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RECOIL EFFECT IN LASER SPECTROSCOPY OF ALKALI METAL ATOMS

Abstract

We have analyzed the influence of the mechanical momentum acquired by atoms
when interacting with resonant laser radiation (atomic recoil effect) in the
spectroscopy of alkali metal atoms. Direct quantitative measurements are done using
a sodium atomic beam setup. A 1.3 mm deflection of atoms on a distance of 890 mm
downstream the beam was detected with 7.5 mW power of deflection laser radiation,
corresponding to = 300 cm/s transversal recoil velocity acquired by atoms. Power
dependence of deflection exhibited square-root low caused by the Doppler walk-off
of the resonance frequency with the increase of the lateral velocity. The possible
influence of recoil effect in high-resolution atomic spectroscopy is discussed. The
obtained results are used to evaluate the case of interaction of laser radiation with
gaseous media. Corresponding estimates are done for the laser spectroscopy of
nanocells containing atomic vapor of alkali metals, where the strongest impact of
recoil phenomenon is expected.

Keywords: atomic recoil; laser spectroscopy; fluorescence; resonant interaction;
Doppler effect; atomic beam; alkali atoms; optical nanocells.

Introduction

Resonant interaction of continuous-wave laser radiation with atomic media
(notably, an atomic vapor of alkali metals) underlies numerous important applications
in sensing, metrology, laser technology, chemical reaction control, and elsewhere.
This interaction can be influenced by several extensively studied factors, among
which are laser radiation intensity effects (saturation, optical pumping), flight-time
(the flight time of an atom through the laser beam), scanning rate of laser radiation
frequency across atomic resonance, velocity distribution of atoms (Doppler effect),
presence of a buffer gas or anti relaxation coating, etc. Besides, there are yet other
processes the contribution of which can be revealed only in specific conditions of
interaction. Among those is a deflection of atoms by spontaneous emission force.

The essence of this effect, which can be considered as a mechanical action of laser
radiation (flux of photons) on atoms, is as follows. Under absorption of radiation
quantum, the atom acquires a momentum equal to 2771/ A in the direction along the
wave vector of laser radiation k (A being the resonant radiation wavelength). Upon
subsequent spontaneous emission by an atom, this momentum is transferred to the
emitted photon. Since spontaneous emission may occur in any direction within the 4
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7T solid angles, after averaging over many absorptions and emission cycles, the atom
acquires an additional velocity component in direction of exciting radiation,
undergoing mechanical deflection.

This process, which is conventionally termed as “recoil effect”, is successfully used
in laser cooling techniques [1,2], but because of the low impact, it did not find proper
attention in the studies of the interaction of laser radiation with atoms in vapor cells.
Meanwhile, current progress in atomic spectroscopy with nanometric thickness vapor
cells and their numerous applications (see e.g. [3-5] and references therein) stipulate
for renewed interest towards recoil effect, which may straightforwardly reveal itself
in atomic spectra.

The peculiarity of the interaction of laser light with atoms in optical nanocells is
mostly caused by a strong anisotropy for atoms with different thermal velocity
components. The interaction behaviour for atoms flying across the laser beam
(parallel to the cell windows, atoms marked “17, “4” in Fig.1) is similar to the case of
an "ordinary" cell, where the atom-light interaction time is determined by the flight
time of atoms through the laser beam (typically about D = 1 mm). For room-
temperature conditions, the mean thermal velocity of alkali metal atoms forming the
vapor is ~ 250 m/s, thus flight time is ~ 5 ps, long enough for multiple cycles of
resonant absorption and emission of light. Dramatically different is the contribution
of atoms flying along the laser beam (across the windows, atoms marked “2”, “3” in
Fig.1). For a typical L~ 500 nm thickness of nanocell, the window-to-window flight
time is only 2 ns, after which atom experiences quenching collision with the window.
As the typical absorption/emission time on the first resonant transitions of alkali
atoms (so-called D-lines) below the saturation intensity is 15 — 30 ns, as a result, the
longitudinally-flying atoms do not have time to interact with light and do not
contribute to the recorded absorption/fluorescence signals. This is the main reason for

sub-Doppler nature of spectra recorded with nanocells.
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Fig 1 Schematic diagram of the interaction of atoms having different thermal velocity
components with a laser beam in a nanocell.

As is described above, the predominant contribution to resonant absorption and
fluorescence spectra in nanocell is provided by the atoms flying parallel to the cell
walls, normally to the laser beam. After numerous absorption/emission cycles, these
atoms will acquire mechanical momentum in a longitudinal direction, which will
drive them towards the rear window of the cell with subsequent quenching of atomic

8



polarization. One may expect that thanks to the small cell thickness Z, such a recoil-
caused quenching may occur at moderate values of CW laser intensity, becoming a
dominant factor limiting atom-light interaction time. We should note that because of
the above discussed velocity-dependent contribution to atomic resonant spectra,
atomic vapor nanocell can be considered as an effective two-dimensional atomic beam
(a layer of atoms flying across the laser beam). For this reason, precise measurements,
which are possible to perform with atomic beam configuration, can be very helpful
for quantitative estimates of the recoil effects in nanocells. Below we describe such
measurements done with the sodium atomic beam.

Recoil effect in an atomic beam experiment

We present below the results of studies directly showing that mechanical action
of light can cause noticeable influence in atomic spectroscopy experiments. The most
suitable configuration, which allows for the straightforward determination of this
influence, is atomic beam experiment, where the recoil in transversal direction can
be detected on a zero-velocity background.

The measurements have been done at Technical University of Kaiserslautern
(Germany), on the atomic/molecular sodium beam setup schematically shown in
Fig.2, with the following key characteristics: working length of collimated atomic
beam is 129 cm; the velocity of Na atoms is v =24 0.12 x10° cm/s (measured by
the time-of-flight method [6]); the beam divergence is 0.15 mrad.
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Fig 2 Schematic diagram of the experimental setup. The Na atomic beam with 0.15 mrad
divergence angle is formed by the oven with a guiding pipe followed by two skimmers, and two
collimation slits. Beam deflection is measured by lateral translation of a detection slit while
recording fluorescence detected by a photomultiplier tube (PMT).

Before measurements, the spatial profile of the beam was tested using the
following procedure. A 50 pm “detection slit” was installed downstream the beam, at
the end of its working length. After passing the slit, the beam was transversely
illuminated by a 25 yW power laser radiation tuned to one of the hyperfine
components of the Na atomic D2 line (A ~589.0 nm). The detection slit was
translated across the atomic beam while recording the emerging atomic fluorescence
signal. The typical recorded beam profile is presented in Fig.3, showing 0.3 mm
transversal width.
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Fig 3 Typical downstream spatial profile of the atomic beam in the absence of the deflection
laser. The full width at half-maximum is ~ 0.3 mm.

The experiment on detection of atomic beam deflection by spontaneous emission
force was performed in the following way. A 1 MHz-linewidth CW "deflection” laser
beam resonant with 3S12(Fg=2) — 3P32(Fe=3) transition of Na D2 line was directed
transversely onto the atomic beam, 89 cm upstream from the detection slit. The laser
beam diameter (Dr = 6 mm) was chosen such that it fully covers the vertical size of a
sodium beam (5 mm). The monitoring of beam deflection was done using the above-
described technique for testing the beam profile.

Figure 4 summarizes the results of these direct beam-deflection measurements. As
is seen from the figure, the strongest deflection rate is observable at low radiation
power P of the deflection laser. As the power increases, the deflection rate decreases,
and at 2z =7.6 mW (/z =30 mW/cm?) the absolute deflection on Lseam =890 mm length
reaches Ax= 1.5 mm. Let us evaluate this result.

Posi
Osition of detection slit (mm) 2

Fig 4 Transversal position Ax of atomic beam 89 cm downstream the interaction with
deflection laser radiation depending on its power. The vertical scale shows the intensity of
fluorescence excited by the detection laser.
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At the maximum laser radiation intensity, the atoms acquire mean transversal

velocity of V| = VAX/ Lbeam A 340 cm/s (dispersion of this mean velocity and,
correspondingly, AXare caused by the spontaneous nature of the fluorescence).

Taking into account that the lateral velocity acquired by the atom in a single

absorption event is (Zﬁh)/ % =2.94 cm/s, and the mean number of absorption
Na

and emission cycles within the interaction time (time of flight) D, /v =3 psis =120,

the Doppler shift by the end of interaction time  reaches

AVD =kv 1 / 21 = VAX/ ﬂ‘Lbeam R 5.75 MHz, which is comparable with the natural

linewidth of Na D2 line (9.8 MHz). With this shift the atom practically gets out of
resonance with the deflection laser radiation, thus preventing further deflection. In
reality, the deflection does not completely cease as the laser radiation intensity

increases, but its impact decreases according to V / v~ 1+P, / PS dependence,

where P is the saturation power of the atomic transition (™~ 4/ PL at high laser

intensity). The latter is caused by the power broadening of atomic transition in a
strong radiation field [7]. The observed laser power dependence of the deflection (see
Fig.5) is well described by a square root low in high-intensity case (the fitting done

with y = 0.42 + 0.36 \/; dependence for the laser radiation intensity above the

saturation power is shown by a solid line).
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Fig 5 Deflection laser power dependence of the transversal position of atomic beam 89 cm
downstream the interaction region.

It is spectacular that broadening of the beam profile with the increase of P is
accompanied by a reduction of not only its amplitude but also the surface (see Fig.4).
Such behaviour is caused by the following: because of acquired Doppler shift, the atom
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is not anymore in resonance with the low-power narrow-band detection laser, thus
resulting in an overall decrease of the fluorescence signal.
Discussion of the results and atomic recoil impact on nanocell spectroscopy

The obtained results demonstrate that the resonant laser radiation acting on an
atom can drive the latter out of the resonance thus limiting subsequent interaction.
One may suppose that this limitation should not apply to the atomic vapor with
thermal (Maxwell) velocity distribution where within the inhomogeneous Doppler
profile there will always be atoms resonant with laser radiation. But this statement is
not applicable for all the resonant phenomena. In particular, such processes
developing in dilute vapors as optical depopulation pumping, Zeeman pumping,
coherent population trapping, electromagnetically induced transparency, etc. are in
fact “single atom effects”, and many absorptions and emission cycles by the same atom
are required to build up a steady-state interaction regime. For these processes,
consideration of mechanical action of laser radiation can be helpful for correct
modeling of the particular problem.

Besides, the obtained quantitative results are of particular relevance and
importance for the atomic spectroscopy with nanocells. As it was mentioned above,
the recorded atomic signal is mainly contributed by atoms flying across the laser
beam. These atoms will acquire intensity-dependent mechanical momentum from the
resonant laser beam, i.e. longitudinal velocity component, which drives them towards
the rear window of the nanocell, thus preventing further interaction with the laser
radiation. In addition to this mechanical deflection, the acquired longitudinal velocity
component can also result in a Doppler frequency shift, which may drive the atoms
out of resonance. Let us evaluate these impacts for the case of sodium D2 line
quantitatively examined above.

The estimates are done for the typical conditions exploited in experiments: the
nano cell thickness Z = 500 nm, and temperature 150°C corresponding to the mean
thermal velocity of Na atoms V = 620 m/s, laser beam diameter D = 1 mm, incident
laser radiation power Pr =10 pW, and radiation spectral linewidth vz= 1 MHz. For
these conditions, a transversely-flying atom will obtain v, = 100 cm/s longitudinal
velocity component (derived from the results presented in Fig.5, taking into account
the laser beam diameter in atomic beam experiment). The resulting window-to-
window flight time will be =~ 0.5 ps, which is less than the flight time of atom across
the laser beam (1.6 ps). So, supposing slow enough scanning rate of laser radiation
frequency, the real resonant atom-radiation interaction time is governed by recoil
effect, corresponding to ~ 30 elementary acts of absorption and emission per atom (the
radiation lifetime for Na D: line is 16.2 ns). It should be noted that in the same
conditions the Doppler frequency shift caused by recoil remains below the natural
decay linewidth. The contribution from the recoil effect will become more significant
with the increase of incident laser radiation intensity.

‘We above estimates have been done for Na atoms. Practical nanocell spectroscopy
is mostly done with heavier atoms (Rb, Cs, K), where the recoil impact is less
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pronounced. Anyway, it has to be taken into account, notably in the modeling of
experiments requiring high radiation power.

Conclusions

Summarizing, we have outlined and explored the importance of the recoil effect
(mechanical momentum acquired by atoms when interacting with resonant laser
radiation) in atomic spectroscopy. The direct quantitative study has been done using
a sodium atomic beam setup, and the obtained results were further extended to atomic
spectroscopy of gaseous medium (alkali metal vapor). It was shown by estimates that
the most pronounced influence of recoil effect is expected for laser spectroscopy of
nanocells containing atomic vapor of alkali metals.

Acknowledgements. The author is grateful to Prof. David Sarkisyan for valuable
discussions and comments on nanocell spectroscopy, to Prof. Klaas Bergmann
(Technical University of Kaiserslautern, Germany) for hospitality and stimulating
discussions, and to Alexander Mangold for the assistance in the experiment.

REFERENCES

1. Guo J., Berman P.R., Dubetsky B., Grynberg G. (1992). Recoil-induced resonances in
nonlinear spectroscopy. Phys. Rev. A, 46, pp.1426-1437.

2. Wang Ch.H., Gullans M.]., Porto J.V., Phillips W.D., Taylor J.M. (2018). Photon
thermalization via laser cooling of atoms. Phys. Rev. A, 98, 013834.

3. Sargsyan A., Mirzoyan R., Papoyan A., Sarkisyan D. (2012). N-type resonances in a
buffered micrometric Rb cell: splitting in a strong magnetic field, Opt. Lett., 37, pp.4871-4873.

4. Sargsyan A., Papoyan A., Hughes 1.G., Adams Ch.S., Sarkisyan D. (2017). Selective
reflection from an Rb layer with a thickness below A/12 and applications, Opt. Lett., 42,
pp.1476-1479.

5. Tonoyan A., Sargsyan A., Klinger E., Hakhumyan G., Leroy C., Auzinsh M., Papoyan A.,
Sarkisyan D. (2018). Circular dichroism of magnetically induced transitions for D2 lines of alkali
atoms”, EPL (Europhys. Lett.), 121, 53001.

6. Bergmann K., Hefter U., Hering P. (1978). Molecular beam diagnostics with internal state
selection. Chem. Phys., 32, pp.329-348.

7. Theuer H., Bergmann K. (1998). Atomic beam deflection by coherent momentum transfer
and the dependence on the weak magnetic field. £ur. Phys. J. D, 2, pp.279-289.

Uruu 1un13uy
dhqhjudwptdunhjuljwt ghnnipniuubph nnljunp, 22 AUU pypwljhg winud

2BSUZUrUUL 6rednNhaee ULYULR UGSUNLELP USNULG P
LUQGIUShL UNBUS/UUUNNhUSNRT
qhpmisyty b puqbpuyhtt fwpwquypdwt htn nhignuwbuughlt hnjuwqpbignipjut
pupwugpnid wwnndh Ynnuhg dknpphpws dbpwbhjuwlwt dndktunp (hEwnwhwpdwt
Eplnyp) wqpbgnipmiip wiuih dbnwnibph wonndubph  uybupuuynyhuygnod:
Mnnuih pwtwjuwluwd swhnwdubpp uunwpdl) o twnphnidh wnndwlui tugh
nwppuynpdwl Jpu: Shnnn quqbtph 7.5 9w hgnpnipjut nhupnid thnjuwuqnbgnipyu
Ytinhg 890 du thmiugt h Jup qpuigdl] b wwndubph 1.3 dd obnnud, hugp
hwdwywwnwupwbinud Ewnndubph dknpplpws = 300 ud/A] punjujtuljwh hbnwhwpdwh
wpugnipjuip: Shndwl jupunudp hqnpnipinithg npubinpnid £ punwlniuh-wpdwnwgh
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opklp wuylwbwnplws (Juiwjwt wpugnipjut Ukdwgdwip qmgpipug wnknh
niutignn phgqnuwbuwiht hwdwmput pnubpuwt YEpuwjwpnidng: Lutwplynud k
htnnwhwpdwt btpunyph htwpwynp npp pupdp pnibwlmput  wnndwghb
uybkynpuulnyhwnid:  Uwnwgqué wpyniipubpp  oquiwgnpdyl; ki ququyht
dhowjuyptph htwn juqtkpuyhtt Smnwquypdwt hnwqpbignipjut ntwph ypnidnipju
hwdwp: Ywunwpdl b hwdwyunwuwt guwhwnwlutitp wjuh dknwunubph
wnndwlw gninpoh wwupnitwlnn twbnpehoubpnid juqbpuyht uyblnpwulynyhuygh
hwdwp, npuntn uyuwuynud £ hinwhwpdwb Epunyph wdbtwdbs wqptgnipiniap:
APAM ITATIOSTH
JTOKTOpP (U3UKO-MaTeMaTHYeCKHX HayK, 4IeH-Koppecnongent HAH PA

S®PEKT OTJAYHU B JIASEPHOM CITEKTPOCKOITIA ATOMOB
ITEJIOYHBIX METAJLJIOB

ITpoanamusupoBaHO BIMAHHE MEXAaHHYECKOTO MOMEHTAa, COOOUIEHHOTO aTOMaM IIpU
PEe30HAHCHOM B3aUMOJEHMCTBUM C JIa3epHBIM u3TydeHHeM (9pdeKT aToMHOM OTZauu), B
CIIEKTPOCKOTIMM ATOMOB IIEJIOYHBIX METAJUIOB. IIpAMBIe KOIMYeCTBEHHBIE M3MepeHHs
IIPOBEJIeHBl C HCIIOJIB30BAHMEM YCTAaHOBKM aTOMHOTO ITydYKa HArpua. Ilpu MomzOCTH
OTKJIOHAIOmero yaszepa 7,5 MBT Ha paccrogumu 890 cM BHM3 IO Iy4YKy 3aperHCTPUPOBAHO
OTKJIOHEHMEe aTOMOB Ha 1,3 MM, YTO COOTBETCTBYeT NPHOOPETEHHOH aTOMAMM IIOIIePeYHOMH
ckopoctu = 300 cM/c. 3aBHCHMOCTD OTKIOHEHHS OT MOILIHOCTH JIa3epa OMUCHIBAETCS KOPHEBBIM
3aKOHOM, YTO OGYCJIOBIEHO JOIILIEPOBCKUM YXOJOM PE30HAHCHOM YaCTOTHI IPU YBeIHIEHUN
monepevHo# ckopoctu. OO6cyxzaeTcs BO3MOXHAasg poiab 3ddexra oTZaYM B aTOMHOI
CIIEKTPOCKOIINY BBICOKOTO paspelneHus. [oyueHHbIe pe3yIbTaThl HCIIOIB30BAHEI A1 aHAIH32
Crydyas B3aMMOJENCTBHA JIA3€PHOTO M3Ty4eHHA C Ta3oo0pasHeIMU cpejamu. IIpoBemeHs!
COOTBETCTBYIONIME OIIEHKM JJIfI JIA3ePHOH CIIeKTPOCKONIMM HAHOAYeeK, COMepKalluxX
aTOMapHBIe MapHl LIeJIOYHBIX METAJIJIOB, Te OXKUAAeTcsa Haubosee CHIbHOE BIMSIHUE SBIeHUIL
OT/IaYH.
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ANALYSIS OF TRANSCRIPTOME CHANGES IN RESPONSE TO HEAVY METALS
USING SELF-ORGANIZING MAPS

Abstract

In this study, we have performed self-organizing maps (SOM)-based clustering and
functional annotation of gene expression in hepatoma cell lines exposed to cadmium,
nickel and arsenic using publicly available microarray data. The results show that
cadmium and nickel exposure is associated with overexpression of genes related to
hypoxia and oxidative stress response, while arsenic causes up-regulation of
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