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ABSTRACT

Nowadays, interactions between pulsed electromagfieid and biological cells and tissues are paitirly investigated
to prevent any noxious effects and/or to developrapeutic processes able to improve cancer treatmen
Electrochemotherapy is an example which allows sirdglivery improvement thanks to local pulsed eledield
application. Consequently, high voltage electrioahosecond pulse generation has received greaeshttom the
researchers working in the bioelectromagnetic damia that framework, we demonstrated that picosdckilovolt
generator activated by a nanosecond and femtosdesed sources can be coupled with a Multiplex CerieAnti-
Stokes Raman Scattering system (M-CARS) to studyitfipact of electric pulses on biological cells. \g&nerated
kilovolt picosecond electric pulses by using a éoavave generator which integrated silicon PhotalDotive
Semiconductors Switches (PCSSs). Because of tearliswitching regime no temporal jitter is obserdeding the
optical switching thus, coherent combining of stalectric pulses can be obtained. Two semicondsicicg activated
with adjustable time delay, generating unipolarspalwith less than 60 ps rise time (pulse duratat ps). Balanced
and unbalanced bipolar pulses have been also ebtaiith a peak to peak voltage of 1.4 kV and al @higation of 244
ps. The initial optical pulse may be used to predacsupercontinnum extended from the visible andoujmfrared
domain (2.4 um). Thus synchronized M-CARS diagnoaisbe realized when nanosecond and picosecocttiejeulse
excitation is applied to biological samples.

Keywords: Optoelectronic switching, Picosecond electric putgeneration, Linear switching regime, EM-CARS
experiment, Frozen-wave generator.

1. INTRODUCTION

It is well known that microsecond and nanosecoedtdt pulses may modify the cell membrane perniigalaind thus
enhance drug delivery into cells [1,2]. Howevers tlnechanism depends on the shape of the electisepand mainly
of the high frequencies which compose the pulsetspm. If nanosecond electric pulses have a de#fett on the cell
plasma membrane, high frequencies can more dedfdgt acell organelles and penetrate further in ausl and
mitochondrias [3]. It is also important to undeeglithat picosecond pulses are shorter than the plasembrane
charging time constant and thus, one can specdhlatepermeabilisation with picosecond pulses chadlifferent from
with nanosecond pulses [4]. Indeed, if chargeslaigment seems to be the dominant effect with [mrges, ultrafast
nonlinear field effects may appear in organelles significantly disrupt cell metabolism mixing fasysical effects. In
these conditions the main difficulty is to quanti#fyd separate the physical phenomena appearingaveitiort response
time from the biological one more clearly visibld@nger time scale.

In this context, we developed a hybrid Electro-Npldtx Coherent Anti-Stokes Raman Scattering sygem-CARS),
able to produce, kilovolt nanosecond and picoseadadtric pulses without timing jitter on one hamdd capable to
investigate any change in the vibrational signatireells on the other hand,. That electric-opticnp/probe system is
controlled by a single femtosecond/picosecond (856 10 ps) powerful laser source that feeds theeadpctronic
generator and the M-CARS system. Because of thefuBESS technology in linear switching regime, suecessfully



controlled the temporal and spectral shapes oékbetric pulses (rise time down to 50 ps, pulsatiom ~100 ps). The
“frozen wave generator” that we used here is awtvdy optical femtosecond pulses with adjustabhkrgy/delay and
allows coherent sum of electric pulses activatetlirn by two PCSSs. Thus, unipolar and bipolarvalo pulses with
adjustable shape, in real time, have been prodiidedhe M-CARS system is based on the same opgiakde source
where the broadband Stokes beam is generated gie silmmde and in multimode optical GRIN fibers witkrr self-

cleaning effect.

2. METHODOLOGY

The pulse generator used in this work is basederirbzen wave generator principle. Figure 1 shthesexperimental
setup. It is composed of, at least, two photocotigeicsemiconductors switches (PCSSs), separate@ B0 Q
transmission line. The first “PCSS1” is connectedat70-GHz spectral bandwidth oscilloscope withr fatienuators,
while the second “PCSS2” is connected to the grodmtbse PCSSs are made with silicon semiconduetodscan
sustain up to 4 kV in CW configuration. A high \aide source is added to supply the central trang&mitise during the
off-state. A femtosecond laser source (Laser TangdiP) with 1030 nm wavelength is used to activhte system.
This source provides optical pulses down to 358ifls tunable repetition rate (1 Hz - 40 MHz) angdwdse energy up to
200 pJ. Because of the linear mode excitation piossible to control the temporal features of teeegated picosecond
electric pulses. The shape of the output pulsesladed to the length of the central line and ® d$kvitching conditions
of the PCSSs. The delay between optical excitatairbie two PCSSs and the modulation of the opérergy may
provide many different conditions to control theagh of the electric pulses (unipolar, balanced lbipainbalanced
bipolar...).
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Figure 1. (a) Experimental setup for the gatien of picosecond electric pulses with adjustablaporal profiles. Legend: M:
mirror; A/2: half-wave plate; BS: beam splitter L: lens; PCBI$toconductive semi-conductor switch, R: resigoy;Optical pulses
with variable duration and frequency generateddmtbsecond laser @1030nm.



3. RESULTS

3.1 Generation of picosecond and nanosecond bipolar pulses
Picosecond pulses

In this section, the possibility of ultrashort @lé&cpulse generation (picosecond domain) with sidjole shapes has been
investigated using the “Frozen wave generator” igumétion. A transmission line of 2 mm length haeb chosen to
connect the two PCSSs. For an input voltage of 4tk¥ two switches were excited simultaneouslyhgyfemtosecond
optical pulses. A bipolar pulse has been obtairednly a total duration of 244 ps with a central fahe of 40 ps
(Figure 2(a)). The created output voltage in tlasecwas equal to 1.4 kV. The spectrum of the bipoldput pulse
covers more than 9.5 GHz@-20 dB (Figure 2(b)). Tdwtput pulse is the result of the coherent comigindf two
different pulses obtained separately when switchkitiger PCSS1 or PCSS2. For a single activatidd@$S1 a unipolar
positive pulse was obtained (Figure 2 (c)). Thespuluration was then close to 140 ps. On the agntitee illumination

of the second switch (PCSS2) alone generated aamlamted negative pulse exhibiting 100dpsationfor the positive
part and 100 ps duration for the negative one (€ig(d)).

(b)

. . 0
Input voltage = 4kV
06 \ put voltag I .
0.4 g -10
2 E 15
~ 0.2 >
Q ©
2 © -20f--------mmmmee-
5 O &
s e - -25¢
*5‘ (]
o '02 2 30,
g8 = .
S £
0.4 o -35¢
z
0.6 ] -40r
‘ R hi— ‘ ‘ 45! ! .
-1500 -1000 -500 0 500 1000 1500 0 5 10 15 20 25
Time (ps) Frequency (GHz)
(c) (d)
157 <. | ‘In utvolta‘ e =4kV [| | | | ‘In utvolta‘ e = 4kV
z [~ rouvotag 02- 100 ps || —— "ot
£
S s 0
< g <
o 13 L 0ol
g g
s | T e S
> >
5 5 04}
£o0s5 g
@] o 0.6}
J 0.8}
0 ey ‘ ‘ ‘ ‘ ‘ ‘ ‘
-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500
Time (ps) Time (ps)

Figure 2. (a) Balanced bipolar pulse resulfirmgn the coherent pulse combining when PCSS1 arf8SRGare activated with a
given delay; (b) spectrum of the bipolar electridse; (c) Unipolar positive pulse generated whely ®#CSS1 is illuminated, (d)
negative pulse generation when only PCSS2 is ithateid. Inset figure (c): example of long unipolatput pulse obtained with
femtosecond excitation.



By illuminating with only few pJ (3puJ) on the PCSiB@%as possible to control the output impedancthefPCSS2 and
to fix it at 50Q. In that configuration a unipolar output pulse hasn obtained with adjustable duration by manatfiag
switching delay between PCSS1 and PCSS2. Picosqudses from 100 ps and up to the nanosecond keate been
obtained with more than 2 kV of peak voltage. Aample of output unipolar long pulse is shown in itheet of figure

2(c).

The control of the relative excitation delay betweahe two PCSSs and the management of the enegigiinty the
semiconductors may permit to shape the bipolarepoysreducing or amplifying its negative part of thutput pulse (see
Figure 3). Thus the spectral profile carried by phése evolves from tens of MHz and up to GHz domai
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Figure 3. (a) Bipolar pulse evolution versus time delay of excitation between the two PCSSshawed with the energy carried
by the two optical pulses. (a) Output pulse evohytib) Snapshots reproducing the temporal resgapin

Nanosecond pulses

The same generation can be realized in nanoseaathel t® improve the output energy carried by tleeteical pulses.
This is achieved by extending the length of theppgating line located between the two PCSSs andsimg a 2 ns laser
source with millijoule optical pulse at 1064 nm. éresult of this experiment is shown on the figdrd-or a 30 cm
length of the central line, a balanced bipolar uwé 23 ns is obtained (see figure 4(a)). The spoading output
spectrum bandwidth is then close to 100 MHz. Irt tenfiguration, an electric excitation of cellstlwins pulses will
mainly produce permeabilization of the plasma memér An additional spectral shaping may be obtamedxciting
only the first PCSS or by delaying the activatidrttee second PCSS. In that last case, two outpatridal pulses are
generated with adjustable delay between them {gaeef4(c) and 4(d)).
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Figure 4.(a) balanced bipolar pulse obtained in nanosecegume, (b) output spectrum of the bipolar pulsg, fipolar pulse
generation with adjustable delay between the pesithd negative components, (d) output spectrutineofielayed bipolar pulses.

3.2 Optical energy impact on the output pulse duration

Beyond the pulse shaping demonstration we alsdestutie effect of the optical energy on the switghdlynamics [6].
Accordingly, a single photoconductive semi-condusteitch has been connected to the oscilloscopenerside, and to
the high voltage power supply by means of a res{g0 K2) on the other side. For an input voltage of 4 #¢ diode
has been excited by different optical energiesrahitey from 5 puJ to 55 pJ. Thus, the variation ef ditput voltage, of
the pulse duration (Full Width at Half of the Maxim “FWHM”"), of the switching efficiency and riseme were
measured. It can be noticed that the maximum outpliage was only 1.64 kV because of internal lessside the
frozen wave generator activated by short opticédqmi(350 fs). The optimal incident input energas\20 pJ (see figure
5(a)). This corresponds to a maximum of switchifficiency close to 82 %. For higher optical energgace charge

appears inside the semiconductor and limits thpuduturrent. Therfore, switching efficiency fallswin to 70 % (see
figure 6 — blue curve).
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Figure 6. Output pulse voltage and duratiorswe the optical energy sent on the PCSS1, biaageld kV.

However, the pulse rise time remains relativelystant close to 62 ps during the whole experimertaditions (see
figure 7 (b)). This observation confirms that theed process corresponds to the linear switchingneegvhere only the
optical pulse features and the impedance of thergéor drive the pulse characteristics in the tohoenain. It is also
important to note that the increase of the optiedse duration up to 10 ps does not significantipriove the switching

efficiency.
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3.3 Biasvoltage impact on the output pulse shape

The impact of the bias voltage on the electric @udbape has been also investigated. Two PCSSscarnected in
series. In that configuration the equivalent lengftthe central line constituting the frozen waemegrator is increased in
length with respect to the first one realized bings single PCSS. Then longer electric pulseeapected. The PCSSs
were connected to the oscilloscope on one sidet@rile high voltage power supply on the other sltdéas been
possible to increase the bias voltage beyond 4¥Wsing two switches arranged in series. Thetatken of the two
PCSSs have been synchronized. Thus, unipolar miondeelectric pulse was generated up to 6 kV of k@tage. The
maximum output voltage was 2.3 kV which represemtesvitching efficiency of 76%. The pulse duratgiarted from
158 ps and increased with the input voltage upd® (s (see figure 8). Similarly the pulse rise tievelved from 60 to
80 ps between 1 and 6 kV. The linear evolutiothefoutput voltage indicates also the absence tfigteeffect during
the switching dynamics which remains stable closea% (see figure 8).
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Figure 8. (a) Output voltage and pulse duratibhSwitching efficiency, (c) Pulse rise time wesghe bias voltage.

4. ELECTRO-CARSEXPERIMENT IN PULSED REGIME

The experimental setup used for electro-CARS erpant is shown on the figure B.is constituted of a pulsed laser
source at 1064 nm (30 kHz), a switching systemlamid the one described previously in that papeGARS setup
integrating a pump and a broadband Stokes waveanitroscope coupled to a high resolution spectms¢0.36 cm
1. The optoelectronic generator presented prewoissparticularly well suited for that pump-probgperiment and
provides electrical pulses perfectly synchronizedhwhe optical pump and Stokes waves used in tHRE



spectroscopy. The measured temporal jitter betvedeatrical and optical pulses is lower than 1 p&1}. This perfect
temporal synchronization is driven by the optoetsut generation running in the linear switchinginee [8].
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Figure 9. Experimental setup of the EM-CARS,L@ser source, (b) Optoelectronic generator, (CRSAystem composed of a
pump and a large band Stokes wave [8], (d) Micrpsand spectroscope for EM- CARS experiment.

By using this experimental setup we obtained a CARBal from 500 to 3500 cin(see inset figure 9(d)).The first
electrical pulses have been generated in the naeoodescale with a positive square shape of 2.pewk voltage higher
than 1.6 kV.

We focused our attention on dimethyl sulfoxide sample which is an organosulf@mpound (DMSO). We first
performed the CARS experiment without electric slation. We recorded the spectral signature ofDMSO in the
CH region and we identified the symmetrical stretghvibration at 2920 crh In a second step we add the electric
stimulation with a polarization direction paraltel the optical polarization of the pump and Stokeses. The EM-
CARS signal is integrated over one second. ThusGARS spectra were recorded for peak voltages rgnfgom O to
1.4 kV (Bias voltage of the frozen wave generataBkV).

In that configuration, the wavelength of the EM-C3Reak resulting from the symmetrical stretchirigration (2920
cnm) undergoes a shift towards the lowest wavenumisrsn the input peak voltage of the nanosecond gulse
increased. A maximum shift of 4 chffrom 2922.4 cm to 2918.4 cm) is obtained for a peak voltage of 1.4 kV. This
shift is similar on the asymmetric Gldeak appearing close to 3008 t(Rigure 9). This spectral evolution is not linear
with the peak voltage but dramatically increaseafoelectrical polarization higher than 0.8 kV. Teadden transition is
due to the ionization of the DMSO leading to a ldeaperature increase. This first experimentatisimg a dynamic
polarization of a DMSO sample by nanosecond eleqilses demonstrated the potentiality to detestitipact of a
short electromagnetic wave (nanosecond) on a cla¢compound.
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5. CONCLUSION

We demonstrated ultrashort electric pulses gemeratith adjustable temporal shapes by using a frazave generator
with a femtosecond laser source able to activamomonductive semiconductor switches , in lineamewtation
regime. Because of the low temporal jitter, cohemembining of several picosecond electric pulsas lbeen obtained
by using temporal delay between each optical switcHJnipolar and bipolar pulses with less tharp€%and 100 ps rise
time and duration respectively have been demoestrathe output shape of the pulse is adjustablkiria and can
exhibits up to 8 GHz@-20 dB of spectrum bandwidihe maximum peak voltage obtained with a bias geltaf 4 kV
was 1.6 kV. That optoelectronic generator can hgleal with a M-CARS imaging system able to investiigthe impact
of pulsed electric field on the molecular structaféiological samples. Evidences of structure algization on DMSO
have been demonstrated with 4 ns pulses.
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