

Title: Core-Shell 3D Chiral
Metamaterial for Femtomolar
Biodetection

Adriana Passaseo, CNR- Nanotec
-Lecce (IT)

Title: Plasmonic lattices for
controlling light-matter
interaction.

Giuseppe Pirruccio, Universidad
Nacional Autonoma de Mexico (MX)

Title: Optical properties of porous
silicon nanowires at high
pressures

Javad Rezvani, Universita di
Camerino (IT)

Title: On the generalized Snell-
Descartes laws for metasurfaces

Emmanuel Rousseau, L2C,
University of Montpellier (FR)

Tiue: New nonlinear chiroptical

https://www.europeanoptics.org/pages/events/eosam202 1 /toms/ons.html
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effects: second and third
harmonic scattering from chiral
nanoparticles

Ventsislav K. Valev, University of
Bath (UK)

Title: Plasmonic modes in
cylindrical nanoparticles
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Intensity squeezed states of light from FWM in hot alkali vapors
- review of results and applications

Marija Curcic¢, Brana Jelenkovic¢

Institute of physics, University of Belgrade, 11080 Belgrade, Serbia

Abstract. We review experimental and theoretical results of quantum properties of twin beams generated by
the FWM in hot alkali vapors. Noise spectrum of the intensity difference of twin beams and dependence of
squeezing on the range of FWM parameters is presented for the FWM in potassium. Relative intensity
squeezing of -5.5 dB below SQL requires that potassium density and detuning of the pump and probe laser
beams in the double A interaction scheme all fall in the rather narrow range.

1 Introduction

Squeezed states of light can be generated using different
techniques in non-linear medium. The non-degenerate
far-detuned FWM in hot alkali vapors is recognizes as a
simple and efficient way of generating pairs of quantum
correlated photons. The highest levels of relative
intensity squeezing by the FWM twin beams, produced by
this technique [1] are comparable with results obtained
using other techniques, like SPDC or OPO [2]. The FWM
technique for squeezing has advantages over other
methods - frequencies and linewidths of FWM twin
beams match transitions in atoms and solid-state systems,
and the larger squeezed bandwidth open possibilities for
variety of important applications.

Non-classical, sub-noise correlation of twin beams from
FWM have shown possibilities in enhanced sensing and
imaging [3]. The idea is that random intensity noise in the
probe beam that is addressing the sample is subtracted by
the measured correlated reference beam. Simultaneous
detection of a large number of photons with correlated
spatial modes improves sensitivity of CCD and CMOS
cameras in their imaging applications. Multi-spatial-mode
twin beams produced by certain FWM atomic schemes
are of interests for quantum imaging [4].

We review atomic schemes used for FWM, experimental
and theoretical results of quantum properties of twin
beams and of the noise spectrum of the intensity
difference, and the dependence of the results on the range
of FWM parameters. We present our resent results of
relative intensity squeezing in potassium and show how
narrow are ranges of FMW parameters for which we
measured highest squeezing level. The previous results in
K [5] with the absorptive atomic scheme gave relatively
low squeezing level, of -1.1 dB below SQL. We will
discuss significance of vapor density, pump and probe
powers, and detuning from the atomic transition on the
quantum noise reduction.

2 Experiments

* Corresponding author: author@e-mail.org

Atomic schemes for FWM processes that generate twin
beams in alkali vapors can be degenerate in frequency, but
the highest intensity squeezing is obtained in non-
degenerate schemes [1]. The first experimental
demonstration of squeezed light by FWM in alkalis was
in Na vapor [6], while the most recent results are in Rb [1,
7] and Cs [8]. The highest degree of intensity squeezing
0f-9.2 dB was obtained in Rb [1]. There are many factors
that can make the difference between experiments with
strong and weak squeezing, among them are vapor
density, pump and probe beam coherence, detuning of the
pump, and two-photon pump-probe Raman detuning,

In the experiment we used rather common interaction
scheme, double A scheme. In the first A the strong pump
and the seed probe beam couple potassium hyperfine
ground state levels to the same excited state along the D1
transition, while the second A is composed by the pump
and the generated conjugate. The pump and the probe
originate from the same laser and are crossed under a
small angle in the heated K cell. The probe and conjugate
are detected by the balance photodetector and the
difference is converted to output and sent to the spectrum
analyser.

3 Effects of FWM parameters on the
guantum noise reduction

We have explored the FWM parameter space looking for
ranges of their values producing larger squeezing. This
includes pump and probe laser powers, potassium density,
one-photon pump laser detuning A, and pump-probe two
photon detuning 6. In the following figures we show
results when some of the parameters are varied. Pump
power for these results is 800 mW, while cell temperature
is varied around 120°C (2.9614*10'? cm™) for the optimal
results. Figure 1 presents noise power of the intensity
difference signal as a function of measurement frequency
obtained for A = 1.2 GHz, § = 6 MHz at 122 °C. On the
same plot we can see noise spectra of the probe and
conjugate signal, measured individually.
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Fig. 1. Intensity difference squeezing of the twin beams (solid
black line) and SQL (dot red line) as a function of analyses
frequencies. The difference signal falls below SQL for
frequencies between 900 kHz and 5 MHz, with the squeezing
level of -5 dB between 1 MHz and 2 MHz in the spectral range.
Measured probe and conjugate spectra are presented with blue
(dashed) and green (dash-dot) line, respectively.

3.1 Dependence on one photon detuning

Figure 2 illustrates strong dependence of squeezing on A.
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Fig. 2 Level od intensity squeezing as a function as a function
of the one-photon pump detuning from D1 line at the 1.5 MHz
of noise frequency and for 6 =4 MHz, T = 121° C, and Ppump =
800 mW.

One-photon detuning for maximal squeezing has to be of
the order or larger than Doppler broadening. A for K for
optimal squeezing is larger than for Rb and Cs, because
this Doppler broadening is larger for K. Detuning A ~ 1.1
GHz is compromise between higher absorption and loss
of correlation at lower, and fewer collisions and loss of
non-linearity at higher detuning.

3.2 Dependence on two photon detuning

There is also strong dependence of relative intensity
squeezing on & as indicated in Fig. 3. The maximum
squeezing is away from two-photon resonance and from
other non-linear effects like the EIT. At higher & and
lower gains of twin beams quantum correlation is lower.
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Fig. 3. Dependence of relative intensity squeezing on two-
photon detuning for A = 1.3 GHz, T = 121° C, and Ppump = 800
mW at 1.5 MHz of noise frequency.
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Slowing light pulses due to four-wave mixing in Potassium vapor

—theory and experiment
M. Curéié, B. Zlatkovié, I. Radoji¢i¢, Z.Nikitovié, A. Krmpot, D. Arsenovi¢, and B. Jelenkovic

Photonic Center, Institute of physics, University of Belgrade, Belgrade, Serbia

Slow light can be obtained using different protocols and different physical systems. Here we
investigate slowing of light pulses due to four wave mixing (FWM) in hot Potassium. Slow
lightis valuable for all signal processing, but in order to be really useful, the system has to
produce fractional delays large than one, with the small broadening and absorption.
Absorption and distortion are alleviated in the system with the gain, like in FWM, which
opens possibilities for stacking many delay lines.

In this work we use off- resonant double Lambda scheme for FWM in K vapor to theoretically
and experimentally investigate propagation of 80 ns probe pulse, and generation and
propagation of conjugate pulse, which typically separates from the probe pulse at the and of
the cell. This atomic scheme was used before to investigate slow light in Rb [1], Na [2]. In
the model we first solve optical Bloch equations for all density matrix elements developed in
the four level atomic system of K, coupled by three electric fields, pump, probe and
conjugate. Calculated optical coherences are then used to calculate amplitudes of these
fields as a function of time and distance using Maxwell propagation equation. In the
experiment, we tune probe laser to Raman resonance with the pump laser by a pair of
AOMs, and generate probe Gasussian 80 ns pulse, by EOM before it is combined with the
pump laser and send to the hot K vacuum vapor cell. Group velocities were measured by
recording the arrival times of the probe and the conjugate relative to the reference pulse.

Potassium is different from other alkali atoms, with small hyperfine structure, smaller then
Doppler width. It wasn't so far used for slowing light pulses. Comparison between theory
and experiment provides more insights into the dynamics of pulses propagation through this
FWM medium. Agreement between theory and experiment, both qualitative in terms of
similar pulse waveforms after the cell, and quantitative in terms of fractional delays and
broadening, revels proper values of parameters in calculations, like dephasing and
decoherence rates. Moreover, by placing, at the peak of input probe pulse, a small wavelets
(amplitude much smaller in comparison with the probe pulse amplitude), and much shorter
than the probe pulse, we can follow behavior of the probe pulse in the cell. We show that
depending on the FWM parameters, pulses behave quite differently, in some cases showing
complete disappearance, and revival of the pulse later in time. Results are given asa
function of one photon pump detuning, two Raman pump-probe detuning, gas density, laser
power and Rabi frequency.

{1] V. Boyer, C F. MicCormick, £ Arimondo, and P. D. Lett, Phys. Rev. Lett. 99, 143601 (2007).

[2] ). Clumna, N. Hayashi, A Fuisowa, and M. Mitsenaga, Opt_ Lett 34, 1654




Non-degenerate four wave mixing based slow light in hot potassium vapor
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We have studied propagation of Gaussian probe pulses of various duration in hot potassium vapor
(120°C) under conditions of non-degenerate four wave mixing (FWM). FWM is realized in co-propagating
geometry by off-resonant double Lambda scheme at D1 line (770nm) of *K. Pulse duration was in the
range 20 - 120ns, while one and two photon detuning were 700 - 1300MHz and -10 — 10 MHz,
respectively. A typical trace of three pulses, reference, amplified probe and conjugate is shown in figure
1 with clearly observable delay of the latter two. The optimal fractional delay and fractinal broadening
were measured to be 1.1 and 1.2, respectively and they are comparable to those obtained in Rb {0.57, -)
[1] and Na ({1.03, 1.12) [2]. Unlike in Rb and Na, fractional delay and broadening of both, probe and
conjugate, vary slowly with two photon detuning [3]. In the measurements of fractional delay and
fractional broadening with various pulse durations all the pulses had the Gaussian temporal shape. By
lowering the pulse duration fractional delay and fractional broadening were increased simultaneously.
We found that the 120 ns long input pulse, gives the best results in terms of delay and broadening.

0.5

Morm. signal [arb. units]

—100 4] 100 200 300 400
Time [ns]

Figure 1. Propagation of the 120 ns optical pulses by the FWM in hot **K vapor. The curves are obtained
upon 1000 averaged measurements, Two photon detuning 0 MHz, one photon detuning 700MHz,
T=120°C, | pump = 200mW, | ref = 20uW, angle between probe and pump beams 8 = 3mrad.

[1] V.Boyer,C.F.McCormick,E.Arimondo,andP.D.Lett,"Ultraslow propagation of matched pulses by four-
wave mixing in an atomic vapor,” Phys. Rev. Lett. 99, 143601 (2007).

[2] J. Okuma, N. Hayashi, A. Fujisawa, and M. Mitsunaga, “Ultraslow matched-pulse propagation in
sodium vapor,” Opt.Lett. 34, 1654-1656 (2009).

[3] B. Zlatkovi¢, M. M. Curéi¢, I. S. Radojigié, D. Arsenovic, A. 1. Krmpot, and B. M. Jelenkovié, ,Slowing
probe and conjugate pulses in potassium vapor using four wave mixing”, in preparation
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Ultraslow propagation of optical pulses in hot potassium vapor
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Jelenkovi¢!
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Parametric non-degenerate four wave mixing (4WM) is a nonlinear process in which two pump photons mix
in order to create photons with different frequencies. This process is realized via double lambda scheme by
stimulating a four-stage cyclical transition resulting in the emission of amplified probe and conjugate photons.
Parametric non-degenerate four wave mixing is a promising tool for producing continuous squeezed light [1]
and slowed optical pulses [2]. Recent demonstration of this phenomenon in hot potassium vapor [3] has
motivated our investigation of slowed optical pulses in the same medium.

In our experiment double lambda scheme is realized on D1 line of potassium isotope **K. We have studied the
influence of the vapor cell temperature i.e. density of potassium atoms, one photon detuning and two photon
detuning and the length of the optical pulse on the slowing of optical pulses in 4WM medium.

The laser frequency is locked at various one photon detunings (700 MHz to 1600 MHz) from the 4S1/2Fg=1 -
> 4P1/2 transition. The probe is detuned 460 MHz (ground state hyperfine splitting) with respect to the pump
beam and scanned around the Raman resonance. The vacuum potassium vapor cell is heated up to 150°C. The
pump and probe beam intersect at small angle (3 mrad) set by the phase matching condition. Gaussian shaped
probe pulses of length of 80ns were created by electrooptic modulator. and the delay, fractional delay and
distortion of probe and conjugate pulses was measured.

We have observed probe delays up to 160 ns and fractional delays up to 2 and slightly less for conjugate.
These delays were followed by up to 1.8 times of broadening of probe and conjugate pulses (with respect to
width of entering probe pulse). These results motivate further work on this subject that will, as we believe,
lead to improvements in slowing of optical pulses.
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Four wave mixing in potassium vapor with off-resonant double lambda system

D. Arsenovi¢, M. M. Cur¢ié, B. Zlatkovi¢, A. J. Krmpot, I. S. Radoji¢i¢, T. Khalifa and B. M. Jelenkovi¢
Institute of Physics,
Belgrade, Serbia
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Nowadays, four-wave mixing (FWM) in alkali vapors is a hot topic, essential for exploring new states of light
[1] and for quantum information [2]. We studied theoretically and experimentally non-degenerate four-wave
mixing (FWM) in potassium vapor. The effect was generated by employing co-propagating pump and probe
beams, and using the interaction scheme known as double-lambda scheme. Results obtained by the theoretical
model were compared to experimental results obtained using the setup described in [3].

Theoretical model is based on the semi-classical treatment of the FWM processes. We start with solving
numerically Bloch equations for density matrix elements of all populations and coherences, relevant for our
double-lambda scheme. The coherences are further utilized for calculation of atomic polarization, which is
used in the propagation equations for amplitudes of electrical fields of pump, probe and conjugate beams. This
kind of approach, with fully numerical calculations and without perturbation theories and approximations,
makes our model one of the most detailed among other models of FWM processes.

We have calculated and measured gains of the probe and the conjugate, defined as the ratio of probe and
conjugate intensities at the exit from the K vapor cell, and the intensity of the probe beam at the entrance in the
cell. Theoretical and experimental profiles of gains for a wide range of relevant parameters were compared
and analyzed. Dependences on angle between pump and probe, two photon Raman detuning, one photon
detuning from the D1 line, atomic densities and probe power are included in our results. Parameters were
chosen for exceptionally high gains of probe and conjugate beams.

Qualitative agreement of experimental results with theoretical predictions was observed. FWM in alkali atoms
is a complex process where dependence of efficiency of FWM on one parameter is related to values of other
parameters. Strong dependence of the gain profile vs angle on the pump power and atom densities were
observed. For a one-photon detuning from D1 transition of the order of 1 GHz, and the vapor density of ~ 5
10% cm?, system acts as a strong phase insensitive amplifier. Gains vs two photon Raman detuning are
narrow resonances with the width of the order of 10 MHz, depending on the angle between pump and probe
and on one-photon detuning. Resonances are shifted from the zero two photon detuning by a different value,
from 0 to -10 MHz, depending on the one photon detuning from D1 line and to a smaller extend on the angle.
For the low probe power gain value up to 500 was obtained.

REFERENCES
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First evidence of squeezed states of light obtained by four wave mixing (FWM) process in alkali
vapor was Initially presented by Slusher et al. [1] in 1985. Since then squeezing of light in such a
medium has occupied interest of many research groups. We experimentally demonstrate relative
amplitude squeezing of light (spectral noise power below standard quantum limit) by the use of
non-degenerate FWM process in potassium vapor. We use double lambda scheme on D line,
with two nearly co-propagating laser beams, pump and probe. Similar schemes were used for
experiments in Rb [2] and Cs [3], with the maximal level of squeezing of ~ 9 dB observed in Rb
vapor. Potassium has a smaller hyperfine splitting of the ground level compared to other alkali
atoms. The research performed so far suggests that this could lead to higher levels of squeezing.

The amplitude difference squeezing can be controlled by the proper choice of the experimental
parameters: pump power, one- and two- photon detuning, vapor density, angle between the
beams. Their values control nonlinearity, the beam absorption and gain, which are of great
importance for the generation of strong quantum correlations. FWM parameters in previous
measurements in K [4] are not in agreement with the optimal ones we predicted in our resent
work [5]: small probe absorption, similar gains of probe and conjugate, and identical intensities of
twin beams at the balanced detectors. Indeed, at FWM parameters quite different than in [4], we
obtained higher level of squeezing. Results of measured levels of squeezing at different
conditions for FWM will be presented.
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Evolution of laser pulse propagation in
Four Wave Mixing atomic medium
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Electromagnetically induced transparency (EIT) and EIT based Four Wave Mixing (FWM), the
two effects of quantum coherence and nonlinearity induced in atomic systems, are important
because of related phenomena, like slow and storage of light pulses. From the practical point it is
important to ensure parameters of EIT and FWM so that pulses propagate through medium
without (any) distortion.

In this work we investigate propagation of probe and conjugate pulses through potassium vapor,
which is made FWM medium by a double A atomic scheme. We are interested in finding
conditions when initial Gaussian probe pulse begins to brake, bringing multiple pulses at the exit
of the K cell. In our previous works with FWM in potassium we studded slow light and therefore
worked with conditions that ensure preservations of Gaussian pulse at the exit of the K cell [1].

We are interested in pulse propagation dynamics that leads to pulse splitting in hot alkali vapor.
Understanding mechanism which governs the final shape of the pulse will help to tailor FWM
parameters optimal for slowing and storing Gaussian pulses, with minimum distortion and
broadening. Theoretically and experimentally we investigate propagations of 80 ns Gaussian
probe pulse through double A type atomic media, when the second leg of the lower A scheme is
the strong cw pump laser.

We developed detailed numerical model to describe the FWM in hot potassium vapor, using
Maxwell-Bloch equations (MBE). Potassium atoms in vapor cell have large Doppler line
broadening, of the order of 800 MHz. The model carefully takes into account pump photon
detuning from the D1 line due to Doppler effect, in addition to the detuning set for the pump
laser (valid for zero velocity atoms). We select a number of velocity groups of atoms and form
separate density matrices for each group and a corresponding set of Bloch equations. At initial
time and position (entrance to the cell) for starting point of propagation, for a given pump and
probe detuning, we first solve the MBE with all derivatives over time set to zero. Thus, obtained
spatial dependence of atomic polarizations is initial condition for the probe pulse at the cell
entrance. Comparison with experiment has shown that small steps between two velocity groups
are necessary, of the order of 10 MHz. The total number of atom velocity groups, and the type
of uneven distribution of groups along the Doppler profile, is the compromise between
proximity of results to results of the experiment, and reasonable computer time.

We will present results of the model and of the experiment for ranges of one photon pump laser
detuning, two pump-probe laser beams detuning, potassium density, when slowed probe and
conjugate pulses start to deform from Gaussian, and begin to split.

REFERENCES
[1] B. Zlatkovié et al., Opt. Express 26, 34266 (2018).
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5 nm diameter and 80 nm length. Single nanorods are individually
contacted with electron beam lithography. To increase the measure-
able current in some cases a small number of rods are contacted in
parallel by Cr/Au-contacts.

With the chemical cation exchange Cd can be replaced by Cu in
these nanorods [1]. This transforms CdS with a resistivity around
10~12 Qcm [2] to CuS which has a 15 orders of magnitude lower re-
sistivity [3]. This method is applied to already contacted nanorods.
These rods are electrically measured under ambient conditions. By
measuring the same rods before and after the exchange, a drastic de-
crease in resistance is observed. The resulting resistance is stable for
at least 14 days.

[1] B. Sadler et. al., J. AM. CHEM. SOC. 131, (2009)

[2] R. H. Bube, S.M.Thomsen, J. of Chemical Physics 23, (1955)

[3] M. Najdoski et al., J. of Solid State Chemistry 114, (1995)
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Physics, Ruhr-University Bochum, Germany

Time-resolved transconductance measurements on the electron dynam-
ics of self-assembled quantum dots (QDs) [1] can be used to access
excited spin- and charge states in an all-electrical measurement [2],
an important step towards quantum state manipulation and detection
for future quantum information technologies. However, for fast and
high-fidelity measurements, the signal-to-noise ratio of the read-out
signal is of great importance. Combining transconductance with time-
resolved reflectometry in a lock-in measurement scheme promises to
significantly increase the signal-to-noise ratio. We use a high-mobility
electron transistor (HEMT) with a layer of QDs that are coupled to a
two-dimensional electron gas. This allows us to observe the tunneling
dynamics between the 2DEG and the QDs in a reflectometry measure-
ment setup. A high-frequency ac driving voltage in combination with
a lock-in technique is set to an electrical resonance of an internal LC
circuit. The reflected signal depends on the impedance of the sample,
where the change in impedance is related the number of electron in
the quantum dot layer, hence, to the tunneling dynamics.

[1] B. Marquardt. et al., Nature Commun. 2, 209 (2011).

[2] K. Eltrudis et al., Appl. Phys. Lett. 111, 092103 (2017).
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Highly focused optical excitation of semiconductors in real space re-
sults in strongly localized carrier distributions in the material. Subse-
quent transport of the excited carrier wave packets occurs on nanome-
ter and picosecond scales and is influenced by the Coulomb interac-
tion. Since the Coulomb interaction in heterostructures of low dimen-
sionality is enhanced with respect to the bulk, we here study a one-
dimensional quantum wire as an example system where strongly inter-
acting electrons and holes can be excited. We treat a system of up to
two photoexcited electron-hole pairs within a wave function approach
and are thereby able to treat the carrier correlations exactly. The
wave packet dynamics is analyzed as function of the excited density
and excitation energy. We show that high densities can lead to travel-
ling electron-hole wave packets or to enhanced wave packet broadening
depending on the excitation conditions.

HL 35.55 Wed 17:30 Poster E
Charging dynamics of self-assembled InAs quantum dots in
n-GaAs Schottky diodes — eLaRrs KURTEN!, LAURIN ScHNORR!,
TroMmas HEeNnzeEL!, SVEN ScuoLz?, ARNE Lubpwic2, and ANDREAS
D. Wieck? — !Lehrstuhl fiir Festkérperphysik, Heinrich-Heine-
Universitdt Diisseldorf — 2Lehrstuhl fiir Angewandte Festkérper-

physik, Ruhr-Universitdt Bochum

We study the charge transfer dynamics between self-assembled InAs
quantum dots (SAQD) embedded in n-GaAs Schottky diodes and
the space charge region by Laplace deep level transient spectroscopy
(LDLTS). The filling dynamics of the electronic SAQD states are in-
vestigated at liquid nitrogen temperature as a function of the applied
bias voltage and modeled using band structure calculations. We find
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a non-trivial dependence of the apparent total charge transfer on the
bias voltage and are able to quantitatively model our data by assum-
ing a competing re-emission of electrons during the filling process via
separately measured emission paths.

HL 35.56 Wed 17:30 Poster E
Simulation of mode competition phenomena in (Al,In)GaN
laser diodes — eEDpuUARD KuHN, Lukas UnLiG, MATTHIAS WACHS,
UrricH T. ScHwARz, and ANGELA THRANHARDT — Institut fir
Physik, Technische Universitat Chemnitz

Experiments show interesting mode competition phenomena in laser
diodes. For example streak camera measurements show cyclic mode
hopping, where the currently active mode changes from lower to higher
wavelengths. This can be explained by third order effects such as beat-
ing vibrations of the carrier density. In this work we describe these
mode dynamics using a model based on the semiconductor Bloch equa-
tions and discuss the influence of the Hartree-Fock terms and different
dephasing terms.

HL 35.57 Wed 17:30 Poster E
Blue InGaAs-VECSELs for Rydberg atom spectroscopy
— eAna Cutuk!, Marua Curcié?, Marius Prace®, RICHARD
HerMmanN®, Marius GrossMann!, Roman Bek!, RoBert Low3,
HaraLp K0BLER®, MicHAEL JETTER!, and PETER MICHLER! —
Hnstitut fiir Halbleiteroptik und Funktionelle Grenzflichen, Center
for Integrated Quantum Science and Technology (IQST) and SCoPE,
University of Stuttgart, Allmandring 3, 70569 Stuttgart — 2Photonics
Center, Institute of Physics, Belgrade, Serbia — 35. Physikalisches
Institut and Center for Integrated Quantum Science and Technology
IQST, Universitat Stuttgart

The Rydberg state of atoms is very attractive for applications in quan-
tum information due to its large dipole moment, lifetime and polar-
izability. For the excitation of the Rydberg states in rubidium and
potassium, laser emission in the blue spectral range is necessary. The
vertical external-cavity surface-emitting laser (VECSEL) turns out to
be an excellent candidate due to its wavelength versatility and high
output power combined with a near diffraction-limited beam profile
and the flexibility to add optical components inside the cavity. Our
focus is on the development of InGaAs-based VECSELs with the fun-
damental wavelength in the near-infrared spectral range. By inserting
a BBO crystal in a v-shaped cavity, second harmonic generation at
around 475 nm and 455 nm can be achieved. Further improvements
will be made on reducing the laser linewidth to achieve single mode op-
eration and with analog stabilization according to the Pound-Drever-
Hall technique.

HL 35.58 Wed 17:30 Poster E
Characterization of mode competition phenomena in
(AlLLIn)GaN laser diodes — eLukas Unrig, Epuarp KuUHN,
MarTHIAS WACHS, ANGELA THRANHARDT, and ULRICH T. SCHWARZ
— Institute of Physics, Chemnitz University of Technology

(ALIn)GaN laser diodes have various recent applications, such as laser
projection systems in augmented/virtual reality glasses, which require
a modulation with frequencies ranging from 100 MHz to 1 GHz. Laser
diodes show a rich dynamic behavior of the longitudinal modes on
a nanosecond to microsecond time scale. We investigate the spectral-
temporal dynamics of green InGaN laser diodes in high resolution using
a streak camera setup combined with a monochromator. For interpre-
tation we simulate the longitudinal mode dynamics using a multi-mode
rate equation model.

The observed effects at pulse onset include the turn-on delay and
relaxation oscillations as well as a fast red shift. In longer pulses,
we investigate mode competition with mode hopping towards longer
wavelengths, which repeats cyclically. Single shot measurements show
significant variations between single pulses. Consequently, much of
the dynamics cannot be observed in usual averaged / time-integrated
characterization.

HL 35.59 Wed 17:30 Poster E
Towards mode locking with a membrane saturable absorber
mirror — eANa CuTuk, RomaN BEkK, MICHAEL JETTER, and PE-
TER MICHLER — Institut fiir Halbleiteroptik und Funktionelle Gren-
zflichen, Center for Integrated Quantum Science and Technology
(IQST) and SCoPE, University of Stuttgart, Allmandring 3, 70569
Stuttgart

Although providing several superior laser properties, the vertical
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Propagation of short twin pulses in four-wave mixing in hot Potassium vapor

L S. Radoji¢i¢t, M. Curéié', B. Zlatkovi¢!, Z.Nikitovi¢', A. Krmpot', D. Arsenovi¢!, and B. Jelenkovi¢'
1. Photonic Center, Institute of physics, University of Belgrade, Belgrade, Pregrevica 118, 11000 Belgrade, Serbia

In this work we investigate, theoretically and experimentally, slowing of light pulses due to four wave mixing
(FWM) in hot Potassium. Slow light is valuable for all signal processing, but in order to be really useful, the system
has to produce fractional delays large than one, with the small broadening and absorption. Absorption and distortion
are alleviated in the system with the gain, like in FWM, which opens possibilities for stacking many delay lines.
Special feature of FWM is simultaneously slowing of incident probe pulse and a new beam that emerges from the
vapor at quite different frequency, a conjugate beam.

We use off- resonant double Lambda scheme for FWM to investigate propagation of 80 ns probe pulse, and
generation and propagation of conjugate pulse, which typically separates from the probe pulse at the end of the cell.
This atomic scheme was used before to investigate slow light in Rb [1], Na [2]. The model derives atomic
populations, coherences, pulse gains and wave forms solving first optical Bloch equations, and then
phenomenological Maxwell equations, taking into account Doppler broadening of transitions. In the experiment, we
tune probe laser to Raman resonance with the pump laser by a pair of AOMs, and generate probe Gaussian 80 ns
pulse, by EOM before it is combined with the pump laser and send to the hot K vacuum vapor cell. Group velocities
were measured by recording the arrival times of the probe and the conjugate relative to the reference pulse.

Potassium has smaller hyperfine structure, smaller than Doppler width then other alkali atoms. It wasn't so far used
for slowing light pulses. Comparison between theory and experiment provides more insights into the dynamics of
pulses propagation through this FWM medium. Agreement between theory and experiment, both qualitative in
terms of similar pulse waveforms after the cell, and quantitative in terms of fractional delays and broadening, revels
proper values of fitted parameters, like collisional and transit time dephasing. Moreover, by following location of
the small perturbation (placed at the peak of input probe pulse) vs the location of the pulse peak at different
distances in the vapor from the entrance, we can follow behavior of the probe pulse in the cell. We show that
depending on the FWM parameters, pulses behave quite differently, in some cases showing complete disappearance,
and revival of the pulse later in time.

All our results are given as a function of one photon pump detuning, two Raman pump-probe detuning, gas density,
laser power and Rabi frequency.

References
[1] V. Boyer, C. F. McCormick, E. Arimondo, and P. D. Lett, Phys. Rev. Lett. 99, 143601 (2007).
[2]J. Okuma, N. Hayashi, A. Fujisawa, and M. Mitsunaga, Opt. Lett. 34, 1654-1656 (2009).
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Slowing probe and conjugate pulses in potassium vapor
using Four Way Mixing

[N

Zeljka Nikitovi¢, Dusan Arsenovi¢ and Brana Jelenkovié

Institute of Physics Belgrade, University of Belgrade, 11079 Belgrade Serbia
email: branaj@ipb.ac.rs

We used four-way mixing (FWM) phenomena to slow light pulses in hot potassium
vapor. The atomic scheme for FWM was off-resonant double-Lambda scheme that
was previously used to study slow light in Rb [1] and Na vapors [2]. At high atom
density and strong pump laser power, this atomic system is a parametric amplifier
which generates probe and conjugate photons with gain. The goal of this work was
to find how fractional delays and pulse broadenings obtained in K vapor compare
with those obtained in other alkali vapors.

We measured and calculated fractional delays and pulse broadening of probe and
conjugate for different gas densities, different pump one photon detuning, and two
photon Raman detuning. In the experiment phase matching was established at the
small angle between probe and pump at the entrance. Probe and conjugate
waveforms are detected and placed on the time scale whose zero corresponds to tthe
maximum of the reference pulse. Theoretically we calculated waveforms of
transmitted probe and conjugate by solving optical Bloch-Maxwell equations for the
four-level system.

We present fractional delays and broadening, and gains of probe and conjugate, as a
function of two photon detuning for incident probe pulse between 20 and 120 ns, at
K densities between 10'" and 10'> cm™, for several values of one photon (pump)
detuning. Parameters for optimum results will be discussed and will be compared
to those reported for Rb and Na.

REFERENCES

[1] V. Boyer, C. F. McCormick, E. Arimondo and P. D. Lett, Phys. Rev. Lett. 99,
143601 (2009).

[2] J. Okuma, N. Hayashi, A. Fujisawa, and M. Mitsunaga, Opt. Lett. 34, 1654
(2009).
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Four way mixing in hot potassium vapor —slow light with a gain
Bojan Zlatkovic, Aleksandar Krmpot, Marija Curéi¢ and Brana Jelenkovi¢

Institute of physics, University of Belgrade, Serbia

Contact: B. Jelenkovic (branaj@ipb.ac.rs)

Abstract. We have investigated reduction of group velocity due to nondegenerate four-
wave mixing (FWM) in hot potassium vapor in the presence of gain of both probe and
conjugate. Using an amplifying medium toalleviate the absorption and distortion of
propagating pulses are important for ideal slow-light propagation, which can happen if (1)
probe and conjugate are not be attenuated, (2) fractional delays,defined as the ratio of the
delay to the duration of the pulse,for probe and conjugate,are larger than 1, and (3) fractional
broadening of probe and conjugateare very small, ideally 1. When these three requirements
are met, the probe and conjugate pulses can be delayed by an arbitrary amount, simply
stacking the systems.

Figure 1 shows schematic of the experiment and atomic level scheme. Pump and probe
are co-linear and orthogonallypolarized. Diagram of atomic levels consists of three hyperfine
levels and a double A scheme in D1 line in **K. There are not previous studies of FWM with
co-propagating pump and probe. Important feature of this set up and the amplification in the
FWM process is the conjugate pulse coupled to the probe and propagating alongside the
probe.

Figure 1. FWM in pottasium vapor.. Schematic of the experiment and atomic level scheme.

We demonstrate [1] high-efficiency of optical phase conjugatin in potassium, with gains
of ~ 80 for pump and ~ 60 for congugate, with modest intensities of the pump beam, near ~10
W cm~* for specific atomic denisty, one photon and two photon detuning. Exceptionally high
gains in K, in comparisom to other alkaly atoms under similar experimentla conditions, might
be due to the smallest ground state hyperfine splitting in potassium among alkalies: cross-
susceptibilities between probe and conjugate that give rise to FWM processare higher for
smaller hyperfine sppliting [2].

We have observed the ultraslow propagation of Gaussian like probe pulses as short as 20
ns, resulting in a fractional delay of the probe and conjugate of ~ 5. During the propagation a
probe pulse is amplified and, depending on the gain, generates a conjugate pulse which is
faster and separates from the probe pulse before exiting the K cell at a fixed delay. There is
broadening or distortion of pulses resulting in fractional broadening ~1.5..We observed that
the gain and the delay are in the trade-off relation, i.e., the higher the gain, the smaller the
delay and vice versa. The presence of delay with the gain makes this system very interesting
in the context of all-optical information processing.

REFERENCE

[1] B.Zlatkovié et al., Laser Phys. Lett. 13 (2016), 015205.
[2] M. T. Turnbull et al, Phys. Rev.A 88 (2013), 033845.
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Four way mixing in Potassium vapor with large photon amplification

M. Curéic, B. Zlatkovié, 1. Radojigié, D. Arsenovi¢, A. Krmpot, B. Jelenkovi¢
Institute of Physics, University of Belgrade, Belgrade, Serbia

Contact: B. Jelenkovié¢ (branaj@ipb.ac.rs)

Abstract. Four-way mixing (FWM) is nonlinear process in which two (pump beam) photons
are converted into probe and conjugate photonswhen pump and probe beam co(counter)
propagate through specific mediums, like crystals, fibers, cold and hot atomic gases. Two
new photons arespecial in a sense that are noise correlated, their intensity difference is below
standard quantum limit, they exhibit relative intensity squeezing[l] and can be time-
frequency entangled [2].

In this work, we continue [3] to investigate FWM in potassium vapor when strong pump and
weak probe co-propagate through K cell, coupling hyperfine levels in the double A scheme.
We observe that this system is a strong parametric amplifier, producing large gains of probe
and conjugate beams for certain values of potassium density (cell temperature), two photon
(probe and pump)detuning from Raman resonance, one photon (pump) detuning, and phase
matching condition for all four photons in the FWM process.We found thatdependence of
amplification on oneparameter is correlated to values of other parameters.

Experimental and theoretical results of dependence of probe and conjugate gains vs density,
detuningand angles between pump and probe will be presented.

[1] C. F. McCormick et al., Phys Rev A 78, 043816 (2008).
[2] C. Shu et al., Nat Comm. 7, 12783 (2016) DOI: 10.1038/ncomms12783.
[3] B. Zlatkovic ef al., Las Phys Lett 13, 015205 (20153).
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Slow propagation of pulses by Four-Way Mixing in Potassium vapor

Bojan Zlatkovi¢, Marija Curti¢, Ivan Radojiti¢, Aleksandar Krmpot, Zeljka Nikitovié, Dusan
Arsenovi¢ and Brana Jelenkovi¢

Institute of Physics Belgrade, University of Belgrade, 11079 Belgrade Serbia

We used four-way mixing (FWM) phenomena to slow light pulses in hot potassium vapor. The
atomic scheme for FWM was off-resonant double-Lambda scheme that was previously used to study
slow light in Rb [1] and Na vapors [2]. At high atom density and strong pump laser power, this
atomic system is a parametric amplifier for the probe and conjugate photons, frequency up-shifted in
respect to the probe frequency. The goal of this work was to find how fractional pulse delays and
pulse broadenings of probe and conjugate obtained in K vapor compare with those obtained
previously in other alkali vapors. Studdies of slow and storage of light are of interest for applications
in all optical switching,

We measured and calculated fractional delays and pulse broadening of probe and conjugate for
different gas densities, different one (pump) photon detuning, and two (pump and probe) photon
Raman detuning. In the experiment phase matching was established at the small angle between probe
and pump at the entrance. Probe and conjugate waveforms are detected and placed on the time scale
whose zero corresponds to tthe maximum of the reference pulse. Theoretically we calculated
waveforms of transmitted probe and conjugate by solving optical Bloch-Maxwell equations for the
four-level atomic system.

We present fractional delays and broadening, and gains of probe and conjugate, as a function of two
photon detuning for incident probe pulse between 20 and 120 ns, at K densities between 10" and 1012
cm’, for several values of one photon (pump) detuning, Parameters for optimum results will be
discussed and will be compared to those reported for Rb and Na.

REFERENCES

[1] V. Boyer, C. F. McCormick, E. Arimondo and P. D. Lett, Phys. Rev. Lett. 99, 143601 (2009).
[2] J. Okuma, N. Hayashi, A. Fujisawa, and M. Mitsunaga, Opt. Lett. 34, 1654 (2009).

39



Jedanaesta radionica fotonike Kopaonik, 11-14.03.2018.

Towards realization of frequency doubled VECSEL for Rydberg
spectroscopy in rubidium and potassium

M. M. Curgi¢', R. Bek2 R. Low?, M. Jetter2, and B. M. Jelenkovic'
(1) Institute of Physics, Belgrade, Serbia

(2) Institut fur Halbleiteroptik und Funktionelle Grenzflachen, University of Stuttgart,
Stuttgart, Germany

(3) 5. Physikalisches Institut, University of Stuttgart,
Stuttgart, Germany

Contact: M. Curtié ( marijac@ipb.ac.rs )

Abstract. Optically-pumped vertical external-cavity surface-emitting lasers
(VECSELs), also called semiconductor disc lasers, are relatively new type of lasers, first time
demonstrated by Kuznetsov [1] in 1990°. They are compact light sources which provide a
combination of high output power and good beam quality, with a possibility of tailoring
emission wavelength by a proper choice of gain materials. In addition, external cavity makes
it possible to utilize intracavity elements, such as birefringent filters and etalons, in order to
obtain single mode lasing regime. These characteristics makes the VECSEL a good choice for
various range of applications, from spectroscopy and biophotonics to laser projection.

We describe a development of a VECSEL emitting at fundamental wavelength of
948nm (and 920nm), with generation of blue light at 474nm (and 460nm) via nonlinear
frequency conversion in BBO crystal. Design process is presented, for which a desired
properties for the application in Rydberg spectroscopy [2] in Rb and K are taken into account.
We study the design, construction, and optical and thermal properties of the key elements of
VECSEL structure. We report our recent progress in obtaining high-quality
AlGaAs/GaAsP/InGaAs gain medium. Experimental measurements of the structures realized
so far are presented and analyzed. Finally, we give an outlook for the future research consisting
of utilizing a new wafer structure in order to improve laser characteristics and reach desired
ones.

REFERENCES

[1] M. Kuznetsov, F. Hakimi, R. Sprague, and A. Mooradian, JEEE Photon. Technol. Lett., vol. 9, pp. 1063-1065
(1997).

[2] R. Low, H. Weimer, J. Nipper, J. B Balewski, B. Butscher, H. P. Buchler, and T. Pfau, J. Phys. B: At. Mol.
Opt. Phys. 45, 113001 (2012).
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Blue InGaAsP VECSEL for Rydberg spectroscopy in Rb and K
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(1) Photonics Center, Institute of Physics, 11000 Belgrade, Serbia

(2) Institut fiir Halbleiteroptik und Funktionelle Grenzfliichen, Center for Integrated
Quantum Science and Technology (I0ST) and SCoPE, University of Stuttgart, Allmandring 3,
70569 Stuttgart, Germany
(3) 3. Physikalisches Institut and Center for Integrated Quantum Science and
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Abstract. Due to their characteristics, Rydberg states are becoming very attractive for the
applications in the quantum mechanics. For their excitation in Rubidium and Potassium, we
are in need of a blue laser source. Conventional GaN-based laser diodes are a cheap solution
providing laser emission in the blue spectral range. However, these lasers do not provide the
necessary beam quality and divergence that is needed for the applications in spectroscopy. In
addition, in order to study nonlinear effects with Rydberg atoms at room temperatures, high
laser intensities are required. The vertical external-cavity surface-emitting laser (VECSEL)
[1] turns out to be an excellent candidate due to its wavelength versatility and high output
power combined with a near-diffraction limited beam profile and the flexibility to add optical
components inside the cavity.

Our focus is on the development of InGaAsP-based in-well pumped VECSEL with a
fundamental wavelength in the near infrared spectral range. We report our recent progress in
obtaining high-quality GaAsP/AlGaAs/InGaAs gain mediums, designed for the purpose of
studying nS and nD Rydberg states in Rb and K. The results of the characterizations of
different chip structures utilizing linear cavity are presented. We have obtained high
intracavity powers, up to 400W. By inserting a BBO crystal in a v-shaped cavity, second
harmonic generation at around 475 nm and 455 nm can be achieved. Further improvements
will be made on reducing the laser linewidth (well below 1 MHz). By employing Z-shaped
cavity together with various intracavity elements (birefringent filter and etalon), laser will be
forced into single mode operating regime. We will stabilize the laser frequency to a reference
spectroscopy signal from a vapor cell by a piezo-driven mirror.

REFERENCES
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Fast pulse propagation in FWM medium - Conditions for Gaussian pulse
preservations (or splitting)

B. Zlatkovié, M. Cur¢ié, Z. Nikitovié, A. Krmpot, D. Arsenovié, and B. Jelenkovié¢

Institute of physics, Belgrade, Pregrevica 118, 11080, Belgrade, Serbia
Contact: BZ ( bojan{ipb.ac.rs)

Abstract. Four Wave Mixing (FWM) in alkali atom vapors exists only under very
specific conditions, it is necessary that density of alkali vapor, intensities and frequencies of
pump and probe laser beams, have their values within rather narrow ranges. FWM is
nonlinear phenomena that can be regarded as scattering of laser beams on nonlinear index
grating, generated by the same laser beams. Such scattering results in conversion of two
pump photons to additional probe photon, and to conjugate photon at frequency (much)
different form the pump and probe frequencies. Interests for FWM comes from applications
in all optical storage, and as a source of correlated and entangled photons. Applications of
FWM require that pulse shapes are preserved, with small, unavoidable broadening. It is
therefore of interest to avoid FWM parameters that can lead to pulses distortion and splitting,
due to increased dispersion in FWM medium.

We have investigated probe and conjugate pulse propagation through potassium vapor
under conditions of FWM. The initial probe pulse enters K vapor as 80 ns Gaussian. We are
defining, experimentally and theoretically, values of FWM parameters, vapor density, pump
and probe detuning, that allow pulse propagation without distortion. Theoretical model is
helping to understand dynamics of pulse propagation and the cause for their distortion, when
FWM parameters take “wrong” values. Model allows us to “peak” inside the K vapor and
observe moments of pulse splitting. There are very few (theoretical) papers that have
discussed possible causes for pulse splitting in coherent [1] and nonlinear medium [2]. We
will discuss their and our views of what is happening in the FWM medium when initial
Gaussian probe pulse starts to brake.

REFERENCES

[1] A.P.Spencer, H. Li, S. Cundiff and D. M. Jonas, J. Phys. Chem. 4 119 (2015), 3936-3960
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Doppler effect in the slow pulse propagation and distortion through
FWM medium

Dusan Arsenovié, Zeljka Nikitovi¢, Bojan Zlatkovi¢, Aleksandar Krmpot, Marija Curéié,
Branislav Jelenkovié¢

Institute of Physics, National Institute of the Republic of Serbia, Serbia

Most of the work on pulse propagation in alkali vapors is for FWM parameters that ensure
preservation of Gaussian-like pulse at the exit from the vapor. Here we extended the range
of parameters to include conditions when twin pulses in FWM medium begin to depart from
Gaussian, to distort and split. Calculated pulse waveforms were compared with the experimental
results for the propagation of 80 ns probe pulse through the potassium vapor contained in 4 cm
K cell. The FWM was established using non-degenerate, non-resonant double A configuration.

We used Maxwell-Bloch equations to model FWM. For its atomic part we formed several
Optical Bloch equations. Equations governing the electrical fields of beams are derived from
Maxwell equations in slowly varying envelope approximation for plane waves.

Calculated waveforms of twin beams agree with the experimental results for the large range
of FWM parameters that include cases when pulses are distorted and split, only with a proper
Doppler averaging on density matrix elements. Since the extra-large number of velocity classes
for Doppler averaging present a big computational burden, we have a good agreement with a
relatively small number of velocity classes with nonuniform widths, the narrowest are around the
pump detuning or around the maximum gains of probe and conjugate, depending on one-photon
detuning.

Results of twin beam propagation through the K vapor in off-resonant FWM, will be given
for one-photon detuning in the range of 0.7 to 1.5 GHz, two-photon detuning in the range od
+20 MHz, and vapor temperatures between 120 C and 150 C. The possible causes for pulse
distortion at certain FWM parameters will be discussed.
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Abstract. We present experimental results that show intensity difference squeezing (IDS)
from a pair of quantum correlated (twin) beams generated by the four-wave mixing (FWM)
process in dense potassium vapor. Quantum squeezing was observed by measuring noise power
spectrum of the signal difference of twin beams. We search for the highest IDS by the analyzes
of effects of important FWM parameters that can be changed in the experiment — one-photon
pump and two-photon probe detuning, pump and probe powers, matching angle between the
pump and probe, potassium density, and size and shape of potassium cells.

The experimental results are compared to theoretical ones. In our calculations, we use two
different models — analytical distributed gain-loss model and microscopic model based on
Heisenberg-Langevin formalism. We emphasis the importance of using an adequate model in
the study of intensity difference squeezing in potassium vapor. The agreement between results
of the models and of the experiment will be discussed. Our results are among of only a few that
investigated the IDS in potassium, and will be compared to squeezing obtained in other alkali
vapors, notably Rb and Cs.

We will also discuss the changes in the set-up in order to improve the level of squeezing,
and do experimental studies in multi-spatial-mode regime. At the end, we present possible
applications of twin beams generated in out experiment for quantum enhanced imaging and
sensing.
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Abstract. We present a true scalar magnetometer (TSM) consisting of a paraffin-coated
glass cell filled with Cs vapor with the E; I k geometry where k is the light propagation
direction for the optical pumping and BTf is a magnetic field oscillating at Larmor frequency
[1]. Spin dynamics of this system are described by the Bloch equations in Cartesian spin
components:

s . . . o

E=wa—]/5+)/pk.
The measurement of a DC magnetic field transverse to the main magnetic field in the system
produced unexpected signal shapes in different transverse directions. Specifically, with the RF
field in the YZ plane, the DC field in the x-direction produces unfavorable signal when
modulated at sufficiently high frequencies. This difference in the dynamic RF projection phase
is investigated by solving the above equation both analytically and numerically with different
transverse field geometries. The theoretical calculations produce results that are in good
agreement with the observed systematic effects during measurement.

We will present the measurements in both described geometries and discuss the differences
between the obtained signals. We will also present the details of both calculation processes and
discuss how the results compare to the measurements.

8B |

Figure 1. Two different field geometries considered for the DC transverse magnetic field scans. The
additional magnetic DC field manifests as a small “rotation” of the main field in the appropriate direction.
REFERENCES

[1] Weis A., Bison G., Gruji¢ Z.D. (2017) Magnetic Resonance Based Atomic Magnetometers. In: Grosz A.,
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Abstract. In most cases magnetometers have been developed with accent on sensitivity in
order to detect very small changes of magnetic fields like brain waves, magnetic field of beating
hart or variations of geomagnetic field. For such applications exist wide range of devices like
fluxgates, GMR, SQUID, OPM (Optically Pumped Magnetometer), etc. [1]. Our goal is to
improve accuracy or precision of OPMs based on vapors of alkali metals while retaining most
of their sensitivity. Alkali metals are very well studied, their properties are measured and
theoretically calculated to high precision. It is to expect that a sensor, based on, for example
cesium, should be easy to deploy and understand in various schemes. It turned out this is not
the case and future research is required in order to overcome heading errors of cesium based
OPM:s.

Accurate OPMs would have broad range of applications like precision experiments in
fundamental research (like measurement of nEDM — neutron Electrical Dipole Moment),
metrology, space explorations and for mapping of geomagnetic fields. The latter would benefit
in archaeology, mining operations and from improved quality in tracking changes in global
distribution and intensity of the Earth’s magnetic field.

In my talk I will present the old nEDM experiment at PSI [2] and its improvements towards
its next generation — n2EDM [3]. The last part of the talk will be dedicated to accurate
magnetometry with Free Spin Precession (FSP) [4] and Free Alignment Precession (FAP)
magnetometers. If time permits, prospects of a *He magnetometer will be discussed.
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Abstract. Since their first demonstration, in 1960s [1], optically pumped atomic-based
magnetometers (OPM) [2] have been in the focus of many scientific studies. Recently, they
have been of special interest due to their wide range of application, including measurements of
magnetic fields in bio-medical science, environmental and geo-science.

Our focus is on the development of a compact, portable magnetometer for geophysical field
measurements. We present the design and operating principle of a novel kind of OPMs,
optically-pumped Cs magnetometer based on a free alignment precession (FAP). This type of
magnetometer is free of some limitations of conventional OPMs, such as frequency shifts and
systematic displacements. We use a paraffin-coated Cs vapor cell. Magnetometer operates at
room temperature. The atomic medium is pumped with linearly polarized amplitude-modulated
light at a double Larmor frequency, 2mr. This process generates spin alignment. After the
optical pumping, the decay of the spin polarization can be detected in the weaker probe beam
passing through the cell. The information on the magnetic field and Larmor frequency can be
gathered via further signal processing.

We will discuss the influence of various parameters on the performance of our
magnetometer — state of polarization of the probe and pump beam, angle between the probe
and the external magnetic field, probe and pump powers and lengths. We will present our set-
up and first test measurements. Finally, we will give an outlook for the further work.

REFERENCES
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We will present our recent results of intensity difference squeezing generated by four wave mixing
(FWM) in high density potassium vapor. Squeezed light with the noise level of several dB below
standard quantum limit is observed in the difference signal between correlated probe and conjugate
beams. Previous studies of the squeezing in alkalis were done mainly for Rb and Cs [1, 2].

For the FWM process we used non-degenerate double A scheme, with nearly co-propagating pump and
probe beams. The source for the pump and the probe was the high power MBR (Coherent) laser. The
vapor is contained in the vacuum K cell. For the difference of the probe and conjugate beam's intensities
after the cell we used balanced detectors with a gain of 10° VV/A. The signal difference was analysed
using the spectrum analyzer.

We have vaired number of parameters: pump one photon detuning (OPD), two pump-probe detuning
(TPD), temperature, pump and probe powers, angle between the beams and the lenght of the cell. The
best squeezing, we obtained so far, is about — 5.5 dBm, before the correction for losses on the cell
window, optics used behind the cell and the detection efficiency. This level of squeezing was obtained
at pump and probe powers of 800 mW and 6 uW, OPD and TPD of 1.2 GHz and 6 MHz, at the cell
temperature of 122 °C. We analysed effects of all mentioned parameters on the relative intensity
squeezing and on the gains of the twin beams, and compare them with the behavior of squeezing found
in Rb and Cs.

REFERENCES
[1] C. F. McCormick, A. M. Marino, V. Boyer, and P.D. Lett, , Phys. Rev. A 78, 043816 (2008).
[2] R. Ma,W. Liu, Z. Qin, X. Jiaand Ji. Gao, Phys. Rev. A 96, 043843 (2017).
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On the propagation of twin beam pulses in four-way-mixing medium —
cause for asymmetric broadening and splitting
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Weak probe pulse that propagates a four-way-mixing (FWM) medium is amplified and new conjugate
beam is generated as a result of a two pump photon conversion in the nonlinear FWM process. During
this propagation, group velocities of these pulses are slowed. The pulses are broadened in respect to the
probe pulse, due to dispersion effect on the shape of the pulse — different frequencies of the pulse
spectral bandwidth have different group velocities. As the pulses propagate in the medium, asymmetry
in pulse broadening, and even strong distortion due to the higher order dispersion, can occur.

Since the applications of the slow light pulses for optical quantum memories and opitcal switches,
requires preservation of initial, usually Gaussian, shape, it is of interest to find parameters for the FWM
which maximally preserves the initial shape. The FWM parameters governing the pulse propagation
are the pump intensity and medium density, and the detunings of the opitcal fields from atomic
transitions, the pump single photon detuning, and the pump-probe two photon detuning.

Theoretical results for the probe and conjugate pulses propagating through the Potassium vapor, under
the effects of FWM, are compared with experimental results. We calculated and measured twin pulses
waveforms at the exit of the 4 cm long vacuum cell for the 80 ns probe seed beam, when K vapor density
is 3*10%2 cm-3 (120 0C), and the pump power in the experiment and Ruby frequency in the theoretical
model are 220 mW and 1.5 GHz, respectively. Most previous theoretical works on the pulse propagation
in the FWM alkali vapor are based on analytical expressions, and therefore on several assumptions in
their models [1]. We have done a full numerical calculations of the density matrix elements, and
subsequently the atomic polarization that is governing both gains and shapes of initial seed probe and
conjugate pulses.

The 80 ns probe pulse has a spectral bandwidth of 550 MHz, and in a dispersive medium, like the K
vapor near the two-photon resonance, different spectral components will acquire different phases and
different delays. This causes broadening of twin pulses, while different gains associated with different
spectral components of the pulse, can distort the pulse, causing even pulse splitting.

We present results od the model and of experiment that show strong dependence of the pulse waveform
on the two-photon detuning, for the same pump one photon detuning and vapor density. We also
emphasis importance of Doppler line broadening on the results of the model.

REFERENCES
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Abstract. We present the method for generating amplitude squeezed light (ASL) from twin
photon pairs obtained using four way mixing (FWM) in alkali vapors [1], The dependence of
ASL on the pump and probe laser detuning, and on the vapor density, obtained in potassium
vapor using double-A atomic scheme, will be compared with the analytical models. Obtained
agreement in certain ranges of FWM parameters, and disagreement in others, will be
discussed.

Quantum correlated and entangled photon pairs produced by FWM, or by other methods like
SPDC, have been proven in many successful applications. Taking properties of quantum
light, quantum sensing and quantum imaging has overcome performances done by classical
light, increasing measuring sensitivity by lowering noise below standard quantum limit, SQL.
One way of sub SQL images exploits time and mode correlation between twin beams in a
differential scheme for noise reduction. We present method of using two-correlated photons
microscopy, such as shown in [2], and explain when it will be advantageous over classical
two-photon spectroscopy.

REFERENCES
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Abstract. We present our work on behavior of a My variant of OPM (Optically Pumped
Magnetometer) [1] under modulation of the transverse magnetic field. Set-up is based on a
single beam double-resonance scalar magnetometer with spherical Cs paraffin coated cell,
operating in free running mode at room temperature. The medium is pumped at D1 line at Fg=4
— Fe=3 transition with circularly polarized light, where direction of light is parallel to the
oscillating magnetic field that is driving the magnetic resonance at Larmor frequency, Fig. 1.
We have studied the response of our magnetometer to the changes in applied magnetic field,
perpendicular to the main offset field. Set of Helmholtz coils is used for the generation of
additional modulating filed. Using lock-in detection we obtained in-phase and quadrature
components of the transmitted laser power oscillations. Specially, with the main offset field in
z-direction, and applied modulation in yz plane, phase of the signal experience unexpected
behavior for a scalar magnetometer.

We will present our measurements results and discuss which conditions, with respect to
amplitude and frequency of modulating field, so as its orientation, give rise to the before
mentioned signal abnormalities.

Photodiode

Paraffin coated
glass cell (30 mm
diameter) filled
with Cs vapour

D1 light
modulated
atv,,

88

Oscillating
if field +,
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Figure 1. Schematic of the scalar M optically pumped magnetometer.
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Abstract. This study tests the applicability of the commercially available VCSEL Laser diodes
from Throlabs (part number L895VH1) for laser spectroscopy of cesium D1 line. This 895 nm, 0.2 mW
AlGaAs VCSEL diode is a compact light source suited for a variety of applications. It comes in a TO-
46 package with an H pin configuration. It outputs a circular Gaussian beam, which is linearly polarized.
Its spectral profile is single mode and it is suitable for single frequency applications [1]. It also has such
a property that may provide a simple way of making a fast-swept source by temperature tuning [2].

The laser diode in experiments is mounted inside a high thermal mass aluminum block with an NTC
temperature sensor in close proximity to the laser diode and a Peltier element below the aluminum
mount connecting it with a larger aluminum plate. A self-made laser driver controls the laser current
via a potentiometer allowing currents from 0 mA up to 2 mA. The temperature of the diode is controlled
by a NTC connected to a PID which controls a Peltier element. The laser characterization produced the
following results: lasing threshold: approximately 0.6 mA and weakly divergent beam. To access the
performance of the Thorlabs diode two experiments were performed and compared: with Thorlabs diode
and Toptica ECDL laser system. Interestingly the PLL signal of the Toptica measurement looks nosier
that the signal of the Thorlabs diode. Above 500 Hz the VECSEL diode showed a better performance
than the ECDL. Measurements also show that it is possible to use the diode for FSP measurements in a
two-beam approach. For this measurement, the pumping diode has not been frequency locked;
meanwhile the probing diode has to be on resonance during the probing phase. Running in continuous-
wave mode, the second laser could be replaced by a simple laser diode with frequency stabilization.

The mentioned laser diode is affordable, and in addition offers the possibility of conducting experiments
in in the frame of the Free Alignment Precession optically pumped magnetometer project (FRAPOPM).
F=4 — F’=3

REFERENCES
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Abstract. While optically pumped magnetometers (OPMs) have demonstrated competitive
sensitivities and low cost with respect to competition, their performance for high accuracy
applications is not well studied. Our first attempt [1] to optimize an all optical free spin
precession (FSP) magnetometer was success. In unpublished investigations that followed that
work it was discovered that FSP magnetometer suffers from a heading error two orders of
magnitude larger than its sensitivity. In order to improve the performance a method that uses
linearly polarized light Free Alignment Precession (FAP) was proposed.

In this study we measure the Larmor frequency, in a spherical cesium cell with
antirelaxation coating, simultaneously with two linearly polarized beams. The experimental
setup allows arbitrary mutual orientations of magnetic field Bo~ 1.58 uT and directions of
polarizations of light beams.

FAP offset (pT)

O o

T T T T T T T T
—40 =30 —-20 -10 10 20 30 40

angle (deg)

Figure 1. Preliminary measurement of the heading error of a FAP magnetometer. Direction of the By and
polarization direction of one of probe beams was fixed while we varied the polarization direction of the second
probe beam.

From Fig. 1. we learn that, in this particular case, the heading error is below 1 pT, thus at
least six orders of magnitude below Bo. Further investigation is under way.
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Abstract. A true scalar magnetometer (TSM) is one where the phase is independent of the
magnetic field orientation and instead depends on the modulus only. We analyzed a
magnetometer consisting of a paraffin-coated glass cell filled with CS vapor where the RF field
is parallel to the light propagation direction while oscillating at Larmor frequency [1]

The magnetometer was applied in the measurement of small magnetic field components
orthogonal to the main field direction. Experimental measurements of the RF projection phase
show significantly different behavior in cases where the transversal field component is
perpendicular to the RF field and when it is in the plane formed by the main magnetic and the
RF fields. For the “in-plane” case the RF projection phase doesn’t show any perturbation on
changing the intensity or field direction, while the “perpendicular” case shows significant peaks
and slow relaxations under the same circumstances.

This phenomenon was initially explored through numerical simulations with a model that
shows good agreement with experimental results and later backed with analytical calculations
of the Bloch equation for this case in Cartesian spin components. The equations were solved
analytically by moving into a rotating frame of reference and applying the Rotating Wave
Approximation (RWA) and the disambiguation of the remaining solution terms by the
significance of their contribution. The results show a simplified picture of the described
problem but capture the qualitative behavior well. The measurements, numerical solution and
the analytical approach will all be presented in a wholesome description and analysis of the
described phenomenon.
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Figure 1. Two different field geometries considered for the DC transverse magnetic field scans. Left: The
“in-plane” case with constant phase error, Right: The “perpendicular” case with phase error perturbations.
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Correlated photon pairs by Four Wave Mixing in alkali vapor for imaging
application

M.M. Curéié, D. Arsenovi¢ and B. Jelenkovié
Institute of Physics Belgrade, University of Belgrade, Serbia
e-mail: marijac@ipb.ac.rs

We will present our results on the generation of relative intensity difference squeezing (IDS) by Four
Wave Mixing (FWM) in alkali vapors [1]. Motivated by a specific energy structure of potassium atoms
and previously performed studies with different alkali atoms, Rb and Cs, we study both experimentally
and theoretically generation of twin pairs — probe and conjugate by means of FWM on double-lambda
scheme on D1 line in K, and their correlations. We have demonstrated and measured the squeezing
level of — 6.1 dB, and investigated the dependence of gain and squeezing levels on different system
parameters such as one-photon pump detuning, two-photon probe detuning, vapor temperature, cell
length. We will discuss the obtained dependences and the optimal choice of parameters values, so as
the advantages of K over the other alkali elements.

Having a proper theoretical model would ease the search for the optimal system parameters, especially
when some specific requirements are desired by the possible application of described system. In
addition to our experimental work, we have done a theoretical study and developed a quantum model
for hot vapor systems based on Heisenberg-Langevin formalism, including Doppler averaging and
transit time of the atoms through the interaction area. We will present the comparison of the obtained
results, experimental and theoretical ones.

Finally, we will discuss the application of our quantum light source for the imaging, especially for two
photon absorption (TPA), one of the most commonly used technique in bioimaging. During the last
decade, taking advantages of quantum light in sensing and imaging has become a way of overcoming
the limits of classical techniques, and hence method of improving sensitivity and resolution of the
measurements. Entangled two-photon source by spontaneous down conversion (SPDC) in nonlinear
crystal has already been shown to be a solution for overcoming photo- and thermal damaging with the
common use of strong pulsed laser, and used in performing an enhanced imaging of the cells [2]. We
will also comment on the advantages of FWM source of correlated photons over the SPDC.
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Experimental and theoretical study of the phase response of My
magnetometer to modulating transversal magnetic field

M.M. Curéi¢', A. Milenkoviét, A. Bunjact, T. Scholtes? and Z. Gruji¢!
tnstitute of Physics Belgrade, University of Belgrade, Serbia
2|_eibniz Institute of Photonic Technology, Jena, Germany
e-mail: zoran.grujic@ipb.ac.rs

We will present our results on the study of a scalar optically pumped magnetometer (OPM) [1]. More
precisely, we investigate the phase response of a true scalar My magnetometer to the sudden changes of
transversal magnetic field. As a sensing element we employ paraffin coated cell filled with Cs. A single
light source is used for both pumping (polarizing) the medium and probing i.e. reading out a variation
in the intensity of the resonant light due to the applied magnetic field. Pump light is circularly polarized.
The wave vector and RF magnetic field that drives the spin precession are at 45° with the respect to the
main static magnetic field By as presented on Fig. 1. Magnetometer operates at room temperature. Set
of Helmholtz coils is used for the generation of additional modulating filed. The sensor head is placed
inside a three layer mu-metal shielding. Changes of the magnetometer response are detected with a
lock-in amplifier, which enables us to obtain in-phase and quadrature components of the transmitted
probe signal.

In addition to experimental study, we did both numerical and analytical modeling of a described system.
Theoretical study is based on the transient Bloch equation. Analytically, the equation is solved in
rotating frame after applying a rotating wave approximation (RWA). In this manner, we were able to
obtain set of simple equations describing detected signal, decomposed into in-phase and quadrature
components, for comparison with experimental results and tracking of the phase evolution.

The model results show good agreement with the experiment. Being a scalar magnetometer, our sensor
should not experience any changes in the measured phase depending on the orientation of the applied
modulating field. However, both experimental measurements and model predictions have demonstrated
this is not the case. With the main offset field in z-direction, and applied modulation in yz plane, phase
of the signal shows an unexpected behavior for a scalar magnetometer. We will present obtained results,
and discuss which conditions lead to the before mentioned signal abnormalities.

Photodiode

Paraffin coated
glass cell (30 mm
diameter) filled
with Cs vapour

D1 light
modulated
atv,,

Oscillating
if field v
o+ polarized
Cs D1 light

Figure 1. Schematic of the scalar My optically pumped magnetometer.
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Measurement of the heading error of a free alignment precession
magnetometer
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Optically pumped magnetometers (OPMs) have proved competitive sensitivities, robustness, and low
cost with respect to competition, but their performance for high accuracy applications is not well
studied. Optimization of an all optical free spin precession (FSP) magnetometer [1] has shown possible
high accuracy of a such device. But, in unpublished investigations that followed that work it emerged
that FSP magnetometer suffers from a heading error two orders of magnitude larger than its sensitivity.
Then an investigation on applicability of Free Alignment Precession (FAP) produced by linearly
polarized light was started.

We studied Larmor frequency measured simultaneously by two linearly polarized beams, in a spherical
cesium cell with antirelaxation coating. If frequencies measured by those beams are different and
function of the angle between their polarizations a heading error is detected. The experimental setup
allows arbitrary mutual orientations of magnetic field Bo = 1.58 uT and directions of polarizations of
light beams.
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Figure 1. Measurement of the heading error of a FAP magnetometer. Direction of the B, and polarization
direction of one of probe beams was fixed while we varied the polarization direction of the second probe beam.

In this particular case (see Fig. 1), the heading error is below 1 pT, thus at least six orders of magnitude
below Bo. Further investigation is under way.
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