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Device and method for measuring and imaging second harmonic generation scattered radia

tion

The present invention relates to nonlinear optical spectroscopy and, in particular, to a device

and a method for performing measurements and imaging using second harmonic generation

(SHG) scattered radiation from a sample.

Many biological and chemical properties of nano- and micro-sized objects, such as particles,

electrodes, implants, bubbles, droplets, viruses, micelles, liposomes and living cells are de

termined by processes occurring at the interface between the object and a medium surround

ing or being in contact with the object. Examples of interface processes include the electro

static current that flows through the outer membrane of a neural cell, the transport of proteins

and reagents through a membrane, production processes inside organelles such as ribosomes

and mitochondria, the uptake of oxygen in blood cells, or the formation of fibrous plagues r e

sponsible or related to Alzheimer's disease. These interface processes are usually confined to

a 1 nm thick slab or layer that surrounds the object. Linear optical techniques are insensitive

to interface processes and cannot be used for a determination of the properties of the interface

processes of these objects.

Second-order nonlinear optical techniques are surface sensitive and ideally suited to image

interface processes in isotropic media. Second harmonic generation (SHG) is a second-order

nonlinear optical process, in which two photons (usually with identical frequencies and origi

nating from the same laser beam) interacting via a nonlinear process with a material are effec

tively combined to form new photons with twice the frequency and half the wavelength of the

initial photons. This process is a special case of sum frequency generation and unlike fluores

cence the process is instantaneous. For isotropic materials the SHG process is forbidden in

bulk media but allowed at interfaces. Apart from being sensitive to the structure of an inter

face, there is also a linear relationship between the emitted electric field and the electromag-



netic potential. This includes the sensitivity for surface plasmons. Accordingly, probing a bulk

liquid such as water with regard to a SHG process only gives rise to a very weak background

signal arising from small fluctuations in the average isotropy of the structure. The generation

of the background signal is commonly known as Hyper Rayleigh Scattering (HRS).

An overview of applications and experiments using a SHG scattering signal is given in [1]. In

many previous experiments [ 1 - 7] the measurement setup included a femtosecond laser

source emitting a single beam of laser pulses with a high repetition rate in a range from 80-90

MHz with a wavelength of 800 nm and pulse energies of up to 15 nJ. The SHG scattered sig

nal was detected with a photomultiplier tube in the photon counting mode. In many cases

chromophores were included in the samples to enhance the signal strength of the SHG scat

tered signal and improve the detection efficiency. Chromophores stimulate the emission of the

SHG scattered radiation if the SHG photon energy matches one of the energy levels of the

chromophore.

In a few studies [6, 8] no emission enhancing chromophores have been utilized. The intrinsic

signal response of the interfaces was directly measured, but the detected SHG signal was very

low. A corresponding experiment published in [6] reports about the detection of SHG scat

tered radiation from the surface of a dilute suspension of 100 nm polystyrene particles in w a

ter.

A global description of SHG microscopy is given in [9]. Most SHG microscopy applications

rely on the detection of exogenous markers such as surface modifiable SHG active nanoparti-

cles or endogenous bulk responses [10]. One example of detecting surface properties with

SHG microscopy is the measurement of the membrane potential in dendritic spines using a

SHG signal [ 1 1]. In this example chromophores were engineered to exhibit a membrane affin

ity so that they could be used to enhance the SHG signal from the membrane. In a number of

cases endogenous structures have been investigated that exhibit a non-centrosymmetric struc

ture and therefore give rise to allowed bulk SHG [12]. The instrumentation used for SHG m i

croscopy is similar to that used for SHG scattering measurements and the more commonly

employed confocal two photon fluorescence microscopy. The experimental optical setup in

most experiments typically includes an oscillator as a light source with a pulse repetition rate



of more than 1 MHz and the pulse energies of the laser pulses are typically below 10 nJ. The

SHG scattered signal is detected using a photon counting technique [9]. Examples of a label-

free surface sensitive SHG microscopy have been described as well. It was the object of these

experiments to detect the surface chiral response of a patterned planar supported lipid bi-layer

[13].

US 6 055 051 A refers to a method for determining surface properties of microparticles. Se

cond harmonic generation (SHG), sum frequency generation (SFG) and difference frequency

generation (DFG) can be used for surface analysis or characterization of microparticles having

a non-metallic surface feature. The microparticles can be centrosymmetric or such that non-

metallic molecules of interest are centrosymmetrically distributed inside and outside the

microparticles but not at the surface of the microparticles where the asymmetry aligns the

molecules. The signal is quadratic in incident laser intensity or proportional to the product of

two incident laser intensities for SFG, it is sharply peaked at the second harmonic wavelength,

quadratic in the density of molecules adsorbed onto the microparticle surface, and linear in

microparticles density.

WO 02 46764 A l refers to methods of detecting molecules at an interface which comprise la

belling the molecules with a second harmonic-active moiety and detecting the labelled

molecules at the interface using a surface selective technique. The disclosure also provides

methods for detecting a molecule in a medium and for determining the orientation of a

molecular species within a planar surface using a second harmonic-active moiety and a

surface selective technique.

US 2010 031748 A l discloses methods for detecting and evaluating the quality of protein

crystals comprising subjecting a sample to second order non-linear optical imaging and de

tecting the second harmonic generation signal.

EP 07 40156 A l relates to the use of nonlinear optical methods of surface second-harmonic

generation and sum-frequency generation to detect immuno and enzyme reactions and nucleo

tide hybridisation.



In the majority of applications in which SHG signals have been used including SHG scatter

ing experiments and SHG microscopic measurements chromophores such as fluorescent

dyes, intrinsic or genetically modified proteins, quantum dots, and nanoparticles are utilized

as beacons to enhance the strength of the SH scattered light [1, 9].

However, the use of these photosensitive markers results in a low photo damage threshold of

the sample material [14]. This in turn requires the use of low pulse energies of the exciting

laser beam in order to avoid damages of the sample. In combination with low pulse energies

high repetition rates of the laser pulses and a narrow laser focus are used in order to obtain

sufficient signal strength that can be detected. Accordingly, to perform these measurements,

pulse energies in the order of 0.1 - 1 nJ and repetition rates in the range MHz to GHz are typ

ical for the laser sources [9]. For microscopy, these conditions often necessitate a confocal

microscopy layout employing a narrow focus that is scanned across the sample. The need to

scan the optical beam significantly limits the time resolution for imaging.

Most efforts to enhance the sensitivity of detection of SHG scattered signals either followed a

direction to design and apply more efficient chromophores being less prone to photo damage

or having a higher quantum efficiency [15], or a direction to optimize the pulse energy and

repetition rate of the laser pulses with regard to the photosensitive markers. The latter optimi

zation strategy resulted in (1) slightly higher repetition rates (if the chromophores were a l

ready saturated by the applied laser pulse energies) or in (2) slightly lower repetition rates to

reduce thermal effects [9].

It is the object of the present invention to provide a device and a method for performing

measurements using second harmonic generation (SHG) scattered radiation from a sample

not being limited by the use of chromophores and a corresponding low photo damage thresh

old or a respective high repetition rate and still providing an increased strength of the scat

tered SHG signal.

This object is achieved by a method having the features of claim 1 and a device having the

features of claim 9 .



The method for performing measurements using second harmonic generation (SHG) scattered

radiation from a sample including a turbid medium according to the invention includes

providing a beam of laser pulses from a laser source having high pulse energies and a low

repetition rate; splitting the beam of laser pulses into two partial beams and focussing and

overlaying the partial beams on a sample including the turbid medium; and detecting second

harmonic radiation scattered from the sample. Preferably, the laser pulses have high pulse

energies of more than 1 nJ and a low repetition rate of less than 10 MHz.

Due to the use of high pulse energies above 1 nJ and a low repetition rate below 10 MHz, i.e.

pulse energies in an energy regime above the energy regime of previous experiments, and the

use of repetition rates in a regime below the regime of previous experiments the method ac

cording to the invention permits the detection of interfacial processes on particles, bubbles,

droplets, viruses, micelles, liposomes and living cells without any use of chromophores such

as fluorescent dies, intrinsic or genetically modified proteins, quantum dots or nanoparticles

as beacons or indicators of surface properties and still results in SHG scattered signals of su f

ficient strength. Therefore, the method according to the invention permits a label-free obser

vation of biological interface processes without chromophores. The method of the invention is

particularly suited to measure intrinsic interface properties of small objects in turbid media. A

turbid medium is a medium that does not have temporal or spatial uniform dielectric proper

ties so that light is scattered by it. The fluctuations in the average isotropy of a medium are

classified as turbid when the linear dielectric properties deviate enough in time and space to

cause light scattering.

Unlike fluorescence, the scattered second harmonic radiation of the method according to the

present invention can be detected instantaneously. Furthermore, also the time resolution will

no longer be hindered by scanning.

Since the threshold of damage of the sample material is higher without any chormophores, a

use of low pulse energies in combination with high repetition rates is not necessary. Due to

the fact that the efficiency of generation of second-harmonic photons depends as a square

function on the pulse energy, but linearly on the repetition rate f, a significant improvement of



detection efficiency due to an increased signal strength of scattered radiation with respect to

conventional methods is obtained.

According to one embodiment, the laser pulses from the laser source have a repetition rate of

one of less than 10 MHz, less than 1 MHz, less than 100 kHz and less than 10 kHz. More sp e

cifically, the repetition rates are selected from one of the ranges: 10 MHz to 1 MHz, 1 MHz to

100kHz, 100kHz to 10kHz, and 10kHz to 1 kHz.

According to yet another embodiment the pulse energies from the laser source are more than 1

nJ, more than lOnJ, more than lOOnJ, more than 1 µ , more than ΙΟΟµΙ . More specifically, the

energy of the laser pulses is selected from one of the ranges between 1 nJ and lOnJ, lOnJ and

lOOnJ, lOOnJ and 1 µ , 1 µ and Ι ΟΟµ

According to a further embodiment, the laser pulses are focussed on the sample with a focus

having a diameter of 500nm, lOOOnm, ΙΟµιη , ΙΟΟµιη, 500µιη or more or with a focus having

a diameter in a range between these values. By enlarging the focus from ~ 1000 nm to -100

microns in diameter, the fluence can be kept low. For imaging the produced SH light can be

captured with a CCD camera enabling microsecond frame rates. Thus apart from being more

sensitive (for probing interfaces in-situ), the setup also enables fast time tracking of nano-

probes. In particular, due to the larger focus and the increased sensitivity of the embodiment it

is in many cases no longer necessary to scan the samples for taking images. Images can be

taken within short acquisition times in the range of microseconds. For example, acquisition

times can be in the range between 1 µ and Is, in particular, can be 1 µ , ΙΟµβ, ΙΟΟµβ , 50 ms,

250 ms or Is, below ΙΟµβ or above Is.

According to a further embodiment, the second-harmonic radiation scattered from the sample

is detected by means of a gated photon counting technique. In this technique a photon counter

may be coupled to the detector such as a photomultiplier or a CCD and can be used to elec

tronically register or count the photons impinging on the detector only within defined, short

time intervals which are preferably synchronized with the laser pulses of the pulse source. The

intervals may include for example a time span of 1000 ns, 500 ns, 250 ns, 100 ns, 90 ns, 80

ns, 70 ns, 60 ns, 50 ns, 40 ns, 30 ns, 20 ns, 10 ns, 5 ns, or 1 ns or any other suitable time span.



The beginning and / or the end of the photon counting time intervals may be controlled or

triggered by laser pulses and preferably by the laser pulses split off from the pulse source

beam used for exciting the sample. The gated photon counting technique is an efficient way to

record light intensity of low level signals. Gating in conjunction with the pulsed light source

permits to reduce the effective background count rate.

The use of femtosecond pulses in a regime of high pulse energies and with a repetition rate in

a regime of low repetition rates for the sample excitation in combination with a gated photon

detection technique for the SHG scattered photons according to this embodiment provides a

further amended detection-sensitivity and a higher quality of the detected signal.

According to still another embodiment, the beam is split into two partial beams being polar

ized.

According to yet another embodiment, the state of polarization of one of the partial beams is

different from the state of polarization of the other partial beam.

According to yet another embodiment, the state of polarization of at least one of the partial

beams is variable and is one of linear, circular or elliptical. Furthermore, according to yet an

other embodiment the pulses of one of the partial beams are timely delayed with regard to the

pulses of the other partial beam. The delaying of the pulses can be achieved by a means such

as a movable, in particular linearly displaceable, mirror that can be controlled to vary the

length of the path of at least one of the partial beams. Spatial light modulators can also be

used to modify the polarization or the phase or the delay of the pulses, or the temporal profile

of the pulses.

The control of phase, polarization and time delay of the partial beams provide additional sen

sitivity with regard to particular surface characteristics such as surface chirality and energy

flow. Accordingly, the detection efficiency for chiral surface constituents which have been

shown to generate a significant amount of second harmonic signals can be enhanced. A chiral

surface or a surface having chiral units absorbed on it will have non-zero second order suscep

tibility elements of the form X-L|| , ||
1 (where . refers to the surface normal and are two or-



thogonal tangential components). These second order susceptibility elements can be uniquely

probed by using a crossed polarization scheme of the type PSP, PPS or SPP, wherein these

polarization combinations refers to the specific polarization states of the scattered and inci

dent beam, respectively. The first letter stands for the scattered light polarization state and the

second and third for the polarization states of the incident beams. When the polarization vec

tor is normal to the plane defined by the input and scattered beam, the polarization is referred

as S and when lying in the plane is referred as P.

According to the invention, a system for detecting SHG scattered radiation from a sample in

cluding a turbid medium is provided. The system comprises a laser source outputting a beam

of laser pulses; a beam splitter arranged to receive the beam of laser pulses and to split the

beam of laser pulses into two partial beams; a sample on which the two partial beams are fo

cused and superposed; a detector such as a photomultiplier or a CCD arranged to receive laser

pulses from a laser source wherein the laser pulses from the laser source have a pulse energy

of more than 1 nJ and a repetition rate of less than 10 MHz.

Due to a use of femtosecond laser pulses in a high energy regime and a repetition rate of the

laser pulses in a regime of low frequencies the system according to the invention allows a de

tection and imaging of interfacial processes of particles, electrodes, bubbles, droplets, viruses,

micelles, liposomes and living cells with sufficient signal strength of the scattered SHG radia

tion without a use of markers such as chromophores to enhance the signal strength of the SHG

scattered radiation. The system permits to efficiently detect the intrinsic interface response of

any dielectric material. In particular, it permits a label-free measurement of biological inter

face processes.

According to another embodiment, a static quasi-confocal SH microscope is used. It may

comprise two focussed beams that simultaneously illuminate a large portion of the sample at

an angle. The angle is chosen such that (1) the intense fundamental beam does not damage the

imaging objective lens, (2) allows for the analysis of eight possible polarization combinations

which can be used to perform orientational analysis, as shown later and (3) highlights the

presence of sub-micron sized structures. Detection is done by gating an intensified CCD cam

era optimized for low light applications. Although optimized for SHG imaging the system can



easily be used for other types of microscopy, in both forward and epi detected geometries.

The microscope may comprise other or additional components and modifications. The pulse

length of the pulses in the beams may be in a range between 50fs and 500fs or more.

According to one embodiment the laser pulses from the laser source have a repetition rate of

one of less than 10 MHz, less than 1 MHz, less than 100kHz, and less than 10kHz. More sp e

cifically the repetition rates are selected from a range selected from one of the ranges from 10

MHz to 1 MHz, 1 MHz and 100kHz, 100kHz and 10kHz, and 10kHz and 1 kHz.

According to yet another embodiment the pulse energies from the laser source are more than 1

nJ, more than lOnJ, more than lOOnJ, more than 1 µ , more than ΙΟΟµΙ . More specifically, the

energy of the laser pulses is selected from one of the ranges between 1 nJ and lOnJ, lOnJ and

lOOnJ, lOOnJ and 1 µ , 1 µ and Ι ΟΟµ

According to a further embodiment, the laser pulses are focussed on the sample with a focus

having a diameter of 500nm, lOOOnm, ΙΟµιη, ΙΟΟµιη, 500µιη or more or with a focus having

a diameter in a range between these values. By enlarging the focus from ~ 1000 nm to -100

microns in diameter, the fluence can be kept low. For imaging the produced SH light can be

captured with a CCD camera enabling microsecond frame rates. Thus apart from being more

sensitive (for probing interfaces in-situ), the setup also enables fast time tracking of nano-

probes.

According to one embodiment, the detector is arranged to detect laser pulses with a gated

photon counting technique. In this technique a photon counter is coupled to the detector such

as a photomultiplier or a CCD and is adjusted to count the photons impinging on the detector

only within defined, short time intervals. The beginning of the time intervals may be synchro

nized with the laser pulses from the pulse source by using the pulses, and preferably their

leading edges for triggering of the photon counting. The time intervals may include, for ex

ample, a time span of 1000 ns, 500 ns, 250 ns, 100 ns, 90 ns, 80 ns, 70 ns, 60 ns, 50 ns, 40 ns,

30 ns, 20 ns, 10 ns, 5 ns, 1 ns or any other suitable time span.



The use of a gated photon counting technique in combination with the laser pulses of high en

ergy and a low repetition rate of the femtosecond laser pulses of the system according to the

invention provides an optimized detection of second-harmonic scattered radiation from intrin

sic samples. Low photo damage thresholds related to a use of photosensitive markers can be

avoided. Instead, high-pulse energies of more than 50 nJ and repetition rates of less than 1

MHz can be applied permitting reasonable signal strengths without a use of any chromo-

phores. The gated photon counting in conjunction with the pulsed light source reduces the e f

fective background count rate and hence improves the signal strength and quality.

According to another embodiment, the system comprises a means to vary the path length of at

least one of the two partial beams with regard to the other partial beam. This means can be

implemented by a movable mirror.

According to yet another embodiment, the beam splitter is arranged to split the beam of laser

pulses into two partial beams being polarized, wherein the state of polarization of one of the

partial beams is different from the state of polarization of the other partial beam.

Controlling the polarization and time delay results in additional sensitivity of the system en

hancing the detection of chiral surface constituents generating a significant amount of second-

harmonic signals.

According to still another embodiment, the system comprises a means to vary the state of po

larization of at least one of the partial beams to one of linear or circular polarization.

According to yet another embodiment, the sample includes one or several of a turbid medium,

a particle, a bubble, a droplet, a virus, a micelle, a liposome and a living cell.

In the following the invention is described by means of a non-limiting exemplifying embodi

ment with regard the annexed drawing in which

Fig. 1A shows an experimental setup for measuring SHG scattered radiation from a

sample including a turbid medium;



shows an optical scheme of a SHG microscope;

shows a schematic representation of the gated detection means used in the ex

perimental setup;

shows the power dependence of a SHG scattered signal from a solution with

PS beads with a 0.026 v.v% and a diameter of 500 nm, PP polarization combi

nation and a repetition rate of 200 kHz. The power is measured in front of the

focusing lens in mW, wherein the scattered light was detected at 30 degrees

with an angle of acceptance of 20 degrees and a data acquisition time of 10s;

shows the intensity of a SHG signal from aqueous solutions of PS particles

with diameters of 500 nm, PP polarization combination (PP polarization com

bination refers to the specific polarization states of the scattered and incident

beam respectively. The first letter stands for the scattered light polarization

state and the second for the polarization state of the incident beam. When the

polarization vector is normal to the plane defined by the input and scattered

beam, the polarization is referred as S and when lying in the plane is referred

as P) and a repetition rate of 200 kHz as a function of particle density, wherein

the laser power measured in front of the focusing lens was 118 mW, and the

scattered SHG signal was detected at 30 degrees with an angle of acceptance

of 20 degrees and an acquisition time of 10s;

shows the integrated intensity of Hyper Rayleigh Scattering from pure water as

a function of exposure time, wherein the inset shows the response for a time

lapse of 5 ms (i.e. 1000 laser shots); the angular resolution was 1.4° degrees

and the scattering angle was set to 51.4° degrees;

show a comparison of samples with a detection angle of 30° degrees, an acqui

sition time of 10 s, a repetition rate of 200 kHz, laser power in front of the fo

cusing lens of 118 mW, and PP polarization, wherein Fig. 6a shows a SHG

signal response from the surface of PS particles (0.026 v.v%, and a diameter of

500 nm), and 4 nm gold nanoparticles, and Fig. 6b shows a comparison of sig

nal strengths for liposomes (0.075 v.v%), nanoparticles (8 nm, 12 g/ml), and

polystyrene particles (0.026 v.v% , diameter 500 nm);

show wide field and phase contrast and second harmonic (Fig. 7a) images tak

en of cultured mouse neurons;



Fig. 8a - c show phase contrast images and figures 8d - f show corresponding SHG imag

es of living human ovarian cancer cells (Fig. 8 a, d), axons of living mammali

an neurons (Fig. 8 b, e), and epithelial cancer cells (Fig. 8 c, f ;

Fig. 9a - e show time resolved images of living cells including a wide field image (fig. 9a)

and a SHG image (fig. 9b) of human epithelial cells, two particle tracks (fig.

9c); and the determined mean square angular displacement (fig. 9d) and spatial

(fig. 9e) displacement;

Fig. 10 shows a wide field image of two gold electrodes (fig. 10a), a SHG image show

ing plasmons at the interface (fig. 10b), a SHG image when a potential of 1.5 V

is applied (fig. 10c), and the intensities (fig. lOd) measured under different

conditions along the dotted line in fig. 10c; and

Fig. 1l a - c show a neuronal junction (synapse) that is stimulated with drugs to change its

membrane potential.

An example of an experimental optical setup for measuring second harmonic generation

(SHG) scattered radiation from a sample according to the invention is presented in Fig. 1. It

includes a laser source 1. In particular, the laser source is a laser system (Pharos, Light Con

version) delivering a beam 2 of femtosecond pulses with a repetition rate of f < 1 MHz, and

pulse energies > 50 nJ. The beam 2 is split by a polarizing beam splitter 3 into a first partial

beam 5 and a second partial beam 6 . The partial beams have different states of polarization,

preferably perpendicular states of polarization. Furthermore, means (not shown) that are ar

ranged to controllably vary the path length of at least one of the partial beams 5, 6 and means

to control or change the state of polarization of at least one of the partial beams 5, 6, and

means to control or change the phase of at least one of the partial beams 5, 6, and means to

control or change the temporal profile of at least one of the partial beams 5, 6 such as a polar

izer, polarization modulator, half-wave plate or spatial light modulator may be included in

the system. Both partial beams 5, 6 are collimated, passed through filters 7 and focussed with

the same optic, in particular lens 9, on a sample 11. Appropriate filters 7 are filters that block

the transmission of irradiation with wavelengths other than that of the light source 1. The r a

diation scattered from the sample 11 is focussed in a detector arrangement 13. The detector

arrangement 13 includes a lens 14 to collect and collimate the scattered light, a polarizer 15

for selecting the polarization state of one of the two partial beams 5, 6, a filter 17 that allows



the transmission of radiation having a wavelength half of that of the incident beam and a lens

10 to focus the light on a gated detection means 19. The experiments described with regard to

Figs. 3 - 6 have been conducted with this optical setup.

In the gated detection means 19 schematically shown in Fig. 2 a photomultiplier can be used

as the detector 61. Alternatively, a CCD camera with a spectrometer (not shown) can be used

as the detector 6 1 providing signal measurements with spectral dispersion. The gated detec

tion means 19 includes a photon counter 63 that is coupled to the detector 6 1 and that permits

to count photons within defined, preferably short time intervals. The photon counter 63 is

controlled by a computer 65 and the photon counting is preferably synchronized with the

pulsed light source. In particular the photon counting is triggered by the pulses emitted by the

source 1. Gating in conjunction with the pulsed light source is used to reduce the effective

background count rate and provides signals of better quality having less noise. In particular,

the gated photon counting method is of advantage when low laser pulse repetition rates are

used, since the effective detection intervals can be shortened compared to the time intervals

between laser pulses. Hence, the background count rate can be reduced. Preferably, the gating

time width is narrower than 100 ns and can be for example 100 ns, 90 ns, 80 ns, 70 ns, 60 ns,

50 ns, 40 ns, 30 ns, 20 ns, 10 ns, 5 ns, or 1 ns.

The detector 13 is positioned on a swivelling arm (not shown) that can be rotated about a l

most 360° around the sample 11 in the plane of the figure and hence adjusted to almost any

scattering angle.

The possibility of controlling polarization and time delay of the partial laser beams 5, 6

brings additional sensitivity with respect to surface chirality and energy flow in some exper

iments. Using different polarization combinations allows for the probing of different tensor

components of the second-order susceptibility. These tensor components can originate e.g. to

chiral constituents or crystallites. By delaying the laser beams different processes can be

probed. The time delay can be used to change the time overlap between the pulses. As an ex

ample, overlapping beams with P and S polarization under an angle can give rise to SPS,

SPP, PSP, PSS polarization combinations if the time delay of both pulses is matched. The



signal generated by the individual beams (PPP, SSS, SSP, PPS) is always generated regard

less of the time delay.

The device operates in combination with a software for analysis of the data. This software

includes modules for predicting scattering patterns as well as modules for the analysis and

suppression of fluctuations by means of correlation functions (dynamic nonlinear light scat

tering, see [16]). The software may also contain a compressive sensing algorithm that can be

used in a feedback loop in combination with a digital mirror device placed at the location of

15. The above improvements are equally applicable to second harmonic imaging. Acquired

data that are presented below show the significant improvement over state of the art methods.

Alternatively, the experiments were carried out with a static quasi-confocal SH microscope as

shown in Fig. lb. The SH microscope comprises two loosely focused 190 fs, 1030 nm, 10-

200 kHz, 1-1000 nJ beams 21, 23 that simultaneously illuminate a large portion of a sample

25 at an angle. The angle is chosen such that (1) the intense fundamental beam 21, 23 does

not damage the imaging objective lens 27, (2) allows for the analysis of eight possible polari

zation combinations which can be used to perform orientational analysis, as shown later and

(3) highlights the presence of sub-micron sized structures. The two beams 21, 23 are generat

ed by splitting a beam of laser pulses emitted from a laser 29 with a non-polarizing beam

splitter 31. Each of the beam paths includes a mirror 33, 35 reflecting the respective beam 21,

23 towards the sample 25, wherein at least one of the mirrors 33, 35 is displaceable and can

be used as a variable delay in the beam path. Furthermore two low NA lenses 37, 39 are used

to focus the beams 21, 23 on the sample 25. Detection is done by gating an intensified CCD

camera 4 1 optimized for low light applications. The optimized camera setup includes two

high NA lenses 43 for collecting the SHG light which are positioned on opposite sides of the

sample and two CCD cameras 4 1 behind the high NA lenses 43. Between the high NA lenses

43 and the CCD cameras 4 1 a respective polarization state analyser 47, 49 and one or more

lenses 51, 53 are positioned. Although optimized for SHG imaging the system can easily be

used for other types of microscopy, in both forward and epi detected geometries. The experi

ments described with regard to Figs. 7 - 10 have been conducted with this SH microscope.



Experimental results:

Experiments were performed using SHG scattering to measure the surface response of mate

rials. In the present studies and in the absence of adsorbed molecules such as chromophores

the SHG signal is a second-order response from a sample surface composed of a structural

and a charge contribution such as ions that are in proximity to the surface.

In those experiments, a light source providing 190-fs pulses at a fundamental wavelength of

1030 nm was used with a tunable repetition rate ranging between 1-200 kHz. The incident

beam was focused into a cylindrical cell including the sample with a diameter of 0.4cm. SHG

scattered photons were detected in the transmitted direction at variable scattering angles using

gated photon counting. Filters were used to separate the SHG scattered photons from the

background signal of the fundamental laser mode and other background signals. The meas

ured data included SHG scattered radiation from polystyrene (PS) particles (500 nm diame

ter), liposomes (100 nm diameter) dispersed in water, and gold nanoparticles (8 nm diameter)

in water and the Hyper Rayleigh Scattering (HRS) background signal from the water. The

SHG signal from the scattering interface was obtained by subtracting the HRS response from

the total SHG signal response.

As mentioned above, in most earlier experiments particle interfaces are probed by means of

chromophores that absorb exciting light on the surface. For a few measurements for which a

non-resonant label-free response was reported, the signal was very low and close to the detec

tion limit. Therefore all test measurements have been performed using the non-resonant sur

face response. This response has been reported in [6]. Comparisons will be made with respect

to that study.

The following test experiments were performed:

(i) Verification of the measurement of true surface SHG signals; (ii) Performance test and

comparison to previous instruments; and (iii) Test of different materials.



(i) The verification of the measurement of surface SHG signals included proving that the non-

resonant surface response of the PS particles was measured. The sample used consisted of

polystyrene (PS) beads with a diameter of 500 nm. It was checked that: (a) the SHG signal

varied as a square function of the input intensity; (b) the signal depends linearly on the parti

cle density; (c) there is no contribution from the sample cell windows as a source for the SHG

signal; (d) the SHG signal occurs exactly at the double frequency of the fundamental mode of

the exciting laser; (e) and that the polarizations of the SHG signal and the HRS signal are dif

ferent.

Regarding (a) it was verified that the signals from all samples displaying a SHG signal exhib

it a square function dependency on the incident fundamental intensity which confirms that the

signal is a SHG scattered signal. Figure 3 highlights this behavior for a sample including an

aqueous solution of 500 nm diameter PS particles.

Regarding (b) the functional dependency of the intensity of the SHG signal on the density of

scatterers in the solution was investigated. This was done to probe the incoherent nature of the

scattering process. Figure 4 illustrates the obtained results for an aqueous solution of 500 nm

PS particles over a range of particle densities of 1 - 10 109 / cm3. The observed linear depend

ency indicates that the nano-particles do not exhibit coherent interactions, since in this case, a

nonlinear dependency of the SHG signal on particle density would have resulted.

Regarding (c) the focus of the incident beam was varied and sample cells of different optical

path lengths have been used. Thereby, it could be shown that the SHG scattered signal did not

originate from either the input window or output window of the cells. This was further veri

fied by using a liquid- jet produced in a pump driven flow system. In this experiment the

sample cell was replaced by a liquid jet produced in a pump driven flow system. In this way a

generation of SH radiation that is generated by the cell windows was avoided.

Regarding (d) a β -ΒΒ crystal was placed in the path of the fundamental mode and the spec

trum was recorded. The SHG spectrum obtained with the β - crystal was identical to the

SHG spectrum obtained with the sample. This proves that the SHG signal and no fluorescence

was measured.



Regarding (e) it could be confirmed in a measurement that the polarization of a SHG signal

from the PS particle surface was different from the polarization of the HRS from water in ac

cordance with theory (e.g. [6]).

Furthermore, the performance of the device was compared with the experiments published in

[6]. The result is shown in Fig. 5 .

The acquisition time limit at 200 kHz is < 1 ms for the HRS response of water. This threshold

time for detecting a signal is 500 times shorter than what is reported in literature. Comparing

the signal response of water obtained by the present measurement to that in [6], an improve

ment of the signal to noise ratio of a factor of 5 was observed. If the ultra-low response of w a

ter can be measured with a 1 ms time resolution, then it is expected that the weak response of

interfaces can be recorded on time scales important for biological processes.

Different materials have been tested with the experimental setup shown above. Spectra of 500

nm PS particles in water and 8 nm gold nanoparticles are presented in Fig 6a. The signal from

the polystyrene particles reflects the exact SHG spectral response of the exciting pulses, while

the gold nanoparticles exhibit a broader spectrum. The broadening is due to the excitation of a

plasmon resonance. A comparison of the signal strength for three different samples is shown

in Fig. 6b, in which the gold nanoparticles and the polystyrene beads are compared with 100

nm liposomes (composed of POPG). Comparing this data to data in literature (for polystyrene

Ref. [6], for gold nanoparticles Ref. [17], and for liposomes Ref. [8]), shows a marked in

crease in device performance.

For the imaging experiments the scheme of Fig IB was used with forward detection. We

measured: (1) label- free images of human ovarian cancer cells, mammalian neurons, and hu

man epithelial cancer cells, (2) SH nanoparticles (30 nm BaTi03, and 100 nm K b0 3) dif

fusing in water and in cells, (3) voltage related SH signal on microelectrodes, (4) real time

electrolysis reactions of water on those microelectrodes, (5) membrane potential images on

living neurons.



Figures 8a - c shows phase contrast images and figures 8d - f show corresponding SHG imag

es of further samples. The images have been taken from living human ovarian cancer cells

(Fig. 8 a, d), axons of living mammalian neurons (Fig. 8 b, e), and epithelial cancer cells (Fig.

8 c, f). The dashed lines are a guide for the eye. The SHG light originates from the different

organelles in the cells that may have a different SHG emission depending on the state of their

life cycle. Furthermore, the SHG images show that each cell type has a different SHG signa

ture. The taking of those images is useful for cancer research or cell diagnostics. A label-free

SHG imaging of single cells has not been reported before.

Figure 9 demonstrates the possibilities of a time resolved imaging of living cells. 100 nm di

ameter SHG active KNb0 3 particles were injected into human epithelial cells by electro-

poration. Figure Fig. 9a shows a wide field image, and Fig. 9b shows a time integrated stack

of SHG images of the cells that now contain 100 nm particles. The arrows in Fig. 9b indicate

the particle motion. It can be seen that one particle (encircled) is restricted by the cell and an

other particle is being ejected by the cell (arrow). The tracks of both these particles are shown

in Fig. 9c. From the position and intensity of the tracks the mean square angular (d) and sp a

tial (e) displacement can be determined

The tracking of particle motion with SHG and the interaction of the particle with the electric

field of the laser pulses allows for the extraction of both translational and rotational motion

Having those numbers the local cell response as well as the micro viscosity can be deter

mined. Currently the state of the art (due to the need for scanning) is ~ 1 s . Using coated Ba-

Ti0 3 particles we can take images with only 0.5 milliseconds acquisition time. Such particles

can be coated with proteins and antibodies, and because they have a strong SHG signal, which

originates from < 100 nm, they can be used for super resolution imaging of biological speci

ficity.

Figure 10 demonstrates the possibility of voltage sensing, and monitoring surface plasmons

and electrochemistry. Figure 10a shows a wide field image of two 50 nm-thick (perpendicular

to the image plane) gold electrodes, in water. Figure 10b shows the SHG image of the elec

trodes, wherein the plasmons at the interface are visible. Figure 10c shows the SHG image,

when a potential of 1.5 V is applied between the electrodes, and Fig. lOd shows the SHG in-



tensity along the dotted line for disconnected electrodes, connected electrodes, and for poten

tials of 1.0V, 1.2V, and 1.5 V applied between the electrodes. The application of a voltage is

seen to both enhance the SHG signal (due to voltage dependence), and to change the plasmon

frequency (material property of the electrodes).

Figure 11 shows a neuronal junction (synapse) that is stimulated with drugs to change its

membrane potential. Figure 11a shows a wide field phase contrast image, figure 1lb shows a

time averaged SHG wide field image, and figure 11c shows a time trace of the SHG signal

intensity at the point indicated by the arrow. The time trace correlates with an independently

measured action potential signal.

Various additional modifications may be provided to the above described embodiment with

out leaving the scope of the invention.
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Claims

1. A method for measuring second harmonic generation (SHG) scattered radiation from a

sample including a turbid medium,

providing a beam of laser pulses from a laser source (1) having a high pulse

energy of more than lOnJ and a repetition rate of less than 10 MHz;

splitting the beam of laser pulses into two partial beams and focussing and

overlaying the partial beams on a sample (11) including the turbid medium;

and

detecting second harmonic radiation scattered from the sample (11).

2 . Method of claim 1, wherein the laser pulses from the laser source (1) have a repetition

rate of one of less than 10 MHz, less than 1 MHz, less than 100 kHz, and less than 10

kHz.

3 . Method of claim 1 or 2, wherein the laser pulses from the laser source (1) have an

energy of more than 1 nJ, more than lOnJ, more than lOOnJ, more than 1 µ , more than

ΙΟΟµΙ or an energy selected from one of the ranges between 1 nJ and lOnJ, lOnJ and

lOOnJ, lOOnJ and 1 µ , 1 µ and ΙΟΟµΙ .

4 . Method of anyone of claims 1 to 3, wherein the laser pulses from the laser source (1)

are focussed on the sample with a focus having a diameter of 500nm, lOOOnm, ΙΟµιη,

ΙΟΟµιη, 500µιη or more or with a focus having a diameter in a range between two of

these values.

5 . Method of anyone of claims 1 to 4, wherein the second harmonic radiation scattered

from the sample ( 11) is detected using a gated photon counting technique.

6 . Method of anyone of claims 1 to 5, wherein the beam is split into two partial

beams (5, 6) being polarized.



7 . Method of claim 6, wherein the state of polarization of one of the partial beams (5) is

different than the state of polarization of the other partial beam (6), wherein the state

of polarization of at least one of the partial beams (5) is one of linear or circular.

8. Method of anyone of claims 1 to 7, wherein the acquisition time for taking an SHG

image is in the range between 1 µ and Is, in particular, is a time in a range between

10 µ and 100 ms or between 100 µ and 10 ms.

9 . System for detecting second harmonic scattered radiation from a sample (11)

including a turbid medium, comprising:

a laser source (1) outputting a beam of laser pulses;

a beam splitter (3) arranged to receive the beam of laser pulses and to split the

beam of laser pulses into two partial beams (5, 6);

a sample ( 11) on which the two partial beams (5, 6) are focussed and

superposed;

a detector (13) arranged to receive laser pulses from a laser source (1),

wherein the laser pulses from the laser source (1) have a pulse energy of more

than lOnJ and a repetition rate of less than 10 MHz.

10. System of claim 9, wherein the laser pulses from the laser source (1) are focussed on

the sample with a focus having a diameter of 500nm, lOOOnm, ΙΟµιη , ΙΟΟµιη, 500µιη

or more or with a focus having a diameter in a range between two of these values.

11. System of claim 9 or 10, comprising a photon counter (63) coupled to the detector (13)

which is adjusted to count photons within predetermined time intervals.

12. System of anyone of claims 9 to 11, comprising a means to vary the path length of at

least one of the two partial beams (5, 6) with regard to the other partial beam.

13. System of anyone of claims 9 to 12, wherein the beam splitter (3) is arranged to split

the beam of laser pulses into two partial beams (5, 6) being polarized, wherein the



state of polarization of one of the partial beams (5) is different from the state of

polarization of the other partial beam (6).

14. System of anyone of claims 9 to 13, comprising a means to vary the state of

polarization of at least one of the partial beams (5) to one of linear or circular

polarization.

15. System of anyone of claims 9 to 14, wherein the sample ( 11) includes one or several

of a turbid medium, article particle solution, a bubble, a droplet, a virus, a micelle, a

liposome, and a living cell.
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