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Abstract

The transfer of photon momentum at the water/air interface is important for optical manipulation of
minute particles and is at the heart of the Minkowski—Abraham controversy. We use photoacoustic
(PA) detection of ultrasound waves generated when pulsed laser light meets the water/air interface at
3.9 °C (zero thermal expansion), to distinguish momentum transfer from thermoelastic effects. The
PA waves dependence on the angle of incidence reveals that momentum transfer maximizes at the
critical angle. Momentum transfer is most efficient when the photons travel in water and remain in
water after total reflection at the interface, rather than when they cross the interface between dielectric
media.

Every time photons meet an air/water interface, they transfer momentum to that interface. Although thisisa
fundamental process in nature, conflicting theories on the momentum of a photon in a dielectric medium of
refractive index n coexist since Minkowski [ 1] and Abraham [2] predicted the opposite change in momentum
when light enters the optical material. Defining p, = Aw/cas the photon momentum in the vacuum,
Minkowski proposed a momentum py; = pon that produces an outward force in the medium, whereas
Abraham derived a momentum with the form p, = po/#n, which corresponds to an inward force in the medium.
A compelling experiment in favor of py; = pon was the observation that the pressure exerted by light on a mirror
immersed in a liquid of refractive index n was n times higher than the pressure exerted by the same light in free
space [3, 4]. An alternative argument, but with the opposite conclusion, is the thought experiment of a light pulse
initially travelling in the vacuum and then intercepting a reflection-less planar slab, normal to its surface, where
it slows down its velocity to ¢/n [5]. Conservation of center-of-mass velocity requires the slab of mass M to move
with a velocity (mc — mc/n)/(m + M), where m is the dynamical mass of a photon in vacuum with energy

E = mc?, and conservation of global momentum requires the pulse to have the Abraham momentum. Various
interpretations and experiments continue to contribute to this lively debate [6-8].

Barnett recently proposed a resolution to this paradox [9, 10], recalling that the kinetic momentum of a body
is the product of its mass and velocity but, in quantum mechanics, the canonical momentum is Planck’s constant
divided by its de Broglie wavelength, i/ )\, following the canonical commutation relation [£, p] = i/. Barnett
identified p, as the kinetic momentum and py as the canonical momentum of light. The kinetic (Abraham)
momentum is associated with particlelike phenomena such as momentum transferred by forces, and readily
explains the uniform motion of the center-of-mass energy. The canonical (Minkowski) momentum is related to
the idea of translations within, or relative to, a host medium and to the wavelength of light, explaining the
immersed mirror experiment and wavelike phenomena such as diffraction. However, interpreting the
manifestations of photon momentum transfer remains problematic [7, 11-17].

Two major experimental challenges must be overcome to measure the transfer of momentum at the air/
water interface. First, for optical powers below the onset of self-focusing, the surface distortions are in the
picometer/nanometer scale and very sensitive detection methods are required. Second, even though the
absorption coefficient of water can be very low at selected wavelengths [ 18], the heating due to residual light
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Figure 1. Experimental configuration. (Left) Schematic representation (filter: cutoff 1064 nm or cutoff 532 nm). (Right) Image
obtained for §; = 68.6°, where total internal reflection is observed.
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absorption can nevertheless produce a thermoelastic expansion that obscures the transfer of photon momentum
[6, 16, 19].

In this Letter, we investigate the perturbation induced by an unfocused laser pulse in the water /air interface
using photoacoustic detection. Photoacoustic waves (PAs) generated by transient volume changes can be
detected with high sensitivity using ultrasonic transducers [20—24]. This enables the measurement of the
displacement of the surface molecules (inwards or outwards relative to the medium) either as a result of (inward
or outward) pressure at the surface or of thermoelastic changes. Moreover, we take advantage of an exceptional
property of water to distinguish between volume changes due to radiation forces at the water//air interface from
volume changes due to thermal losses: water attains its maximum density at 3.9 °C. Hence, the coefficient of
thermal expansion («) changes from o > 0for T > 3.9 °Ctoa < Ofor T < 3.9 °C. These changes in o make
the amplitudes of PA waves of thermoelastic origin change signs, and go through zero, at 3.9 °C[25]. At
T = 3.9 °C the PA waves report exclusively the volume changes due to surface distortions induced by
momentum transfer. Additionally, the dependence of the PA waves on the angle of incidence of the laser pulse is
also investigated. We show that photon momentum transfer is higher under total internal reflection (i.e. when
the photons are reflected back into the dielectric medium), rather than when light crosses the interface between
different dielectric media.

The experimental configuration is schematically presented in figure 1. The laser pulse reaches the water/air
interface from below (water), with an angle of incidence 6; relative to the normal. This angle was varied from
nearly normal to the interface (§; = 0), to larger than the angle of total internal reflection. According to Snell’s
law, usingn = 1.33 for water at 20 °C, the critical angle is . = 48.75°. Water was initially cooled below 3.9 °C
and its temperature was allowed to slowly increase to room temperature. At various temperatures, measured
with a thermocouple thermometer (Delta OHM model HD 2108.1), laser pulses were directed at the selected
angle to the water/air interface and the PA waves generated were detected with an A311S Panametrics
(Olympus) immersion piezoelectric transducer (10 MHz), pre-amplified (Panametrics ultrasonic preamp) and
connected to a Tektronix digital oscilloscope (model DPO7254, 2.5 GHz, 40 GS s~ 1. Measurements of absolute
pressures employed a calibrated membrane hydrophone Onda model HMB0500, 20 MHz. The laser pulses were
generated with a Quantel Big Sky Ultra 50 Nd:YAG laser (pulse width 7 = 8 ns, TM polarization). The laser was
set to deliver 532 nm laser pulses with proper choice of harmonic generators. However, 1064 nm light is also
present in such pulses. We used a dielectric mirror (Unaxis BD10307805) ca. 90% transparent at 1064 nm, to
reflect mostly the 532 nm to our setup. Additionally, we used Newport filters I0LWF-650-B and 10SWF-900-B
to cutoff either 532 nm or 1064 nm laser pulses, respectively, from the beam directed to the setup. The spectral
purity of the beam reaching the water/air interface was checked with an Avantis spectrophotometer. The laser
pulse energies entering the setup were either 1.65 mJ at 532 nm or 0.165 mJ at 1064 nm, perfectly separated. The
light spot area on the water/air interface was always smaller than transducer area (A = 0.8 cm”?).

Figure 2(a) shows PA waves collected at different temperatures using either 532 or 1064 nm pulses. The PA
waves generated with 1064 nm laser pulses have the behavior expected for photothermal processes: as the
temperature is allowed to increase from near 0 °C to room temperature, the amplitudes change sign at ca.

T = 3.9 °C, from a thermoelastic contraction to a thermoelastic expansion (figure 2(b)). The amplitudes of the
PA waves generated by 532 nm laser pulses are rather insensitive to the temperature (figure 2(c)) and must be
assigned to transfer of momentum at the interface.
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Figure 2. Photoacoustic (PA) waves for an angle of incidence §; = 69.8° measured with a 10 MHz transducer. (a) Temperature
dependence of PA waves generated with 532 nm (black) and 1064 nm (red) laser pulses at fluence rates of 52.5 and 4.5 mJ cm
respectively. (b) PA waves generated with 1064 nm laser pulses at different temperatures. (c) First maximum amplitudes of PA waves
generated with 532 and 1064 nm laser pulses as a function of the temperature.

The absorptivity of water increases from ca. 0.0015 m™" at 532 nm, where it is close to its minimum, to ca.

3 m " at 1064 nm [18]. As shown above, light absorption at 1064 nm is responsible for photothermal effects that
can only be avoided near 3.9 °C. Considering the differences in fluence rates at 1064 and 532 nm, the
temperature dependence of the PA waves and the light transmission over a 3 cm optical path in water, we
estimate that, at room temperature, the thermoleastic expansion originated by a 1064 nm laser can generate a PA
wave ca. 30 times more intense than the PA wave due to momentum transfer for the same laser pulse energy. The
difference of absorptivities inverts this ratio to 1,/100 when 532 nm laser pulses are employed. Care must be
exercised in the separation of the Nd:YAG harmonics to avoid the contamination of momentum transfer by
thermoleastic expansion at room temperature. A thermoelastic expansion will look like the transfer of
Minkowski momentum.

The transfer of photon momentum at the water/air interface is related to the conversion of optical power in
sound power. The incident laser optical power density on the interface is Iy = E; /(AT), which for
E /A = 52.5mJcm “andT = 8 nsgivesI; = 6.6 MW cm ™ 2. The average sound power density can be
calculated with I = pZ,../(v*p), where vis the sound velocity and p the density, but requires the measurement of
the absolute maximum pressure p,,.x. The PA waves generated by low laser fluences at the water/air interface are
too weak to be detected by a hydrophone. On the other hand, piezophotonic materials are designed to produce
very intense PA waves [26], which enable their measurement by a hydrophone and its indirect calibration with
an immersion transducer. Hence, we used a calibrated hydrophone and 532 nm laser pulses with different
energies to measure p;,,,, generated by a piezophotonic film [26] floating on water, and repeated the
measurement using the immersion transducer. The frequency range of the calibrated hydrophone (1-20 MHz)
overlaps with the frequency range of the immersion transducer response (7.6-13 MHz, within —6 dB). The
linear relation between p,,,, from hydrophone and voltage from immersion transducer allowed us to estimate
Pmax = 11 Pafor photon momentum transfer, and calculate I, = 5 pW cm ™. Hence, under the conditions of
this experiment, the conversion of optical power into acoustic power by photon momentum transfer is only one
partin 10'%,

Figure 3 shows the angle dependence of the PA waves generated by momentum transfer. Following Snell’s
law, the angles between 6, = 48.75° and 90° correspond to total internal reflection. There is a very strong
dependence of the amplitudes on the angle, with the maximum PA wave generated at §... According to
Minkowski formalism, the angular dependence of the momentum transfer has the form [27]

f(8) = cos?6;[1 + R — (tan 0; / tan 6,) T, (1)
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Figure 3. Incident angle dependence of PA waves generated by 532 nm laser pulses in independent experiments, and behavior
expected from equation (1).

where 0; and 6, are respectively the incident and the refraction angles versus the interface normal, and Rand T
are the Fresnel coefficients of reflection and transmission in energy. Figure 3 shows that the Minkowski
momentum should attain its maximum at 0. in reasonable agreement with our observations.

The assignment of origin of the PA waves observed to the transfer of Minkowski momentum or of Abraham
momentum depends on whether the water surface is pushed out towards air or pulled inwards towards the bulk,
respectively. The first case should lead to a PA wave with a form similar to that of a thermoelastic expansion,
whereas in the second case the PA wave should resemble that of a thermoelastic contraction. The expansion, or
contraction, depends on the release of heat in the medium by the water molecules that absorbed the laser pulse.
This process is independent of the direction of the laser pulse. Figure 4 shows that this is indeed the case for
1064 nm laser pulses incident at different angles on the water/air interface. On the other hand, directionality of
momentum transfer sets different components in the acoustic waves that for angles very far from the normal
(8; = 0° in our definition of angle of incidence) may change the transducer waveform. Figure 4 shows that for
lager values of §; (i.e. for 6; > 60°), the transducer waveform changes. Ideally, the PA waves generated by photon
momentum transfer (532 nm laser pulses) and by thermoelastic expansion at room temperature (1064 nm)
should be compared for normal incidence (6; = 0°) to avoid angular dependences. In practice, figure 3 shows
that this is not possible because the intensity of the PA drops dramatically. Figure 4 shows that as ; decreases, the
transducer waveform due from momentum transfer approaches more closely that originated by thermoelastic
expansion. Hence, photon momentum transfer displaces surface water molecules outwards to air. Thisis a
manifestation of an outward force at the interface, i.e. of the Minkowski momentum.

The transfer of photon momentum to water molecules at the water/air interface was unambiguously
assigned at T = 3.9° making use of the absence of thermal expansion of water at this temperature. The transfer
of photon momentum at the water/air interface leads to the conversion of 1 part in 10'® of optical power into
acoustic power. This minute conversion nevertheless produces PA waves that can be detected with ultrasonic
transducers when nanosecond pulsed lasers with modest fluence rates are employed. The PA waves observed are
consistent with the Minkowski momentum: the optical radiation pressure pushes the water/air interface
outwards to air and the angular dependence of the PA waves follows the predictions of Minkowski. Far from the
critical angle, where the momentum transfer is the highest, the PA waves decrease significantly in intensity and
are difficult to measure. We did not succeed in detecting PA waves originated by photon momentum transfer at
the air/water interface when laser pulses travel from air to water, possibly because of the lower conversion of
optical power into acoustic power. Refraction is always present in this configuration. The fraction of photon
momentum transferred is smaller when refraction is higher, i.e. when more photons cross the interface.

The thermoelastic properties of water and the sensitivity of the photoacoustic technique provided the
conditions necessary to measure the transfer of photon momentum at the water/air interface. The thermoelastic
component due to concurrent light absorption by water was suppressed by proper control of water temperature
or selection of the wavelength. Photon momentum transfer was maximized at the critical angle, when the
evanescent wave appears. The frustrated attempt of photons to cross the water/air boundaryleads to a
measurable loss of photon momentum. Minkowski and Abraham theories deal with changes in photon
momentum when the boundary between different dielectric media is crossed. The total internal reflection of the
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Figure 4. PA waves generated at 1064 nm (fluence rate 5mJ cm ™) and 532 nm (fluence rate 53 mJ cm ™ 2) at different angles of light
incidence.

photons is also a case of photon momentum discontinuity at an interface, but our measurements shows that
when light is reflected at the water/air interface and remains in water, a larger change in photon momentum
occurs than when light crosses the interface. This observation unveils new opportunities in optical

manipulations of fluids.
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00313/2019, Roteiro/0152/2013/022124 and PTDC/QEQ-MED/3521/2014), and by H2020 Research

Infrastructures (LaserLab Europe 654148).

ORCID iDs

Fabio A Schaberle @ https:/orcid.org/0000-0002-9339-7259
Carlos Serpa ® https:/orcid.org/0000-0001-7004-0110
Luis G Arnaut ® https:/orcid.org/0000-0002-3223-4819

References

[1] Minkowski H and Ges N 1908 Nachr. Ges. Wiss. Gottingen 53 53—111
[2] Abraham M 1909 Rend. Circ. Matem. Palermo 28 1
[3] Jones RV and Richards ] C S 1954 Proc. R. Soc. A 221 480
[4] Jones RV and Leslie B 1978 Proc. R. Soc. A 360 347
[5] Balazs N L1953 Phys. Rev. 91 408
[6] Ashkin A and Dziedzic ] M 1973 Phys. Rev. Lett. 30 139
[7] Astrath N G C, Malacarne L C, Baesso M L, Lukasievicz G V B and Bialkowski S E 2014 Nat. Commun. 5 4363
[8] ZhangL, She W, Peng N and Leonhardt U 2015 New J. Phys. 17 053035
[9] HindsE A and Barnett SM 2009 Phys. Rev. Lett. 102 050403
[10] BarnettS M 2010 Phys. Rev. Lett. 104 070401
[11] Pozar Rand Mozina] 2013 Phys. Rev. Lett. 111 185501
[12] Bethune-Waddell M and Chau K] 2015 Rep. Prog. Phys. 78 122401
[13] WangS,Ng]J, Xiao M and Chan C T 2016 Sci. Adv. 2 1501485
[14] Verma G, Chaudhary K and Singh KP 2017 Sci. Rep. 7 42554
[15] Partanen M, Héyrynen T, Oksanen J and Tulkki ] 2017 Phys. Rev. A 95 063850
[16] Pozar R, LalosJ, Babnik A, Petkovsek R, Bethune-Waddell M, Chau K J, Lukasievicz G V B and Astrath N G C 2018 Nat. Commun.

93340



https://orcid.org/0000-0002-9339-7259
https://orcid.org/0000-0002-9339-7259
https://orcid.org/0000-0002-9339-7259
https://orcid.org/0000-0002-9339-7259
https://orcid.org/0000-0001-7004-0110
https://orcid.org/0000-0001-7004-0110
https://orcid.org/0000-0001-7004-0110
https://orcid.org/0000-0001-7004-0110
https://orcid.org/0000-0002-3223-4819
https://orcid.org/0000-0002-3223-4819
https://orcid.org/0000-0002-3223-4819
https://orcid.org/0000-0002-3223-4819
https://doi.org/10.1007/BF03018208
https://doi.org/10.1098/rspa.1954.0043
https://doi.org/10.1098/rspa.1978.0072
https://doi.org/10.1103/PhysRev.91.408
https://doi.org/10.1103/PhysRevLett.30.139
https://doi.org/10.1038/ncomms5363
https://doi.org/10.1088/1367-2630/17/5/053035
https://doi.org/10.1103/PhysRevLett.102.050403
https://doi.org/10.1103/PhysRevLett.104.070401
https://doi.org/10.1103/PhysRevLett.111.185501
https://doi.org/10.1088/0034-4885/78/12/122401
https://doi.org/10.1126/sciadv.1501485
https://doi.org/10.1038/srep42554
https://doi.org/10.1103/PhysRevA.95.063850
https://doi.org/10.1038/s41467-018-05706-3

10P Publishing

NewJ. Phys. 21(2019) 033013 F A Schaberle et al

[17] Brevik 12018 Mod. Phys. Lett. A 33 1830006

[18] Hale GM and Querry M R 1973 Appl. Opt. 12555

[19] Verma Gand Singh K P 2015 Phys. Rev. Lett. 115 143902

[20] ArnautL G, Caldwell R A, Elbert ] E and Melton L A 1992 Rev. Sci. Instrum. 63 5381

[21] Pineiro M, Rocha Gonsalves AM D A, Pereira M M, Formosinho SJ and Arnaut L G 2002 J. Phys. Chem. A 106 3787
[22] Schaberle F A, Nunes RM D, Barroso M, Serpa C and Arnaut L G 2010 Photochem. Photobiol. Sci. 9 812

[23] Waasem N, Fieberg S, Hauser ], Gomes G, Haertle D, Kithnemann F and Buse K 2013 Rev. Sci. Instrum. 84 023109
[24] Schaberle F A, Rego Filho F AM G, Reis L A and Arnaut L G 2016 Photochem. Photobiol. Sci. 15 204

[25] Jesus CSH, Cruz P F, Arnaut L G, Brito RM M and Serpa C 2018 J. Phys. Chem. B 122 3790

[26] Sa GFF, Serpa Cand Arnaut L G 2013 J. Contro I. Release 167 290

[27] Casner A and Delville J-P 2003 Phys. Rev. Lett. 90 144503



https://doi.org/10.1142/S0217732318300069
https://doi.org/10.1364/AO.12.000555
https://doi.org/10.1103/PhysRevLett.115.143902
https://doi.org/10.1063/1.1143407
https://doi.org/10.1021/jp013678p
https://doi.org/10.1039/c0pp00025f
https://doi.org/10.1063/1.4792724
https://doi.org/10.1039/C5PP00397K
https://doi.org/10.1021/acs.jpcb.8b00229
https://doi.org/10.1016/j.jconrel.2013.02.005
https://doi.org/10.1103/PhysRevLett.90.144503

	References



