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Subtomographic imaging 
of a polarisation sensitive phase 
pattern localised in phase space
Manpreet Kaur , Sheenam Saxena  & Mandip Singh *

A transparent polarisation-sensitive phase pattern changes the phase of transmitted light without 
absorption, whereas this change of phase depends on the polarisation of incident light. A position-
localised polarisation-dependent phase pattern is imprinted onto the phase-space of atoms by using 
atomic state dependent velocity-selective hole burning. A phase-space localised pattern is a higher 
dimensional generalisation of patterns localised in the position-space. Such a pattern cannot be 
imaged with a lens. The imprinted pattern is localised in a unique three-dimensional subspace of the 
six-dimensional phase-space of atoms. The phase-space localised pattern transforms the polarisation 
of light transmitting through it. This pattern is tomographically imaged at room temperature by 
measuring the intensity of the transmitted imaging laser beam of variable frequency with a camera 
after its polarisation analysis. Two sub-tomographs of the imprinted phase-space localised pattern 
are constructed. This paper presents a concept and experiment of imprinting and imaging of a 
polarisation-sensitive phase pattern localised in the phase-space.

An experiment on the three-dimensional (3D) tomographic imaging of a pattern localised in the phase-space of 
atoms was introduced in Ref.1. The main motivation was to introduce the concept of a localised pattern and its 
tomographic imaging in a higher-dimensional space, such as a phase-space. A position-space object or pattern is 
defined as a function of position coordinates and time. A pattern is called stationary if it is independent of time. 
However, a phase-space object or pattern is defined as a function of position and corresponding momentum 
coordinates in phase-space by moving from 3D position-space to six-dimensional (6D) phase-space. In addi-
tion, if a phase-space pattern is independent of time, then it is called a stationary phase-space pattern. Thus, 
a 6D localised phase-space pattern is a function of three position and three momentum coordinates. Where 
momentum corresponds to the momentum of pattern constituents, which are atoms in the gaseous medium. 
A phase-space localised pattern cannot be imaged with a lens because a lens can only image position-localised 
objects. Therefore, phase-space localised patterns cannot be visualised with the eyes even when a pattern is emit-
ting visible light. Human eyes and brain can interpret only those objects and patterns as visual objects that are 
defined in position-space. The concept of a pattern localised in the phase-space and its tomographic imaging 
was introduced through an  experiment1. This experiment was performed by imprinting three different position-
space localised patterns onto the phase-space of a Doppler broadened atomic gaseous medium by using velocity-
selective hole  burning2–9. In simple words, each position-space localised pattern is now placed in a unique 3D 
subspace of 6D phase-space comprising two position coordinates and one momentum coordinate. The resulting 
pattern corresponds to a single 3D phase-space pattern, which is delocalised in the 3D position-space consist-
ing of orthogonal position coordinates x, y and z and in the 3D momentum-space consisting of corresponding 
momentum coordinates px , py and pz . Delocalisation implies that the different parts of different patterns, which 
are imprinted onto the phase-space, are overlapping with each other. Whereas a localised pattern is stationary 
without overlap. The imprinted pattern is only localised in a unique 3D subspace of the 6D phase-space of atoms, 
consisting of one momentum coordinate ( pz ) and two transverse position coordinates (x and y) as shown in 
Fig. 1. Three different light absorbing two-dimensional (2D) objects in the form of the alphabets C , A and T 
represent three different position-space localised patterns, where a lighter region represents a complete transmis-
sion and a black region represents a complete absorption of light. Thus, the optical transmittance, which is only 
a function of position coordinates, represents a position-space localised pattern. These three position-localised 
patterns were imprinted onto the phase-space of atoms at room temperature. However, only in a subspace of 6D 
phase-space these three alphabets are localised at different momenta pz of atoms, i.e. C at p1 , A at p2 and T at p3 . 
These alphabets together represent a single phase-space object, which is now localised in a 3D subspace of 6D 
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phase-space. This 3D localised phase-space object can be imaged by performing tomographic imaging in phase-
space. As a result, all three alphabets can be selectively extracted from the phase-space to the position-space by 
the momentum selectivity of tomographic imaging, as demonstrated in Ref.1. A further tomography of a single 
alphabet localised in the phase-space is defined as sub-tomography.

Instead of momentum pz , if the third coordinate is chosen to be the position z then, as experimentally shown 
in Ref.1, all the three alphabets overlap with each other in 3D position-space. There is no selectivity of different 
alphabets in the position-space because they are delocalised in a 3D position-space of atoms, and tomographic 
imaging cannot resolve them. Similarly, the imprinted pattern is delocalised in the 3D momentum-space. The 
imprinted 3D phase-space localised pattern was imaged by measuring the transverse intensity profile of the 
transmitted imaging laser beam with a camera. Which probes the depth of velocity-selective hole burning 
corresponding to different momentum components pz of atoms. Three different tomographs at three different 
momentum localisations were constructed, and a 3D tomographic image of the phase-space localised pattern 
was produced. The experiment is realised at wavelength 780 nm with 40 MHz frequency separation between 
the alphabets. From the application point of view, the atomic medium offers the ability to separate different 
images by varying the frequency of the imaging laser beam. Therefore, the phase-space localised pattern acts as 
an extremely narrow optical multi-band pass image filter with the band separation of a few tens of MHz at the 
optical frequency.

However, in the experiment described in Ref.1 one can imprint and image only the light-absorbing objects. 
An important question was raised after this paper. Imagine we have alphabets that are not light-absorbing but 
exhibit polarisation-dependent phase shift of the transmitted light. Therefore, these alphabets can modify the 
polarisation of the transmitted light without absorption. Can such different transparent patterns be imprinted 
as one object onto the phase-space of atoms. If it is possible, then how to extract tomographic position-space 
images from the imprinted phase-space localised pattern? This question is the motivation behind the concept 
and experiment presented in this paper. The present experiment is different from the experiment described 
in Ref.1 for the light-absorbing patterns. It is shown conceptually and experimentally that a position-localised 
polarisation-dependent phase shifting pattern, which is also known as a polarisation-sensitive phase pattern, can 
be imprinted as one pattern onto the phase-space of atoms. The imprinted phase-space localised pattern exhibits 
a shift in the polarisation-dependent phase of the transmitted imaging beam if it interacts with selected velocity 
classes of atoms, which can be used to extract tomographic images of the phase-space pattern.

In this paper, an experiment is presented to imprint a transparent polarisation-sensitive phase pattern onto 
the phase-space of an atomic gaseous medium. This pattern is localised in a unique 3D subspace of the 6D phase-
space, consisting of two position coordinates (x, y) and one momentum coordinate pz . The imprinted pattern is 
localised around pz = 0 , and it is imaged corresponding to two different sections oriented perpendicular to pz
-axis around pz = 0 . These two sectional images are considered as two sub-tomographs of the localised phase-
space pattern, which itself is considered as a tomograph of finite width in contrast to the three different tomo-
graphs given in Ref.1. To do this experiment, a 2D position-localised transparent polarisation-sensitive phase 
pattern is produced with a spatial light modulator (SLM). The information of this pattern is transferred to an 
imprinting laser beam in the form of its transverse position-dependent polarisation. The imprinting laser beam 
interacts with a Doppler-broadened atomic gaseous medium. In contrast to the velocity-selective hole burning 
used in Ref.1, in this experiment, the imprinting laser beam produces an atomic state-dependent velocity-selective 
hole  burning10 around pz = 0 . Which is probed by a counter-propagating overlapping imaging laser beam to 
obtain two sub-tomographs at two different momentum locations around pz = 0 of the localised phase-space 
pattern.

Transparent polarisation-sensitive phase pattern localised in the position-space
A transparent polarisation-sensitive phase pattern introduces a phase shift φH (x, z) in the horizontally ( ̂z ) 
polarised and φV (x, z) in the vertically ( ̂x ) polarised transmitted light at an arbitrary location (x, z) on the 
pattern. The transmitted electric field of a plane wave propagating along y-axis, for ẑ polarised component, is 
EHe

−i(2πνpt−ky)eiφH (x,z)ẑ , where EH is the electric field amplitude, νp is frequency, k = 2π/� is the magnitude 
of propagation vector at wavelength � and φH (x, z) is the phase shift introduced by the pattern. Similarly, the 

Figure 1.  Three different light absorbing patterns, C , A and T , which were initially localised in 2D position-
space separately, are forming a single 3D localised pattern in the phase-space. This pattern is completely 
delocalised in the other 3D subspaces.
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transmitted electric field for x̂ polarised component is EVe−i(2πνpt−ky)eiφV (x,z)x̂ , where φV (x, z) is the phase shift 
introduced by the pattern and EV is the electric field amplitude. If the incident light is linearly polarised such that 
its plane of polarisation is oriented at an angle − 45◦ w.r.t z-axis. Which is an equal superposition of horizontally 
and vertically polarised components, then the transmitted light exhibits a change in polarisation such that the 
transmitted electric field is −Ete

−i(2πνpt−ky)eiφV (x,z)
(

x̂ − eiφ(x,z)ẑ
)

/
√
2 , where Et is the electric field amplitude 

of the transmitted light. Therefore, a change in polarisation depends on the position-dependent phase difference 
given by φ(x, z) = φH (x, z)− φV (x, z) , which is a representation of the birefringent property of the transparent 
polarisation-sensitive phase pattern localised in x-z position-space.

In Fig. 2a, a transparent polarisation-sensitive phase pattern is shown, where the darker region represents the 
phase difference, φ(x, z) = +π/2 and the lighter region represents φ(x, z) = −π/2 . Therefore, transmitted light 
just close to the pattern is right circularly polarised corresponding to the darker region and left circularly polar-
ised corresponding to the lighter region. If this transparent polarisation-sensitive phase pattern is imaged directly 
with a camera, then no intensity image is formed. An image captured by the camera, of the transverse intensity 
profile of transmitted light, is shown in Fig. 2b. The pattern is not formed; however, only the edges appear in the 
image due to diffraction at the boundaries, as the image is captured at a distance of 45 cm from the pattern. A 
polarisation-sensitive phase pattern can be imaged with polarisation contrast imaging if the pattern is localised 
in the position-space by passing the transmitted light through a polarisation analyser, whose output intensity 
depends on the polarisation of the incident light. Pure phase contrast imaging and microscopy are extensively 
explored fields of  research11–23. In the context of quantum imaging, experiments with hyper-entangled photons 
have been reported to image transparent polarisation-sensitive phase  patterns24,25. However, a phase-space local-
ised transparent polarisation-sensitive phase pattern cannot be imaged with these techniques. In the experiment 
presented in this paper, a transparent polarisation-sensitive phase pattern is produced by a reflection-type SLM. 
A linearly polarised light with its plane of polarisation oriented at an angle − 45◦ w.r.t. z-axis is incident perpen-
dicular to the SLM surface. The retro-reflected light from SLM exhibits a position and polarisation-dependent 
phase shift. This configuration is equivalent to a transmission-type SLM, where a phase shift is imprinted on the 
transmitted light. The reflecting surface of the SLM is oriented perpendicular to the y-axis as shown in Fig. 3a. 
The SLM introduces a position-dependent phase shift only for the horizontal polarisation component of light, 
whereas the phase of the vertical polarisation component is uniformly shifted. This produces the required phase 
shift φ(x, z) . A pattern shown in Fig. 2a is displayed on the SLM, and the phase shift information is transferred 
to the retro-reflected laser beam for imprinting onto the phase-space as described in the next section.

Imprinting of a polarisation-sensitive phase pattern onto a 3D phase-space
To imprint a pattern onto the phase-space of a Doppler broadened atomic gaseous medium, the imprinting laser 
beam is passed through the atomic gaseous medium as shown in Fig. 3a. The imprinting laser beam is first inci-
dent on the SLM, and a retro-reflected beam is further reflected by a polarisation-independent beam splitter BS-2 
into a glass cell filled with atomic gas. After a reflection by BS-2, the polarisation-sensitive phase shift is denoted 
by φ(x, y) . Note that after this reflection, the direction of propagation of the imprinting laser beam is changed 
from the +y-axis to the −z-axis therefore, the variables of phase shift are changed. A transverse intensity profile 
of the imprinting laser beam of frequency νp propagating in the atomic gaseous medium along −z-axis is given 
by Ip(x, y, νp) , which is considered to be uniform. However, a transmitted part of the imprinting laser beam by 

Figure 2.  (a) A position-space localised transparent polarisation-sensitive phase pattern with phase shift 
φ(x, z) , where the width (W) and height (H) of the pattern are both 8.2 mm. (b) Transverse intensity profile 
of the retro-reflected laser beam measured by a camera at a distance about 45 cm from the pattern without 
polarisation analyser.
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BS-2 is imaged by a camera-2 without any lens, which captures a direct intensity image as shown in Fig. 2b of 
the position-space localised transparent polarisation-sensitive phase pattern displayed on the SLM as given in 
Fig. 2a. A polariser P 1 is adjusted such that the plane of polarisation of light incident on the SLM is oriented at 
an angle − 45◦ w.r.t the horizontal z-axis. The light transmitted by the beam splitter BS-1 is absorbed by a beam 
dumper to minimise scattered light falling on the camera.

A position-space localised pattern is imprinted onto the phase-space of atoms by using atomic state-dependent 
velocity-selective hole burning in the Doppler-broadened atomic gaseous medium. The polarisation of imprint-
ing laser beam is transverse position dependent according to the pattern displayed on the SLM. Therefore, the 
electric field of the imprinting laser beam propagating in the atomic gaseous medium along −z-axis is given by

where Eo is the amplitude of the electric field and k = 2π/� is the propagation constant. Therefore, for some 
regions on the wavefront of the beam where φ(x, y) = π/2 , the imprinting laser beam is σ̂+ circularly polarised 
(left circular polarisation). For regions where φ(x, y) = −π/2 , the imprinting laser beam is σ̂− circularly polar-
ised (right circular polarisation). This σ-polarisation convention is defined w.r.t. the right-handed coordinate 
system given in Fig. 3. Note that after a reflection by BS-2 the right circular polarisation becomes the left circular 
polarisation and vice versa, but polarisation in the σ convention remains unchanged. The position-dependent 
circular polarisation produces an atomic state-selective excitation of atoms. Consider a ground state of an atom 
|Fg ,mF� with energy Eg and an excited state |Fe ,m′

F� with energy Ee , where corresponding magnetic quantum 
states are labeled by mF and m′

F . Here z-axis is considered as a quantization axis. For a stationary atom, maximum 
absorption occurs when the frequency of light is νo = (Ee − Eg )/h , where h is the Planck’s constant. Regions on 
the wavefront of the imprinting laser beam, where the beam is σ̂+ polarised, light excites atoms from a ground 
state |Fg , 0� to an excited state |Fe ,+1� . Regions where the wavefront is σ̂− polarised, light excites atoms from 
|Fg , 0� to |Fe ,−1� , considering a single magnetic sublevel of the ground state and three magnetic sublevels of the 
excited state. At room temperature, atoms are moving with a Maxwell velocity distribution. Therefore, atoms 
of a particular velocity class vr moving along the z-axis are in resonance with the imprinting laser beam of fre-
quency νp because of the Doppler shift, which is given by vr = 2π(νo − νp)/k , where a propagation constant k is 
defined in the rest frame of reference and relative to this frame the velocity is measured. Atoms moving along a 
transverse direction to the beam propagation experience a negligible influence of the transverse Doppler shift of 
light at room temperature. Consider, N is the number of atoms per unit volume at the absolute temperature T, a 
fraction of atoms in an interval dvz around z-component of velocity vz of atoms is given by the Maxwell velocity 

(1)�Ep = Eoe
−i(2πνpt+kz)

(

x̂ + eiφ(x,y)ŷ√
2

)

Figure 3.  (a) A schematic diagram of the subtomographic imaging experiment in phase-space. (b) A part 
of the experiment to measure a frequency difference of lasers by time domain interference on a fast response 
photodetector. The vertical x-axis is perpendicular to the plane of page.
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distribution, f (vz)dvz = (m/2πkBT)
1/2e−mv2z /2kBTdvz , where kB is the Boltzmann constant and m is mass of 

an atom. The imprinting laser beam causes velocity-selective and magnetic state selective excitation of atoms. 
Therefore, for σ̂+ polarised regions, the atom number difference per unit volume of atoms in the ground state 
|Fg , 0� with atomic density n1(x, y, vz) and in the excited state |Fe ,+1� with atomic density n+2 (x, y, vz) is given by

where I+s  is the saturation intensity of σ+ atomic transition, I+p (x, y, νp) is the intensity of imprinting laser beam 
at σ̂+ polarised regions and Ŵ is the linewidth of the transition. It is also assumed that the atomic population in 
the ground state is much larger than the excited state population. Similarly, for σ̂− polarised regions, the atom 
number difference per unit volume of atoms in the ground state |Fg , 0� with atomic density n1(x, y, vz) and in the 
excited state |Fe ,−1� with atomic density n−2 (x, y, vz) is given by

where I−s  is the saturation intensity of σ− atomic transition and I−p (x, y, νp) is the intensity of imprinting laser 
beam at σ̂− polarised regions. For a uniform beam, I+p (x, y, νp) = I−p (x, y, νp) = Ip(x, y, νp) . This magnetic 
state-dependent and velocity-selective atomic population difference given by n1(x, y, vz)− n+2 (x, y, vz) and 
n1(x, y, vz)− n−2 (x, y, vz) together represent a 3D phase-space localised pattern because it is independent of 
time, and it is defined in a 3D phase-space comprised of coordinates x, y and pz = mvz . The phase φ(x, y) infor-
mation of a pattern localised in a position-space was carried by the imprinting laser beam field Eq. (1), which is 
transferred to atoms resulting a pattern localised in a 3D phase-space of atoms. In a 3D position-space, atoms 
are randomly moving and an excited atom can be anywhere on z-axis. Therefore, this pattern is delocalised 
in the 3D position-space along the z-axis. Since the atomic resonances can be probed with a high resolution 
therefore, the phase-space localised pattern can be tomographically imaged by varying the frequency of a very 
narrow linewidth probe laser.

Imaging of a 3D phase-space localised pattern
To image a 3D phase-space localised pattern tomographically, a counter-propagating horizontally y-polarised 
imaging laser beam of uniform intensity Ir(x, y, δν) , frequency νr is overlapped with the imprinting laser beam 
and passed through the atomic gaseous medium as shown in Fig. 3a. A linearly polarised beam is a linear super-
position of σ̂+ and σ̂− circular polarisations. Therefore, each circular polarisation component of the imaging 
laser beam experiences a different absorption and refractive index at different transverse locations (x, y) and 
detuning δν = νr − νo , because the medium is excited magnetic state selectively and velocity-selectively by the 
imprinting laser beam. A particular location of a tomographic section on the momentum axis is pz = 2mπδν/k , 
which is selected by the frequency detuning δν of the imaging laser beam. The absorption coefficient α+(x, y, δν) 
for σ̂+ polarised component of the imaging laser beam is a convolution of the atomic population difference 
(n1(x, y, vz)− n+2 (x, y, vz)) , and the absorption cross-section for a corresponding transition of an atom, which 
is given by

where σ+
o  is the peak absorption cross-section of the σ+ atomic transition. Similarly, the absorption coefficient 

α−(x, y, δν) of σ̂− polarised component of the imaging laser beam is given by

where σ−
o  is the peak absorption cross-section of the σ− atomic transition. The absorption coefficient is reduced 

due to the saturation of absorption, when imprinting and imaging laser beams interact with the same velocity 
class. A change in the absorption is different for σ̂+ and σ̂− components of polarisation at different transverse 
locations in the atomic medium. As a consequence of Kramers-Kronig  relations10, a change in the absorption 
leads to a change in the refractive index for each σ-polarisation component at different transverse locations. 
Which is given by �n±(x, y, δν) = −�α±(x, y, δν)δνc/2νrŴ , where c is the speed of light in vacuum. Consider 
n+(x, y, δν) and n−(x, y, δν) are the refractive indices of σ̂+ and σ̂− polarisation components of the imaging laser 
beam. For length L of the glass cell, the electric field of the imaging laser beam at the entrance of the glass cell is 
given by Eore−i(2πνr t−kz)ŷ , where Eor is the electric field amplitude. Therefore, the electric field of the imaging 
laser beam, after propagation through the atomic medium is given by

(2)
n1(x, y, vz)− n+2 (x, y, vz) =

Nf (vz)

1+ I+p (x,y,νp)Ŵ2

4I+s
[

(2πνp−2πνo+kvz )2+ Ŵ2

4

]

(3)
n1(x, y, vz)− n−2 (x, y, vz) =

nf (vz)

1+ I−p (x,y,νp)Ŵ2

4I−s
[

(2πνp−2πνo+kvz )2+ Ŵ2

4

]

(4)α+(x, y, δν) =
∫ ∞

−∞

(

n1(x, y, vz)− n+2 (x, y, vz)
) σ+

o ( Ŵ
2

4
)dvz

(2πδν − kvz)2 + Ŵ2

4

(5)α−(x, y, δν) =
∫ ∞

−∞

(

n1(x, y, vz)− n−2 (x, y, vz)
) σ−

o ( Ŵ
2

4
)dvz

(2πδν − kvz)2 + Ŵ2

4
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As a consequence of different absorption and phase shift experienced by σ̂+ and σ̂− components of polarisa-
tion, the imaging laser beam transmitted through the atomic medium becomes elliptically polarised. However, 
for α+(x, y, δν) ≈ α−(x, y, δν) , the atomic medium becomes circularly birefringent. Therefore, the transmitted 
electric field of the imaging laser beam is written as

where α(x, y, δν) = α+(x, y, δν) ≈ α−(x, y, δν) . As a result, the transmitted imaging laser beam exhibits a posi-
tion and detuning dependent rotation of its plane of polarisation. This rotation is opposite for φ(x, y) = π/2 
and φ(x, y) = −π/2 at a given detuning δν and therefore, at pz = 2mπδν/k . Since this rotation depends on 
the transverse location on the imaging laser beam wavefront, therefore an image is formed by passing the beam 
through an analysing polariser P 3 , with its pass-axis oriented at an angle − 45◦ w.r.t x-axis, and by detecting its 
transverse intensity profile by an imaging camera-1. The resulting intensity profile is given by

where Ior = cǫo|Eor |2e−2α(x,y,δν)L/2 , where ǫo is the vacuum permittivity. This intensity profile represents a 2D 
section transverse to the pz-axis of the 3D phase-space localised pattern. This sectional image at a detuning δν 
is a sub-tomograph around a momentum component pz.

Experiment and results
An experiment is performed with gaseous 87 Rb atoms filled in a glass cell of length L = 10 cm, which is shielded 
from the external magnetic field. A uniform magnetic field ∼ 0.5 G is applied along the z-axis in the glass cell. The 
main experimental schematic is shown in Fig. 3. Imprinting laser light is produced by a single mode extended 
cavity diode laser of linewidth 1 MHz. Laser frequency is locked to the D2 transition of 87 Rb atoms with a hyper-
fine ground state |Fg = 2� and an excited state |Fe = 3� at � = 780 nm.

The imprinting laser light is passed through a single mode optical fibre to obtain a large diameter gaussian 
beam, which is collimated by a collimator. The collimated beam is retro-reflected from SLM. The retro-reflected 
beam is made to propagate along the −z-axis in the atomic medium, and it represents the imprinting laser beam. 
Imaging laser light is produced by a different single mode extended cavity diode laser of linewidth 1 MHz, which 
is locked to the same transition, but its frequency can be shifted by the acoustic-optic modulators. Imaging laser 
light is passed through a single mode optical fibre to obtain a large diameter collimated gaussian beam. This col-
limated imaging laser beam is horizontally polarised along the y-axis by a polariser P 2 . This polarised imaging 
laser beam propagating along z-axis is overlapped with the imprinting laser beam in the glass cell. Intensity of 
the imaging laser beam is ∼ 90 µW/cm2 and imprinting laser beam is ∼ 1.2 mW/cm2 . In this experiment, it is 
essential to measure a precise frequency difference between two laser beams. This is measured by shifting the 
frequency of an extracted imprinting laser light by − 110 MHz and overlapping it with another extracted imag-
ing laser light on a fast response photodetector D 2 as shown in Fig. 3b. These two laser beams interfere in the 
time domain with beat frequency equals to a difference of laser frequencies. The frequency of a laser beat signal 
is measured by a radio frequency spectrum analyser and detuning of the imaging laser is evaluated. Rotation of 
a plane of polarisation of the imaging laser beam, after its propagation through the atomic medium, is analysed 
by a polariser P 3 . Its transverse intensity profile is measured by an EMCCD imaging camera-1 to construct a 
subtomographic image. A part of the imaging laser beam is reflected by BS-3 and a mirror onto a large area 
photodetector D 1 after passing it through an analyzing polariser P 4 with its pass-axis oriented at an angle −45◦ 
w.r.t. x-axis. This additional arrangement is used to obtain a frequency response of the atomic medium prior 
to the tomographic imaging experiment, as shown in Fig. 4. Where Fig. 4a represents the transmittance of the 
atomic medium when imaging and imprinting laser beams are linearly polarised and no pattern is displayed 
on SLM. An increase in the transmittance at the resonance is due to the saturation of absorption caused by the 
imprinting laser beam. However, in contrast to an experiment described in Ref.1 where transmittance is impor-
tant to construct a tomograph, in the present experiment the transmittance variation is not critically important. 
The detuning of the imaging laser beam is measured w.r.t the peak of transmittance. In Fig. 4b, a σ̂+ polarised 
imprinting laser beam is passed through the atomic medium, which produces a rotation of the plane of polari-
sation of the imaging laser beam, which is measured by P 4 and photodetector D 1 at different detuning δν . In 
Fig. 4c, a σ̂− polarised imprinting laser beam is passed through the atomic medium, which produces an opposite 
rotation of the plane of polarisation of the imaging laser beam. A dotted line in plots of Fig. 4a–c is the medium 
response, when only the imaging laser beam is passed through it and the imprinting laser beam is blocked. This 
experiment signifies the effect of imprinting laser beam on the atomic medium. In Fig. 4a, imaging laser power 
is twenty percent higher than other plots. The atomic medium shows a detectable response for different circular 
polarisations. After this measurement, a subtomographic imaging experiment is performed.

The experiment is controlled by a Lab-View program. A 3D position-space localised pattern shown in Fig. 2a 
is displayed on the SLM. To obtain a sub-tomograhic image of the 3D phase-space localised pattern, four dif-
ferent images are acquired for 200 ms time of exposure on EMCCD imaging camera-1, where each image is 
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separated by a time interval of 700 ms from an adjacent image. The first image is discarded, and it is captured 
to clear noise accumulated on the EMCCD camera. A second image is captured in the presence of an imaging 
laser beam, in the absence of an imprinting laser beam and it is denoted by Ii(x, y, δν) . A third image is captured 
in the presence of imaging and imprinting laser beams. It corresponds to the image field and it is denoted by 
Im(x, y, δν) . A fourth image denoted by If (x, y) is captured in the absence of the imaging laser beam and in the 
presence of an imprinting laser beam. This image captures only the scattered light of an imprinting laser beam. 
A background corrected image field is given by Ir(x, y, δν) = Im(x, y, δν)− If (x, y) . A final subtomographic 
image at a detuning δν is constructed, which is given by

Therefore, p(x, y, δν) is positive if the plane of polarisation is rotated away from the pass-axis of polariser P 3 
and negative if the plane of polarisation is rotated towards the pass-axis, which is also evident from Fig. 4. Two 
experimentally constructed subtomographic 2D images are shown in Fig. 5, where (a) corresponds to a transverse 
section at δν = − 11.4 MHz and (b) corresponds to a transverse section at δν = + 8.6 MHz. The image levels of 
these two subtomographic images are inverted w.r.t each other.

Spatial resolution representing a smallest resolvable distance between two regions which differ by phase 
contrast π is experimentally estimated. A one-dimensional square wave polarisation-sensitive phase pattern of 
phase contrast π and fifty percent duty cycle is imprinted onto the phase-space and tomographically imaged. 

(9)p(x, y, δν) = − ln

(

Ir(x, y, δν)

Ii(x, y, δν)

)

Figure 4.  (a) Transmittance of the atomic medium when both laser beams are linearly polarised. (b) 
Photodetector D1 output voltage, when the imprinting laser beam is σ̂+ polarised. (c) When the imprinting laser 
beam is σ̂− polarised. The dotted line represents the same plot without the imprinting laser beam. The imaging 
laser beam is linearly polarised in all plots.

Figure 5.  Two sub-tomographs of a 3D phase-space localised pattern. Each plot is an experimentally 
constructed subtomographic image, p(x, y, δν) = − ln(Ir(x, y, δν)/Ii(x, y, δν)) . (a) For δν = − 11.4 MHz. (b) 
An inverted image for δν = +8.6 MHz. Where the image levels of images (a) and (b) are inverted w.r.t. each 
other.
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The period of the square wave is reduced until a tomograph becomes almost blurred. In this way, the measured 
spatial resolution is about 500 µ m. Spatial resolution depends on overlapping of imprinting and imaging laser 
beams. These two beams should be counter propagating. Diffraction of propagating imprinting laser beam and 
counter-propagating imaging laser beam in the medium limits the spatial resolution. The width of a pattern 
displayed on the SLM shown in Fig. 2a is chosen close to the estimated value of spatial resolution. In addition to 
spatial resolution, momentum or frequency resolution is equally important. The momentum resolution is clas-
sified in two categories, which are (1) a minimum separation between resolvable tomographs on the momentum 
axis and (2) a minimum separation between resolvable sub-tomographs on the momentum axis. Two different 
tomographs can be resolved if they are separated by about 100 MHz, which can be reduced by decreasing the 
intensity of the imprinting laser beam. However, two sub-tomographs of opposite contrast levels can be resolved 
without overlapping around the resonance with frequency resolution of about 6 MHz, where the equivalent 
momentum resolution is evaluated using pz = 2mπδν/k.

Conclusion
A position-space localised transparent polarisation-sensitive phase pattern is imprinted onto a unique 3D phase-
space of a Doppler broadened atomic gaseous medium. This phase-space localised pattern is subtomographically 
imaged by an imaging laser beam around a momentum component pz = 0 . Two transverse sections of the 3D 
phase-space localised pattern are constructed corresponding to a positive and negative detuning of the imag-
ing laser beam. These two sectional images are inverted w.r.t. each other. This experiment presents a concept to 
imprint a position-space localised transparent polarisation-sensitive phase pattern onto a unique 3D phase-space 
of atoms and a subtomographic imaging of the 3D phase-space localised pattern. Different position-space trans-
parent images can be selectively labelled by their momentum in the phase-space. Once the position-localised 
pattern is imprinted onto a phase-space, it becomes completely delocalised in the position and in the momentum 
space. Two sub-tomographs are separated by 20 MHz. These different images are extracted tomographically 
from the phase-space at different frequencies of the imaging laser beam. From a direct application perspective, 
an advantage of this type of imprinting and imaging is the extremely narrow frequency selectivity offered by the 
atomic medium, which corresponds to a few tens of MHz. This is an extremely narrow optical multi-band pass 
image filter. However, the main focus of this paper is on the foundational significance of the concept introduced 
in this paper and its experimental feasibility.

Methods
Two independent extended cavity diode lasers are used to produce an imprinting laser beam and an imaging 
laser beam. Laser frequency can be precisely varied in steps of 1 MHz, where the linewidth of each laser is about 
1 MHz. The frequency of each laser is stabilised to D2 atomic transition F = 2 to F ′ = 3 of 87 Rb at wavelength 
780 nm by using saturation absorption spectroscopy. The transverse mode of each laser output light is filtered 
by passing it through polarisation maintaining optical fibres. The output of an optical fibre produces a gaussian 
beam, which is collimated to obtain a very broad gaussian beam. In experiment, the frequency of an imprinting 
laser beam is not varied but the frequency of an imaging laser beam is varied. The frequency difference of both 
laser light beams is measured by a time domain interferometer by overlapping both laser beams with the same 
polarisation on a nanosecond time-response photodetector. The output of this fast-response photodetector is 
measured by a radio frequency spectrum analyser to monitor the frequency difference continuously. Atomic 
medium is a rubidium vapour cell of length 10 cm. Polarisation-sensitive phase patterns are generated by SLM, 
which changes the phase of the horizontal component of polarisation only. Reflectivity of SLM surface is about 
0.8. The experiment is controlled by Lab-View and data is collected by an EMCCD camera-1 (Andor EMCCD 
camera). Four different images are taken for 200 ms exposure of camera and each image is taken after an interval 
of 700 ms. The first image is discarded to clear the noise accumulation when the camera was idle for a long time. 
The second image is taken in the absence of the imprinting laser beam, the third image is taken in the presence 
of both beams and the fourth image is taken in the absence of imaging laser beam. The fourth image is subtracted 
from the second and third images as it corresponds to a stray light field image. The required image shown in 
Fig. 5 is constructed from the last three images. Each image is captured twenty times in twenty repetitions of the 
experiment. The final image is an average of twenty repetitions of the experiment.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 14 July 2023; Accepted: 23 January 2024

References
 1. Singh, M. & Gambhir, S. Three-dimensional classical imaging of a pattern localized in a phase space. Phys. Rev. A 98, 053828 

(2018).
 2. Lamb, W. E. J. Theory of an optical maser. Phys. Rev. A 134, 1429 (1964).
 3. Bennett, W. R. J. Hole burning effects in a He-Ne optical maser. Phys. Rev. 126, 580 (1962).
 4. Haroche, S. & Hartmann, F. Theory of saturated-absorption line shapes. Phys. Rev. A 6, 1280 (1972).
 5. Siddons, P., Adams, C. S., Ge, C. & Hughes, I. G. Absolute absorption on rubidium d lines: Comparison between theory and 

experiment. J. Phys. B: At. Mol. Opt. Phys. 41, 155004 (2008).
 6. Maguire, L. P., van Bijnen, R. M. W., Mese, E. & Scholten, R. E. Theoretical calculation of saturated absorption spectra for multi-

level atoms. J. Phys. B: At. Mol. Opt. Phys. 39, 2709–2720 (2006).



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2641  | https://doi.org/10.1038/s41598-024-52761-6

www.nature.com/scientificreports/

 7. Hafiz, M. A. et al. High-contrast sub-Doppler absorption spikes in a hot atomic vapor cell exposed to a dual-frequency laser field. 
New J. Phys. 19, 073028 (2017).

 8. Putz, S. et al. Spectral hole burning and its application in microwave photonics. Nat. Photon. 11, 36 (2017).
 9. Smith, P. W. & Hänsch, R. Cross-relaxation effects in the saturation of the 6328-å neon-laser line. Phys. Rev. Lett. 26, 740–743 

(1971).
 10. Wieman, C. & Hänsch, T. W. Doppler-free laser polarization spectroscopy. Phys. Rev. Lett. 36, 1170–1173 (1976).
 11. Zernike, F. Phase contrast, a new method for the microscopic observation of transparent objects. Physica 9, 686–698 (1942).
 12. Zernike, F. Phase contrast, a new method for the microscopic observation of transparent objects part ii. Physica 9, 983–986 (1942).
 13. Zernike, F. How I discovered phase contrast. Science 121, 345–349 (1955).
 14. Wilkins, S. W., Gureyev, T. E., Gao, D., Pogany, A. & Stevenson, A. W. Phase-contrast imaging using polychromatic hard X-rays. 

Nature 384, 335–338 (1996).
 15. Davis, T. J., Gao, D., Gureyev, T. E., Stevenson, A. W. & Wilkins, S. W. Phase-contrast imaging of weakly absorbing materials using 

hard X-rays. Nature 373, 595–598 (1995).
 16. Andrews, M. R. et al. Nondestructive observation of a Bose condensate. Science 273, 84–87 (1996).
 17. Andrews, M. R. et al. Direct nondestructive imaging of magnetization in a spin-1 Bose-Einstein gas. Phys. Rev. Lett. 95, 050401 

(2005).
 18. Kohnen, M., Petrov, P. G., Nyman, R. A. & Hinds, E. A. Minimally destructive detection of magnetically trapped atoms using 

frequency-synthesized light. New J. Phys. 13, 085006 (2011).
 19. Gajdacz, M. et al. Non-destructive Faraday imaging of dynamically controlled ultracold atoms. Rev. Sci. Instrum. 84, 083105 (2013).
 20. Davis, K. B. et al. Bose-Einstein Condensation in a gas of sodium atoms. Phys. Rev. Lett. 75, 3969 (1995).
 21. Anderson, M. H., Ensher, J. R., Matthews, M. R., Wieman, C. E. & Cornell, E. A. Observation of Bose-Einstein Condensation in 

a dilute atomic vapor. Science 269, 198–201 (1995).
 22. Treutlein, P., Hunger, D., Camerer, S., Hänsch, T. W. & Reichel, J. Bose-Einstein condensate coupled to a nanomechanical resonator 

on an atom chip. Phys. Rev. Lett. 99, 140403 (2007).
 23. Ketterle, W., Durfee, D. & Stamper-Kurn, D. M. Making, probing and understanding Bose-Einstein condensates. In Bose- Einstein 

Condensation in Atomic Gases, Proceedings of the International School of Physics, Enrico Fermi (eds. Inguscio, M. et al.) (Course 
CXL, 1999).

 24. Manpreet, K. & Mandip, S. Quantum imaging of a polarisation sensitive phase pattern with hyper-entangled photons. Sci. Rep. 
11, 23636 (2021).

 25. Saxena, A., Manpreet, K., Devrari, V. & Mandip, S. Quantum ghost imaging of a transparent polarisation sensitive phase pattern. 
Sci. Rep. 12, 21105 (2022).

Acknowledgements
Mandip Singh acknowledges research funding by the Department of Science and Technology, Quantum Enabled 
Science and Technology grant for project No. Q.101 of theme title “Quantum Information Technologies with 
Photonic Devices”, DST/ICPS/QuST/Theme-1/2019 (General).

Author contributions
M.S. conceived the idea and setup the experiment. M.S. made control and data analysis programs. M.S., S.S. 
and M.K. analysed data.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Subtomographic imaging of a polarisation sensitive phase pattern localised in phase space
	Transparent polarisation-sensitive phase pattern localised in the position-space
	Imprinting of a polarisation-sensitive phase pattern onto a 3D phase-space
	Imaging of a 3D phase-space localised pattern
	Experiment and results
	Conclusion
	Methods
	References
	Acknowledgements


