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Abstract

Radiation pressure due to the interaction between a probe light and cold
atoms is investigated in a standard cesium magneto-optical trap. The radia-
tion pressure alters the absorption spectroscopy of cold atoms, leading to line
shapes and linewidths after resonant interaction that are different for positive
and negative probe chirps. The difference is attributed to the radiation pres-
sure of the probe laser, due to which atoms become accelerated at the reson-
ance. The effect of the radiation pressure is also seen in electromagnetically
induced transparency (EIT) involving an excited Rydberg level. The density
matrix equation accounting for the radiation pressure is used to simulate the
experiments. The simulations agree well with the measurements both for ab-
sorption and EIT spectra. We find that the effect of the radiation pressure is
reduced at low probe intensities, and can be neglected when the probe inten-
sity is smaller than 1, /2.
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1. Introduction

Radiation pressure results from the interaction between light and atoms has
been predicated by Maxwell [1] and Bartoli [2]. Radiation pressure has been
used to optically manipulate neutral atoms and has been widely investigated in
the recent few decades. Absorption and emission of photons by an atom

irradiated by a resonant or quasi-resonant laser light yield a variation of the
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atomic momentum. The mean radiative force is usually considered as consisting
of two parts. The first part is radiation pressure, pointing in the direction of the
phase gradient of the laser wave, which is used to manipulate the neutral atoms;
the second one, related to the intensity gradient of the laser, is called dipole force,
which is used to realize optical dipole traps.

The interactions between light and atoms can be absorption, reflection, or
some of both (the common case), in which case each absorption of a resonant
photon on an atomic transition with wavelength, A, alters the momentum of
the atom by #k =#2n/A (7 is the Planck constant) in the direction of laser
light, whereas the direction of spontaneously emitted photon of the atoms is
random, such that there is, on average, no momentum change from spontaneous
emission. As a result, the atom receives a momentum kick 7k in the direction
of light propagation. Deceleration of atomic beams, stopping atoms, velocity
reversal [3], laser cooling [4] [5] [6] [7] and Zeeman slowing [8] are interesting
applications of radiation pressure. The technique of laser cooling and trapping is
particular significance for observation of photonic Josephson effect and
quantum phase transitions of light [9] [10] [11]. The radiation pressure also
plays an important role in launching beams in atomic clocks [12], pushing
beams in 2D MOTs [13] and in low-velocity intense source (LVIS) [14], as well
as in parametric amplification of the mechanical motion [15] and levitation of
nanometer sized objects [16] [17] [18] [19]. Applications of quantized photon
recoil include atom interferometers [20]. Recently, an elastic wave in an elastic
solid induced with light pressure has been directly measured [21], which clearly
indicates the transfer of momentum due to light recoil from the interaction
between the light with the surface of the elastic solid. These experiments benefit
from radiation pressure. On other hand, the radiation pressure accelerates and
Doppler-shifts atoms, resulting in broadened spectra. The broadening of the
spectra limits atom-based measurements and applications, such as ultrahigh-
resolution spectroscopy.

Here we investigate the absorption spectrum of cold atoms in a standard
magneto-optical trap (MOT) considering the radiation pressure induced due to
the interaction between a probe laser and cold atoms. The radiation pressure
alters the shape of the absorption spectra, showing different effects for positive
and negative probe chirps. The phenomenon is modeled using the density
matrix equation, accounting for the Doppler effect induced by the radiation
pressure. In experiments we apply one more laser beam that couples to a
Rydberg level, resulting in a three-level atomic system, further verifying our

model of radiation pressure.

2. Experimental Setup

The experiment is performed in a standard cesium MOT with temperature ~100
pK and peak density ~10" cm™, measured with the method of absorption image.

The MOT size is approximately 500 um. Figure 1 shows a schematic of the
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Figure 1. Schematic of the experiment (a) and relevant levels (b). The probe beam,
A, =852nm, Rabi frequency Q =2nx13MHz, is tuned to near-resonance with the
transition |6S,,,F :4>(‘ g)) - ‘GPS/Q, F’ :5>(\e)). (c) Timing: during the experiments,

after switching off the MOT beam, both the probe and coupling lasers are switched on,
and the probe frequency is positively (negatively) chirped over the resonance over a range
of +25 MHz in 0.5 ms. The coupling laser is tuned into resonance with the Rydberg
transition. The solid (dashed) black arrow shows the positive (negative) probe chirp. The
absorption signal is detected as a function of the probe laser detuning, A

o
experiment (a) and the relevant energy levels (b). The probe laser, produced with
a diode laser (DLpro, Toptica) with wavelength 1, =852nm and linewidth 100
kHz, is tuned to near resonance with the transition | g) - |e) . The probe
frequency is positively/negatively chirped through the |g)—|e) transition
over a range + 25 MHz, with 0.5-ms chirp duration, see Figure 1(c). The probe
laser is detected with a photodiode detector as a function of the probe frequency
detuning. The coupling laser, A, =510nm, drives the Rydberg transition
|e) —|r), completing the three-level cascade EIT system. The probe and coupling
lasers are counter-propagated through the MOT center, corresponding Gaussian
radius in the MOT are @, =120um and ©, =70 um, respectively. The MOT
magnetic field is always on during the experiments and the MOT-field gradient is
13 G/cm, which results in a Zeeman broadening < 2nx2 MHz, which is smaller
than the natural linewidth of the 67, level, T',; =2nx52MHz. The Rabi
frequency, Q, of the transition, |i)—|j), is written as [22]

Q- | 27 1)
h \ noce,

where g4 is the transition dipole moment between two states ||> and | j> , P

is the laser power coupling the transition and @ is the Gaussian waist of laser
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beam. cis the speed of light and &, is permittivity in vacuum.

3. Absorption Spectra of the Cold Atoms Accounting for the
Radiation Pressure

In Figure 2 we show normalized spectra for a weak probe laser coupling the
transition |g> —>|e>, with probe frequency chirped positively (negatively), as
shown by the red and black curves. The spectra show the same line shape on the
left side of the resonance point, A, =0, for positive and negative probe chirp,
but show the different line shapes on the right side. Beyond the resonance, the
line shape of the spectrum for positive-chirp probe shows a larger linewidth and
more absorption, compared with the case of negative-chirp probe. The difference
is attributed to the radiation pressure of the probe laser, due to which atoms
become accelerated at the resonance. In the experiments, the atoms resonantly
interact with the probe laser and pick up momentum in the direction of the
probe beam when the probe laser frequency is resonant with the transition
|g> - |e) This process accelerates the atoms and Doppler-shifts the transition
|g) —|e). For the positive chirp, the increase of the probe-laser frequency
compensates the Doppler shift in direction of the probe beam, which makes the
atoms stay close to resonance somewhat longer, as the frequency sweep proceeds.
This leads to more absorption on the blue-detuned side after the zero-detuning
point, as shown by the absorption spectrum (red curve) in Figure 2. In contrast,

for the negative chirp the change of the probe-laser frequency is opposite

1.0k Negative: - Exp.
- - = Theo.

Positive: Exp.

0.8
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Transmission
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Figure 2. Normalized absorption spectra for measurements (symbols) and calculations
(dashed lines), with positive (red stars) and negative (black circles) chirps of the probe

laser over the ‘ g) - ‘e) transition. The calculations are based on a two-level model with
Q, =2nx13MHz, see text. The blue solid line represents the calculated absorption

spectrum without accounting for the Doppler effect introduced by the radiation pressure.
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direction to the radiation-pressure-induced Doppler shift, leading to a faster
decrease in absorption after passage through the zero-detuning point, as shown
by the absorption spectrum (black curve).

For a full understanding of the measurements, we consider a probe laser (Rabi
frequency Q, and detuning A ) interacting with an atom as shows in Figure
1(b). The dynamics of the density matrix of the two-level system follows

Pyg :EQp (pge _peg)+regpee' (2)
. i 2i 7,
pge :Egp(pgg _pee)_;Appge _?pge’ (3)
. i 2i 7,
peg :_EQP (pgg _pee)+;Appeg _?peg’ (4)
) i i
Pee :%Qppeg _EQppge _Fegpee (5)

where T',; and y, are the spontaneous decay and dephasing rates of the
system, respectively, and 7 is the Planck constant.

As mentioned above, when the frequency of the probe laser is tuned into
resonance with the transition |g> —>|e) , the atom absorbs the probe photons
and picks up a momentum, 7k,, Kk, :Zn//ip , per photon. The atom is
accelerated, and the corresponding velocity, v(t), of the atom in the direction

of probe beam is

r
o(t)= '\;g 1k, [ .0 (1) dt! (6)

and the frequency detuning, A (t), the atom experiences is given by

U]
= ?)

Ay (t)=A PO —
p
here, M is the mass of cesium. We do not account for the initial velocity of the
atom in MOT because it has no significant effect. A, is the start value of the
probe-laser detuning, y presents the probe-frequency chirp rate, and =+
represents the positive/negative sign of the frequency chirp.

We substitute A, in Equations (2)-(5) with A (t) from Equation (7) and
numerically solve the density matrix Equations (2)-(5). The photon scattering
rates, ', p,, (), lead to the calculated transmission of the probe beam as a
function of the time-dependent probe detuning in Figure 2 (dashed lines). The
calculations reproduce the spectra well for both positive and negative chirps and
are consistent with the measurements well. Hence, it is seen that the radiation
pressure yields Doppler shifts, induced by the interaction between probe laser
and two-level atom. Different chirp polarities result in different line shapes of
the probe spectra, obtained from cold-atom clouds. For comparison, we also plot
the probe spectrum without accounting for the radiation pressure, shown with a

blue solid line in Figure 2.
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4. EIT Spectra Involving Rydberg State

In order to further corroborate the explanation of absorption spectra in Sec. 3,
we use electromagnetically induced transparency (EIT) involving a Rydberg
state by applying a coupling laser, counter-propagating with the probe beam
through the cesium MOT and driving the transition, (6P3/2)|e> - (30D5/2)| r) ,
see Figure 1(b). EIT is a typical quantum interference effect in which a probe
field experiences an increased transmission in an absorbing medium when a
coupling field resonantly drives the up transition [23] [24]. EIT is widely
investigated because of its special characteristics and enhanced refractive index,
yielding slow light and storage of light pulse [25] [26]. In our experiments, we
use levels |g>, |e) and |r), constituting the three-level system. The probe
laser is used to probe the EIT transparency, when the coupling laser is tuned to
the Rydberg transition into | r) = |30 D5/2> . Accounting for the Doppler shift due
to the radiation pressure of the probe beam, the detuning of the coupling laser,

A, is written as

A () =4 +$ (8)

The effect of the radiation pressure and resultant Doppler shifts make the
EIT resonance condition different for the cases of positive and negative probe
chirps. In Figure 3, we present the measured EIT spectra with Rabi frequency
Q,=21x9.7MHz and Q=2nx13MHz with the probe laser for the positive
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Figure 3. Measurements (a) and simulations (b) of EIT spectra for positively and
negatively chirped probe lasers. The coupling laser drives the Rydberg transition, 30D,
and the corresponding Rabi frequencies Q =2nx9.7 MHz and Q =2nx13MHz.

The Gaussian radius of the coupling and probe beams in the MOT are about 120 pm and
70 um, respectively. The EIT two-photon resonance for the case of positive chirp is used
to define the 0-detuning point. For negative probe chirp, the EIT peak appears at —3.5
MHz.
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and negative chirps. For simplicity, we calibrate the two-photon resonance
condition (zero-detuning point) with the case of positive probe chirp, as
demonstrated in Figure 3(a). In case of negative probe chirp, the EIT
transparency peak appears at 3.5 MHz on the red-detuned side, see Figure
3(a). The figure clearly shows that the EIT spectral profiles are different for
positive and negative probe chirps. The difference of the EIT spectra in Figure
3(a) is attributed to radiation pressure of the probe laser, as explained in Sec. 3.
For reproducing the EIT profiles, we numerically solve the density matrix

equation expressed as
Lo
p:£[H,p]+L 9

where H=H;+H, , and H; is the unperturbed Hamiltonian and H,
represents the interaction between light and atoms. p is the density matrix of
the three-level atom, see Figure 1(b), L describes the decay and dephasing of
the three-level system, for details see [27]. We take into account the radiation
pressure and resultant Doppler shifts, Equations (6)-(8). The numerically
calculated EIT spectra are presented in Figure 3(b). The calculated EIT peak for
negative chirp is 3.5 MHz red-detuned compared with the positive case. This
agrees well with the measurements in Figure 3(a). The simulation reproduces
the experiments both in terms of the overall EIT spectral profiles and the EIT

linewidths.

5. Discussion

The radiation pressure, induced due to the resonant interaction between the
probe laser and atoms, results in the Doppler broadening and modification of
the probe spectra profile on the blue-detuned side. This effect limits the precision
of measurements and high-resolution spectroscopy based on cold atoms. For
further investigation of how the radiation pressure affects the spectra, we change
the probe laser intensity and perform similar measurements. Figure 4(a) shows
the measured linewidths, W, of the probe spectra, defined as a full width at half
maximum (FWHM), as a function of the probe intensities. The inset of Figure 4(a)
shows four normalized absorption spectra for the indicated probe intensities. The
is W, =10.1MHz for the
experimental conditions here. Over the probe intensity range (0.1 - 1)1, the

measured linewidth for probe intensity 1, =1,
change in linewidth is small, only about 15% of W, . In contrast, a large change

is seen when the probe intensity exceeds |, . The linewidth more than doubles

sat *
when the probe intensity reaches 10l . It is noted that both radiation pressure
and power (saturation) broadening affect the experimental spectra. The power
broadening is homogeneous and symmetric. From Figure 4(a) inset, the power
broadening can be estimated by the broadening on the left side of 0-detuning
point, while the radiation-pressure-induced broadening is given by the broadening
on the right side. The latter is much larger than the former.

From Figure 4(a), the radiation-pressure-induced broadening can be neglect
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Figure 4. (a) Measured FWHM, W, of the probe absorption spectrum as a function of the probe intensity.
The linewidth increases with the probe intensity; the effect of the radiation pressure can be ignored when
probe intensity is smaller than |, /2. Inset: four normalized absorption spectra with indicated probe
intensities. Measurements of absorption (b) and EIT (c) spectra for positive (black circles) and negative

(red stars) probe chirp. The probe laser intensity is 0.2l , detected using an APD for getting high

sat >
resolution and signal-to-noise spectra. The blue solid line in (b) is a Gaussian fit to the spectra. In the EIT

spectra in (c), the coupling laser couples the Rydberg transition,

r) = ‘36D5/2>. In the case of low probe

intensity, the spectra for positive and negative probe chirps overlap each other in both the absorption (b)
and EIT spectra (c).

when the probe intensity is less than |, /2. Figure 4(b) and Figure 4(c)
present absorption (b) and EIT (c) spectra for positive and negative probe chirps
at low probe intensity, |, =0.21, . The coupling laser drives the Rydberg
transition to |I’> = |36 D5/2> . Both the absorption in Figure 4(b) and EIT
transparency in Figure 4(c) show indistinguishable spectral profile for positive
and negative probe chirps. This is in stark contrast to the high-intensity cases in
Figure 2 and Figure 3. The EIT spectra in Figure 4(c) are slightly asymmetric
due to a non-zero detuning of the coupling laser.

The low-intensity FWHM linewidth of the probe spectra is measured to be ~
2nx8.6 MHz (for 1, =0.1l,
of the level |e), T, =2mx52MHz. The difference is mainly attributed to

collision-induced broadening at large density of cold atoms, and MOT magnetic

). This is larger than the spontaneous decay rate

field induced Zeeman broadening due to MOT field on during experiments in

this work.

6. Conclusion

In summary, we investigate the effect of the radiation pressure on absorption
and EIT spectra obtained with cold atoms in a MOT. The probe spectra show
different behavior for positive and negative probe frequency chirps, when the

probe intensity is larger than |, . A positive frequency chirp compensates the

Si

Doppler shift in the direction of the probe beam, as the frequency sweep

proceeds, leading to more absorption on the blue detuned side after passing the
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zero-detuning point. For the case of the negative chirp, the change of the
probe-laser frequency is in opposite directions, leading to a faster decrease in
absorption after resonance. The radiation pressure effect is verified further by
applying a coupling laser, which couples the intermediate level to a Rydberg
state. The theoretical model we have provided reproduces the spectra well both
for the probe absorption spectra and the EIT spectra. The radiation pressure
effect alters the spectral profiles, thereby limiting applicability to atom-based
precision measurement. Using probe laser intensities smaller than | /2 or
less probe-pulse duration, the radiation pressure effect can be effectively eliminated.
The result obtained here serves as a guide how to reduce the radiation pressure
effect.
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