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Abstract

Today the study and the characterization of radiations, (photon, electron, protons and ions) emitted from plasma is
becoming more and more important because in a near future we will bnd in many sectors, dilerent applications relating
own to plasma. Between all the possible methods of diagnostics of plasma we focused on the Time-of-Flight technique

(TOF) performed with solid state detectors.

In particular, in this investigation, we performed a characterization for new dilerent Silicon Carbide based detectors. We
studied the response of these detector toa particles, electron and photon to a better understanding of the opportunity and
possibility in the applications concerning the diagnostic of laser generated plasma. Thanks to their dilerent geometries
of the diode structure they give complementary informations on the basis of the measured energies and on nature of the
detected particles. After a brief description of some SiC properties that convinced us to adopt this material instead of
the conventional Silicon based technology, we report our characterization measurement and we discuss how it is possible
to obtain information by analyzing a SiC Time-of-Flight spectrum.

Keywords: SiC devices characterization, TOF technique.

Introduction

Nowadays, wide band materials, such as diamond,
gallium nitride (GaN) or silicon carbide (SiC), are
undergoing a great tecnological development because
they represent the better alternative to traditional
silicon-based technology in specibc applications con-
cerning high temperature, dose and high radiation
damage operation. In fact, these materials are char-
acterized by a large bandgap (i.e. 3.2 eV for SiC)
and a high atomic displacement threshold energy
(21.8 eV) that improve radiation hardness [1]. More-
over we have to stress the fact that in Time Of Flight
measurements it is necessary to use very fast detector
with a high signal to noise ratio and low leakage cur-
rent, all characteristics are satisbed by Silicon Car-
bide detector. In general the presence of defects can
lead to an increase of the leakage current because of
they act as centre of generation/recombination inside
the crystal. These defects can be generated during
the growth phase of the crystal but also can be in-
duced by radiation, especially if we consider large ion
at low energy where dominate the Nuclear Stopping
Power. However our measurements and several ex-
amples of literature show us that SiC maintains low
value of leakage current even if at high temperature
operation and testify the better radiation hardness of
a SiC devices than a silicon one [2]-[4]. Finally SiC
has a good electron and holes mobility and by realiz-
ing a single crystal diode we can obtain a fast charge
collection and a good elciency collection.
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Material and methods

In this investigation we use two devices char-
acterized by di"erent geometry of contacts,
both developed by a collaboration between ST
microelectronics and CNR-IMM of Catania.
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Figure 1: Geometry and efficiency curves for the two
device: SiC Met (top) and SiC Int (bottom)

The Prst one, that we will call SIC Met, is a single
crystal Schottky junction and its structure is shown
in Fig. 1. It consist in a Prst thin layer (~200 nm)
of Nickel Silicide necessary for the bias of the device.
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Figure 2: Experimental setup.

The Schottky contact is formed on a brst 4H-SiC
n-type epitaxial layer with a doping concentration
of 2 x 10" cm~3 and a thickness of 80um grown
on a highly doped n-type substrate (7x 10'® cm—3).
The second diode, SiC Int, is a large area vertical
Schottky detector based on the pinch-o0" surface ef-
fect. This e"ect is obtained adopting a nickel silicide
interdigit contacts. Note that in this way a free SiC
active region (81%) is directly exposed to radiation,
increasing the absorption also at low wavelength or
at low ion energy. Like we can see in Fig. 1 these
Ni,Si contacts are on a brst n-type 4H-SiC epitaxial
layer, 4 um thick and 1 — 3 x 10'* cm~3 doping con-
centration, grown onto a second n-type heavily doped
substrate. The elciencies curves, estimated with dif-
ferent simulation codes [5]-[7], testify that they can
give us complementary information in the sense that
the SiC Met is a good device to detect ion with high
energy and X-rays while the SiC Int can detect very
well electrons, UV and light ions of lower energy. Ac-
cording to metal-semiconductor junction theory [8] is
possible to evaluate both the resistivity and the ca-
pacitance of the active SiC layer. If we consider the
detector such as two electrodes separated by a dielec-
tric medium we can represent it such a parallel plate
capacitor where C is given by:

A gereoNp
= coerm = Ay LErE0D 1
C = gge W T (1)

where A represents the diode surface} the applied
inverse voltage, W the depletion layer thickness and
e = 9.66 the relative permittivity for 4H-SiC. We
were able to calculate the resistivity and therefore
the resistance of the brst layer of SiC by using the

relation: W w1
R= —p=— )
A A queNp
in which, . = 900 cm? represents a mean value
for electron mobility. In ours devices we expect

6 pF of capacitance and 7 {2 of resistance for
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SiC Met while for SiC Int we measure 20 pF 0.35(2.
In Fig 2 there are the description of ours experi-
mental set-up called proportional mode and TOF
mode,respectively. The brst one was employed for
alpha, X-rays and electron tests and consist in a Or-
tec preampliber (142A Model) connected to an Ortec
ampliber (672 Model) and to a Multichannel Anal-
yser (Amptek MCA8000D) interfaced with a Laptop
PC. Regarding the plasma-laser diagnostics another
conbguration was used in which the detector is di-
rectly connected to a fast storage oscilloscope (Tek-
tronix TDS104B). In this way we were able to avoid
long response times because of the impedance and
the resistance of the electronics but we lost the pro-
portionality of the output signal with the energy de-
posited in the active region. In this spectrum the ex-
perimental points are representative of a given time
of Bight 7 of the particle and by knowing the distance,
d, between target and detector we can calculate en-

ergy simply applying:

IO N

wherem is the mass of the considered particle. Note
that the detector is biased through the resistanceR;
and also that we interpose a capacitanc&’; between
the diode and the detector output in order to reduce
noise due to the continuous component of leakage cur-
rent. In TOF measurements this capacitance plays
a very important role. In particular, by using the
values reported in Fig 2, we found an excellent com-
promise between the amplibcation of the signal and
the time response of the detectors.

Results and Discussion

At brst we characterized the response of SiC Met to
alpha particles, emitted from a compound source.
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Figure 3: SiC response to a-particles (a) and electron (b).
It has three peaks at 5.16 MeV, 5.48 MeV and 184
5.81 MeV that come from the a-decay of Pu3?, "
Am?24! and Cm?* nuclei, respectively. Moreover in o 157
order to obtain lower energy, and testify the linear- = 12
ity of the SiC diode, we interpose between source x
and detector a thin layer of Mylar (12 ym). For a ‘2 9
brst approximation we considered negligible the en- =
ergy straggling due to the passage ofi-particles in 8 6
the absorbing medium. By using SRIM we estimated :;_,’ 3
the energy lost by alpha particles in Mylar and we o ]
drew in Fig. 3 the remaining energy as a function of > 0
the alpha peakOs channel with an excellent linearity. . . . . . r
For a second study we used a mono-energetic beam of 8 e 15 20 e 30
electrons emitted by a Kimball Physics Electron Gun Current (uA)
Systems (EGG-3101 Model) which gives the possibil-
ity to obtain a collimated beam through an electro- 94
static focusing system with electron energy between 8 —"
10 eV and 10 keV. Once optimized the conditions N
. : o 7
of the beams we acquired the three di"erent spectra —
reported in Fig. 4 corresponding to three di"e[ent ; 61
values of the tube voltage. In this case we donOt ob- £ 54 o
serve a linear increase of yield and this could be due 3 4/
to the di"erent detection e!ciency. In fact for these o 3]
energy value there is an elciency lower than eighty o
er cent. 2o 24
IF:)inaIIy we used an Ampetk X-ray source for conven- > 4] " @l

tional XRF analysis directly pointed to our detector
and we acquired several spectra obtained by chang-
ing both the voltage and the current. Our results,
reported in Fig 4, show that if we increase the cur-
rent of the tube we induce a linear increment of the
total yield, while if we raise the energy of photon
by changing the voltage of the tube we reach a sat-
uration condition. This threshold value is in good
agreement with the data e!ciency expected from our
previous calculations.

In the Peld of plasma diagnostics these detectors are
very useful and allow to extract al lot of important
information about it ([9]).
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Figure 4: X-ray response of SiC detector obtained by
changing current (top) or current (bottom).

Such an example in Fig 5 there is a typical TOF spec-
tra obtained from a PE target. It is characterized by

a brst intense peak, called photopeaks that represents
the start signal. After a more or less background of
electrons there is a complex widen structure. It is
composed by the overlapping of di"erent signals gen-
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erated by proton (brst curve) and the corresponding
charge state of carbon ion. By analysing this spec-
trum we carry out some properties of the generated
plasma, such as the maximum proton energy, the
ion and electron temperature. Moreover, by know-
ing the ionization energy we can also extract some
information about electron energy and temperature.
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Figure 5: Typical TOF-spectra obtained irradiating
PE target with a laser intesity I = 2 x 106 Wem™2 .

We used the SiC Int for an accurate study of the
photopeaks, obtaining the results in Fig 6. We note
that the duration of the photopeaks is not sensible
to the species of the target. However the yield of
the signal, i.e. the height of the curves, increases lin-
early with atomic number of the target. Moreover
we interposed a thin layer of Aluminium (0.8 um of
thickness) between target and detector (see Fig. 6).
In this way, by knowing transmission curve of Alu-
minium, we Plter the electro-magnetic radiation and
estimate a mean photon energy of about 21 eV.
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Figure 6: SiC Int TOF spectra obtained irradiating
a Ta Target with (black) and without (red) absorber
with a laser intensity I = 10° Wem™2 .
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Conclusion

In conclusion, from our studies and measurements,
we can say that Silicon Carbide detector have a lot
of useful characteristics such as the good el!ciency,
linearity and resolution when used in proportional
mode. But surely they are very important in mon-
itoring radiation emitted by plasma laser thanks to
their radiation hardness, very fast response and low
noise due to low leakage current. They give the possi-
bility to detect simultaneously all the radiation emit-
ted by plasma without being blinded by visible radi-
ation. We can indirectly measure important charac-
teristics about plasma such as ion temperature and
velocity or energetic distribution of radiation. Then
we can compare these results with data acquired with
di"erent diagnostics, such as lon Energy Analyser or
Thomson Parabola Spectrometer, and we are able to
obtain a full characterization of the physics of the
generated plasma.
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Abstract

Bulk targets and thin films were irradiated with Nd:YAG laser at 10'°W/cm? to study the Z dependence of ion energy in
laser plasma produced. Plasma was monitored with ion collector in time of flight configuration. The same laser was used
for the production of metallic nanostructures for preparation of advanced thin film targets. Nanostructured materials
having a high absorption coefficient for visible and near-IR wavelengths can be employed to enhance the laser light energy
release in polymeric thin foils in order to generate more energetic plasmas and to transfer higher ion acceleration energy.
The foils were characterized by optical measurements of absorbance and transmittance as a function of wavelength in
the regions UV, VIS and IR. The time of flight measurements shows a dependence of ion energies by atomic number in
both case, thin film and bulk target.

Keywords: Plasma, Advanced target, metallic nanoparticles.

Introduction are present more electrons and the accelerating elec-
tric field are more intensity. In this work are studing
the effects of atomic number in laser matter interac-
tion, investigating the ion energies through the time
of flight (TOF) measurements. As thin films we stud-
ied the polimeric films with metallic nanostructures,
this nanostructures increase the total effective atomic
number of the sample and increase the light absorp-
tion through Surface Plasma Resonance (SPR) [3].

When a laser at high intensity interacts with a bulk
material, the laser energy permits to ejected the elec-
trons from the irradiated surface of material, this im-
plies a density of positive charge in sample, thank to
high repulsive coulombian forces happens a coulomb
explosion that emits positive ions from surface in
normal direction, thanks to the high developed elec-
tric fields between the electrons and the positive ions
that will be accelerate mainly along the normal to
the target surface. If the laser intensity is higher to
10"W/cm? and the targets are thin films, the emis-
sion of particles take place in forward direction. In
case of bulk target this phenomena are called Back-
ward Plasma Acceleration (BPA) and it’s possible to
measure high ion current but low ion energy (above
many keV), in case of forward acceleration the phe-
nomena are called Target Normal Sheath Accelera- +

tion (TNSA), in this acceleration regime the ion en- e
ergies are higher of 1MeV, but low ion current is

present in the plasma. Fig. 1 shows the two in-
vestigated regim of ion acceleration, in the first case
is shown the BPA regime, in case of bulk target
the electron and ion clouds are in the same direc-

tion of incident laser, in second case when the ir- Figure 1: Laser-matter interaction for produced a)
radiated target is thin, the produced plasma are in Backward Plasma Acceleration b) Target Normal
forward direction One important parameter that in- Sheath Acceleration

fluence the ion acceleration in plasma is the electron
density. Increasing the atomic number of the target
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Experimental Section

The time of flight measurements were performed witk
Nd:YAG laser operating at fundamental wavelengtl
of 1064 nm, a pulse duration of 3 ns, a maximum en-
ergy of 300 mJ and an intensity of 10'°W/cm?2. The
laser interacts with the target at 45° and in the nor-
mal direction is present a detector, an Ion Collecto
(IC) powered at —50V for detect the positive ions
The target-detector distance are 118cm, the signa
of ions is detected by the IC and recorder thanks
to a fast storage oscilloscope, TekTronix TDS5104B
The experiments were carried out in vacuum with ¢
pressure of 10 %mbar. Fig. 2 shows the used ex-
perimental setup. For TOF measurements was em-
ploied bulk target of different materials: (Polyethy-
lene (—CHs—, PFE), Al, Si, Cu, Ag and Ta. Fo
preparation of advanced thin target was used the nu-
clepore polycarbonate filters (C16HgO3). These last
have 50pm thickness and micrometric pores (5um in
diameter) and on the surface was deposited metallic
nanoparticles in acqueos solution with 15mg/15ml of
concentration. These nanoparticles was produced by
same Nd:YAG laser with ablation in liquid of: Ti,
Fe, Cu, Ag, Au bulk targets, in order to produced
nanoparticles with high atomic number and subject
at SPR effect [4]. This acqueos solution was char-

acterized through measurements of the absorption
with a Hg(Ar) lamp of Thermo Oriel Instruments
and Lambert-Beer law.

Detector

Figure 2: Setup scheme for TOF measurements.

Results

The TOF measurements on bulk targets shows the
increase of energy with atomic number. The fast
spectra is measurement for PE target, where we can
see the carbon ions and hydrogen, while the slower
spectra are copper and silver where the hydrogen are
only an impurity in the samples. Fig.3 shows the
overlap of TOF spectra of PE, Cu, Ag. This spec-
tra indicate that the maximum ion energy is 1.5 keV,
1.8 keV and 3.5 keV for C, Cu, Ag respectively. The
TOF measurements of bulk target shows that there
is a strong dependence of energy by atomic number.
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Figure 3: TOF measurements for PE, Cu and Ag
bulk targets.
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Figure 4: Maximum energy of ion in TOF measure-
ments of bulk target at 10'°°W/ecm? (bottom of graph)
and 5 - 1016W/em?.

After to have irradiated different bulk target (PE,
Al Si, Cu, Ag and Ta), we have resumed all data
to the maximum energy of the ions in the Fig.4 as
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a function of the atomic number of the bulk ma-
terial. This plot compares literature data [5], per-
formed with an intensity laser of 5-1016W/cm? (Toy
part of graph, with pulse of 1 ps and wavelengtlk
of 1064 nm), with our measurements obtained at
1019W /em?(bottom of graph). Analyzing the plof
of literature it is possible to see how the trend of the
maximum energy follows a quadratic trend with the
atomic number of the bulk target. A similar trenc
is also present at lower laser energies used in our ex-
periment.

For the preparation of thin polymeric target we
characterized the solution with metallic nanoparticle
in water, measuring the absorption with Lambert
Beer law. The peak of absorption of gold and silves
solution are confirmed by leterature [6]. Fig. 5 shows
the peak absorption of Ag and Au solution due to the
SPR phenomena, the peak are measured at 450 nm
and 560 nm for Ag and Au respectively. Thanks to
SEM microscopy and the position of peak in wave-
length, we to observe that the produced nanoparticles
generally are spherical and have an average diameter
within 20 nm and 50 nm [7].
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Figure 5: Absorption peaks of gold and silver

nanoparticles in water.

The solution with nanoparticles was deposited on
the surface of nuclepore films, and these were irra-
diated with Nd:YAG lase for TOF measurements.
The results shows that the TOF is reduced with high
atomic number. Fig. 6 is the comparizon between
the TOF of nuclepore pure and nuclepore with Au
nanoparticles. The carbon ion in presence of Au
nanostructures increase their energy from above 440
eV to above 900 eV. The presence of nanostrutures
increase even the yield of ions beacuse the higher ab-
sorption increase the total mass of ablated material.

Carbon Energy (eV)
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Figure 6: Overlap of TOF measurement of nuclepore
pure and nuclepore with gold nanoparticles.
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Figure 7: Maximum value of carbon ion energies in
polymeric thin films with metallic nanoparticles.

For all polymeric film we measured the maximum
value of carbon energy, Fig. 7 the trend of carbon
energy in presence of the metallic nanoparticles. The
trend is linear with atomic number and we can se the
enhancement of energy from above 440 eV (in case of
pure nuclepore) up to above 1 keV for Au nanopar-
ticles.

Discussion and Conclusions

At our laser intensity we measured the acceleration
of ions in BPA regime accelerating ions at low ki-
netic energy. The measurements shows a dependence
on ion acceleration from atomic number of target
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both in material bulk and in thin polymeric foils con-
tent metallic NP. In bulk targets this dependence is
quadratic, while in case of thin targets it is linear.
These dependences can be due to the electron density
of the plasma which is different in plasma produced
by thick and thin targets. One of the goals of this
research is to prepare such targets to be laser irra-
diated at higher intensities, above 1016W/em?. At
such high intensities it will be possible to verify the
possibility to obtain high ion acceleration and yield
due to high Z-targets and high absorption effects pro-
duced by nanostructures for irradiations in BPA or
TNSA regimes.
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Abstract

When an atom is strongly coupled to a cavity, the two systems can exchange a single photon through a coherent
Rabi oscillation process. This process enables precise synthesis of non-classical light, which plays a central role in
quantum information and measurement. Here we show that this regime can strongly modify the concept of vacuum Rabi
oscillations, enabling multiphoton exchanges between the qubit and the resonator. We find that experimental state of art
circuit-QED systems can undergo two- and three-photon vacuum Rabi oscillations. These anomalous Rabi oscillations
can be exploited for the realization of efficient Fock-state sources of light.

Keywords: quantum mechanics, cavity optomechanics, synthesis of arbitrary quantum superpositions.

Introduction with a different number of excitations has been ob-
served. The resonant quantum Rabi oscillations oc-
curring when the atom and the cavity mode, at exact
resonance, can exchange in a reversible way one exci-
tation quantum play a key role in the manipulation
of atomic and field states for quantum information
processing. Here we show that a system constituted
by a single artificial atom (qubit) ultrastrongly cou-
pled to an optical resonator can exhibit anomalous
vacuum Rabi oscillations where two or three photons
are jointly emitted by the qubit into the resonator
and re-absorbed by the qubit in a reversible and co-
herent process. We focus on the flux qubit coupled to
a coplanar waveguide resonator, a system where the
USC regime with a single artificial atom has been
demonstrated.

Light-matter interaction in the strong coupling
regime is a coherent reversible process in which a
photon is absorbed and re-emitted by an electronic
transition at a rate equal to the coupling energy di-
vided by the Plank constant. The strong coupling
regime, when reached with only one qubit, regime
enables a high degree of manipulation and control of
quantum systems. Basic steps in quantum informa-
tion processing, including the deterministic entangle-
ment of atoms and the realization of quantum gates
using atoms and photons as quantum bits have also
been demonstrated. Recently a new regime of cavity
QED, where the vacuum Rabi frequency becomes an
appreciable fraction of the unperturbed frequency of
the bare systems, has been experimentally reached in
;/Zr;ity of soll.ld state systerps. In this s0 Calleq ultra Dissipation and Photodetection
g coupling (USC) regime the routinely invoked
rotating wave approximation (RWA) is no longer in the USC regime
applicable, and the antiresonant terms in the in-

teraction Hamiltonian significantly change the stan- It has been shown that, in the USC regime, usual
dard cavity-QED scenarios [1, 2]. Although counter- normal order correlation functions fail to describe
rotating terms in principle exist in any real light- the output photon emission rate and photon statis-
matter interaction Hamiltonian, their effects become tics. A solution to this problem has been proposed
prominent only in the USC limit [3]. One interest- by Ridolfo et al. [4]. Considering for the sake of
ing feature of the USC regime is that the number of simplicity a single mode resonator, it is possible to
excitations in the cavity-emitter system is no longer derive the correct output photon emission rate and
conserved, even in the absence of drives and dissipa- correlation functions by expressing the cavity-electric
tion. Moreover, tuning the external flux threading field operator X =a-+at in the atom-cavity dressed
the qubit, and measuring the cavity transmission, an basis and then separating it in its positive and neg-
anticrossing arising from the coupling between states ative frequency components X + and X ~ [4]. Two
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aspects of these results are noteworthy: first of all,
we note that in the USC regime, one correctly obtains
X +|0) = 0 for the system in its ground state |0) in
contrast to &|0) # 0. Moreover, we notice that the
positive frequency component of X is not simply pro-
portional to the photon annihilation operator . As
a consequence, for arbitrary degrees of light-matter
interaction, the output photon flux emitted by a res-
onator can be expressed as | =" (X "X t), where "
is the coupling rate of the resonator field with the
output field. Analogously the output delayed coin-
cidence rate is proportional to the two-photon cor-
relation function (X ~(t)X ~(t +#)X T(t +#)X T (t)).
In quantum optics it is well known that the signal
directly emitted from the qubit is proportional to
($4+%_). Indeed, in the USC regime the qubit emis-
sion rate gets proportional to (C~C™), where C* are
the qubit positive and negative frequency operators,
defined as C+ = > k> Cikli ) (K| and C-=(CHf
with Cji = (j[$- + $+]k). In order to describe the
system dynamics properly, including dissipation and
decoherence effects, its coupling to the environment
needs to be considered. We adopt the dressed master
equation approach described in Ref. [6].

Results

For suitable junction sizes, the qubit potential land-
scape can be reduced to a double-well potential,
where the two minima correspond to states with
clockwise and anticlockwise persistent currents I,
[5]. When the flux offset %!, = ! oxt — ! 0/2 = 0,
where ! ot is the external flux threading the qubit
and ! ¢ is the flux quantum, the lowest two en-
ergy states are separated by an energy gap &. In
the qubit eigenbasis, the qubit Hamiltonian reads
Hy = h' ¢$./2, where h' | = /&2 + (21,%!,)2 is
the qubit transition frequency, which can be adjusted
by an external flux bias. The two-level approxima-
tion is well justified because of the large anharmonic-
ity of this superconducting artificial atom. The res-
onator modes are described as harmonic oscillators,
H, = h' »afa, where ' | is the resonance frequency
and n is the resonator-mode index. In the following
we will consider a (/ 2 resonator. The operator &, (&)
creates (annihilates) a photon in the nth resonator
mode. Then, the quantum circuit can be describe by
the following extended Rabi Hamiltonian

H = |f|q+Z[Hn +hg, X ,,(cos) $, +sin) $.)]. (1)

Here, X, = a,+al, $..- denote Pauli operators, gy, is
the coupling rate of the qubit to the nth cavity mode
and the flux dependence is encoded in cos) = &' .
The operator $,, is conveniently expressed as the sum
of the qubit raising ($4) and lowering ($_) opera-

tors. Thus, in contrast to the Jaynes-Cummings (JC)
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model, the Hamiltonian, explicitly contains counter-
rotating terms of the form $,af, $_4a, $.4af, and $.4.

Qubit
position

E/h (GHz)

0 1 2 3 4 5
6B, (M)
wq(GHz)
7.9 7.95 8
8.15
(c) = [e0) —192)
Feosp 00— -
5 —— -
D e
wm 7495_/____::_/1/,_’_,__
7.85 = |e0) + [g2)
3.84 3.86 388 39 3.92
60, (md)

Figure 1: (a) Sketch of the distribution of the first
three resonator modes (N = 1,2, 3) of a transmission-
line (I 2 resonator. (b) Avoided crossing (blue solid
line) resulting from the coupling between the states
|e,0) and |9,2) due to the presence of counter-
rotating terms in the system Hamiltonian.

We considering the case of a flux qubit coupled to
a (/ 2 superconducting transmission-line resonator.
We are interested in the situation were the qubit
transition energy is approximately twice that of the
fundamental resonator mode: ' 4 =~ 2'{. We con-
sider the qubit to be positioned at the center of the
resonator, so that it does not interact with the res-
onator mode n = 2 (see Fig. la). The other res-
onator modes are much higher in energy, detuned
with respect to the qubit transition frequency by an
amount significantly larger then the coupling rate,
providing only moderate energy shifts for the cou-
pling rates g,/* ;0.2 here considered. We diagonalize
numerically the Hamiltonian and indicate the result-
ing energy eigenvalues and eigenstates as h' ; and |i)
with i =0,1,..., choosing the labeling of the states
such that ', >"' ; for k >j . Figure 1b shows the
frequency differences ' ;0 = '; — " o for the lowest
energy states as a function of the qubit transition
frequency which can be tuned changing the exter-
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nal flux bias %!,. The red dashed line corresponds
to calculations obtained neglecting all the counter-
rotating terms (JC model). We observe a spectrum
with two large-splitting anticrossings which appear
both in the dashed and the continuous lines. In the
JC picture, they correspond to the resonant coupling
between states with the same number of excitations.
The lowest energy avoided crossing results from the
coherent coupling of the states |e,0), |g,1), where the
second entry in the kets indicates the photon number.
When the splitting reaches its minimum, the result-
ing system eigenstates are %(|e,0> +1g,1)). Only
small quantitative deviations between the eigenen-
ergies in the JC and in the extended Rabi model
can be observed. When the counter-rotating terms
are taken into account, the states |i) are no more
eigenstates of the total number of excitation operator
Nexe = afa+$,$_. For example the system ground
state can be expressed as a superposition |[0) =
> . Conlg,n) + 2, |e,n) of bare states also involving
nonzero excitation. Of course when the normalized
coupling gi/' | < 1, only the coefficient ¢}, is differ-
ent from zero. The non-conservation of the total ex-
citation number also affects the excited dressed states
i) =1>2.¢,lg.n)+c,le,n). As a consequence the
dressed states |1) and |2) at the minimum splitting do
not correspond to the simple JC picture. The contin-
uous line levels in Fig. 1b also display a smaller am-
plitude avoided crossing when '  ~ 2' J. Observing
that just out of the avoided crossing region one level
remains flat as a function of the flux offset %!, with
energy ' ~ 2' { while the other shows a linear behav-
ior with ' 4, the splitting can be mainly addressed
to the hybridization of the states |e,0) and |g,2).

Figure 2: (a) Temporal evolution of the cavity
mean photon number (X ~X 1) (blue solid line) and
the photon flux (é‘é"') emitted by the qubit (red
dashed line) after the arrival of a * — like Gaussian
pulse exciting the qubit (black vertical line shows the
wavepacket center time).

In order to fully understand and characterize this
avoided crossing not present in the RWA, we calcu-
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late the output signals and correlations which can be
measured in a photodetection experiment. Specif-
ically, we consider the case where the qubit is di-
rectly excited by a microwave antenna by an op-
tical Gaussian pulse. The corresponding driving
Hamiltonian is Hq = &£(t)cos't $, , where £(t) =
Aexp [—(t —to)% (2#2)]/ (#/2*). We consider the
zero detuning case by choosing the flux offset %!,
corresponding to the qubit frequency ' o/ (2*) ~ 7.97
GHz at which the splitting in Fig. 1b is minimum.
The central frequency of the pulse has been chosen
to be in the middle of the two splitted transition en-
ergies: ' = (' 30—" 2,0)/ 2. The cavity output photon
flux and the photon flux emitted by the qubit directly
coupled to a microwave antenna are proportional to
(X=X *) and (C~C*) respectively. Figure 2a dis-
plays the dynamics of these two quantities after the
arrival of a * —like pulse exciting the qubit described
by the Hamiltonian. Calculations have been carried
out in the absence of pure dephasing (+4 = 0). Vac-
uum Rabi oscillations showing the reversible excita-
tion exchange between the qubit and the resonator
are clearly visible. We observe that the mean intra-
cavity physical photon number at its first maximum
is very close to two, showing that when the qubit
is in the ground state the resonator mode actually
acquires two photons.

Conclusions

We have investigated vacuum Rabi oscillations in the
USC regime. According to the Jaynes-Cummings
model, the qubit and the resonator can exchange a
single excitation quantum through a coherent Rabi
oscillation process. Such Rabi oscillations play a key
role in the manipulation of atomic and field states
for quantum information processing. Our theoretical
predictions show clear evidence for physics beyond
the Jaynes-Cummings model and extend the concept
of quantum Rabi oscillations. We find that multi-
photon reversible exchanges between an individual
qubit and a resonator can be observed in the USC
regime. Specifically, we have shown that experimen-
tal state-of-the-art circuit-QED systems can undergo
two-photon vacuum Rabi oscillations. Still increas-
ing the coupling rate, a higher number of photons can
be exchanged with the qubit during a single Rabi
oscillation. These anomalous Rabi oscillations can
be exploited for the realization of efficient Fock-state
sources of light, and for the implementation of novel
protocols for the control and manipulation of atomic
and field states.
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Abstract

A detailed investigation of the mesoscopic structure (5-20 A) of a series of alkaline borate glasses carried out by
performing neutron diffraction measurements is presented. We propose that the First Sharp Diffraction Peak (FSDP) of
glasses arises from the periodicity of the boundaries of voids embedded in the random network.

Thanks to their nanoporous structure, these modified borate glasses seem very promising as target for the production
of non-equilibrium plasmas by pulsed laser. Thin sheets of Ag2O doped borate glasses have been produced in order to
be irradiated in vacuum by infrared laser having a maximum intensity of the order of IOIOW/ em?. Optical absorption
measurements have shown that at high Ag content the metallic cations exist as nanoparticle and can induce effects of
resonant absorption. Furthermore, preliminary time-of-flight measurements have shown that concentrations of AgoO up
to 256% enhance the kinetic energies and the yields of the accelerated ions.

Keywords: modified borate glasses; First Sharp Diffraction Peak; structural nanovoids; non equilibrium plasma; silver

nanoparticles.

Introduction energy irradiation. We studied how the addition of
Agy0 affects the porosity of the system, the forma-

The presence of the so-called First Sharp Diffraction tion of Ag nanoparticles and the mechanisms of the

Peak (FSDP) in the total structure factor of glassy ion acceleration in plasma.

systems is the most characteristic signature of the UV-Vis absorption spectra and laser-plasma gen-

existence of the MRO [1]. Several models have been eration experiments have been performed in order

suggested to explain its origin [1-3], but unfortu- to verify the possibility to use them as solid targets

nately, they are found to generate contradictory re- to increase the resonant absorption of laser-produced

sults [3-6] which prevent them from being accepted plasma.

definitely.

Here we report a study on the medium-range

structure of a series of alkaline borate glasses Materials and methods
(M20)x (B203)1-x at different molar fraction x of

M,O (M=Li*, Na*, K* and Cs*). Modified borate glasses were prepared using a con-
According to the modifications of the FSDP con- ventional melt-quenching method [7] starting from
sequent to changes of the modifier content, we pro- 99.99% purity grades laboratory reagents of boron
pose that the Q position of the FSDP (Qrspp ) pro- oxide B, alkaline (LipO, Nay0, K,0, Cs;0) and
vides a direct indication of the void diameter, d, as silver oxide (AgoO) (Aldrich). Afterward, each glass
QFspp = %. was annealed and stabilized at about 20 K above its
A significant interest on borate glasses derives calorimetric glass transition temperature Ty in a high
from the possibility to use them as solid targets for purity nitrogen atmosphere and then cooled to room
plasmonic applications. We prepared and character- temperature.
ized a series of binary (Agr0)x(B203)1-x glasses. Neutron diffraction experiments were performed,
In fact the dissolution of silver oxide in the bo- at room temperature, on the high flux powder
rate network shows a double advantage: it allows diffractometer D1B at the Institute Laue-Langevin
the network to expand favoring the formation of in Grenoble (France), with an incident neutron wave-
nanoporous structures [7, 8] and, for high Ag dop- length of 2.52 A, which allowed us to explore a Q
ing level, nanoparticles or larger clusters of silver can range of 0.5-3.4 A-1.
be easily formed, under thermal annealing or high The optical absorbance experiments were carried
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out in the wavelength range 300-1100 nm by using
an Hg-Ar laser/lamp as the light source (Thermo
Oriel Instr. Model 5048 Hg-Ar 6035) and an optical
fiber (Horiba JOBIN YVON Model VS140-UVVIS-
CCD/050) as detector.

The laser-plasma experiments were conducted by
using a Nd-YAG laser with a fundamental wavelength
of 1064 nm. Non-equilibrium plasma was generated
in high vacuum (10-5mbar) by fast single pulses with
an intensity of about 10® W/cm?. The ion collec-
tor (IC) detector is employed in time of flight (TOF)
configuration and connected to a fast storage oscillo-
scope to acquire the fast ion spectra.

Results and discussion

The structure of boron oxide consists of a network of
planar BOs triangles [9]. The inclusion of a metallic
oxide favors the conversion of some triangular basic
units into negatively charged BO, , while the alkaline
ions fill the interstitial voids as singly charged cations
in order to preserve electric neutrality [10].

The MRO is strongly influenced by the in-
troduction in the glassy structure of these net-
work modifiers. We have performed two set
of diffraction experiments that separately probe
the influence of the size and of the concen-
tration of the metallic cations on the FSDP.

—HE—M-=Li ~~1st U
3F-@—m=Nna <
A—-m=k g Na
F O M=Cs o2 K
) Cs
g 2F 0,8 1,2 1,6
7)) ionic radius (A)
1
|
i
0 i (M20)0.14(B203)0.86
0 1 2 : 3 4 5
QA"
Figure 1: Structure  factors S(Q) for

(M20)x(B203)1_x glasses at dilerent M cations
at bxed doping concentration x=0.14. The vertical
dashed line indicates the position of the FSDP (1.61
A-1) in B,O;3 glass. In the insets the experimental
Px1 positions vs ionic radius are plotted.

In the first set of measurements the network composi-
tion was kept constant, while the size of the modifier
was changed. Subsequently, the network composition
was changed while the size of the modifier was kept
constant. Figure 1 shows the structure factor S(Q)
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of the doped glasses with x =0.14. In all samples, ex-
cept for lithium borate, two clear peaks Py; and Py2
are observed, one below and one above the position of
the first peak in pure B2O3 glass (Q=1.61 A~1[8]) re-
spectively. Particularly the position of Py; decreases
linearly with increasing the size of the metallic cation
(see inset Figure 1). In Figure 2, we compared the
S(Q) of borate glasses doped with cesium oxide at dif-
ferent compositions. We can clearly observe that two
well defined peaks are present at all compositions.

5|-©—x=0.04 06
O—x=0.14
= 2 0.4
4 x=0.25 .
| 0,2
g 3 : 0,0 0,1 0,2 0,]
N 2 : Cs,0 molar fraction (x)
T o N
1 J S AR 8
0 é s : (CSZ(.))X(BZO,"’)I-x
0 1 2 3 4
QA"
Figure 2: Structure  factors S(Q) for

(M20)4(B203)1_« glasses at dilerent x in Caesium.

The vertical dashed line indicates the position of the
FSDP (1.61 A—1) in B,03 glass. The inset shows
the fraction of larger voids Npk1 VS X.

On the basis of experimental evidences we as-
cribed Pxy and Pgo, respectively, to the correlations
arising from rings of wider size filled with the alka-
line ion and cation-free voids. Therefore the values
of the repetitive characteristic distance associated to
Pk 1 have been attributed to the filled void diameter:
2RExp =21/Qx 1.

We can infer that the size of the voids formed
by the inclusion of lithium oxide is similar to that
of unfilled voids, resulting in a single peak in the
structure factor; conversely for Na-, K- and Cs- bo-
rates, the size of the filled voids increases with the
cation-radius, implying the presence of a further peak
at lower Q values. Moreover, on the analogy with
our observation, the increase of Pk 1 intensity with
caesium oxide content can be ascribed to the forma-
tion of an higher number of voids of great dimension,
while Py » intensity decreases as a consequence of the
reduction of the cation-free voids.

Assuming that the area under Px 1 and Pk is
proportional to the amount of nanovoids in the net-
work, we have calculated the fraction of larger voids
according to Np,,=Ap,,/(Ap,,+Ap,,), where Ap,,
and Ap,, are the area of Pyx; and Pyo respectively.
Importantly, the plot of Npk 1 versus the cation mo-
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lar fraction yields a straight line of gradient 2, (see
insets in Figure 2). It means that two larger voids are
formed as a consequence of the addition of a single
molecule of alkaline oxide, as predicted by structural
considerations.

O Boron

@ oxygen

B-O length =1.37 A

Figure 3: Polygons representing schematically the 2D
section of spherical voids hosting M cations. The B-
O average bond length was bxed at 1.3¥ [8].

3,5
~ 3,0r Cs
<
g 25}t K
2,0} Na
o
1, : . .
%,5 2,0 2,5 3,0 35

R, A)

Figure 4: Theoretical void radius (Rtnheo ) Versus the
experimental void radius (Rexp ). The red solid line
is a guide to the eyes

We propose a model [7] in which the planar sec-
tion of a void is schematically represented by cyclic
regular polygons of all-side vertex sharing basic struc-
tural units (Figure 3), having side length s (B-O dis-
tance) and 2n vertices, where n is the coordination
number of M (4 for Li, 5 for Na, 6 for K and 7 for Cs).
Therefore the radius of circumcircle of such polygons
can be evaluated as Rrneo=S/(2sin(m/ny)), n be-
ing the number of sides and it closely corresponds to
the experimentally valuated radius Rexp of the voids
hosting the M* cations (Figure 4).

Thanks to their structure, borate glasses are
promising systems for plasmonic applications. In-
deed it was demonstrated that the use of targets con-
taining nanostructures or nanoparticles with a size
comparable with the laser wavelength is an effective
way to induce effects of resonant absorption of laser-
produced plasma [11].

A set of silver borate glasses containing different
molar fraction of silver oxide, have been prepared.
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The silver ions fitting the interstitial voids can dif-
fuse inside the network and can be reduced to neutral
silver; then, upon heat treatment or irradiation they
can aggregate and form silver nanoparticles.

Optical absorbance experiments confirmed the
formation of nanoparticles in highly doped glasses.
Figure 5 shows a study of the absorption coefficients
in the visible region, evaluated by the Lambert-Beer
law, as a function of wavelength: in highly doped
glasses a maximum at about 450 nm appears, which
has been considered as an indicator of surface plas-
mon resonance from spherical silver nanoparticles im-
mersed in a dielectric and having an average size of
50 nm [12].

Figure 6 shows a comparison of different IC-TOF
spectra relative to the acceleration of H, B and O
ions in the laser-generated plasma produced by irra-
diation of the silver doped glasses. It is possible to
observe that the total yield and ion velocity increase
by increasing the silver concentration, until reaching
a maximum value for x=0.25. This result is proba-
bly due to the increment of the electron density and
temperature of the produced plasma deriving from
the presence of the Ag nanoparticles in the dielec-
tric glass that enhances the effective atomic number
of the irradiated target [? ]. However, it has to be
observed that, in the sample with x=0.33, the yield
and ion velocity decrease strongly. These findings can
be explained noting that, in this glass, the absorption
coefficient is so high, that the laser penetration is lim-
ited only to the more superficial layers of the sample,
generating thus in vacuum a lower plasma density.
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Figure 5: Absorption spectra of Ag-borate glasses:

x=0.04 (red circle); x=0.09 (black squares); x=0.25

(blue up triangles); x=0.33 (green down triangles).

The solid light blue line represents the absorption
spectrum of silver nanoparticles with a mean diame-
ter of about 50 nm, as reported in literature [12]
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Figure 6: Time-of-Bight spectra of laser-generated

plasma produced by ablation of Silver borate glasses.

Measurements of the (AgO)x(B,03)1_x Samples
with x=0 (light blue diamonds), x=0.04 (red circles),
x=0.09 (black squares), x= 0.25 (up blue triangles),
x=0.33(green down triangles). Insets: zoom-in of the
hydrogen collector region of hydrogen ions.

Conclusions

In conclusion, the shape of the structure factor of al-
kaline borate glasses in the low Q region emerges as a
result of the existence of two length scales associated
with the diameter of voids.

We propose a model in which the planar section of
a void is a n-membered ring of all-side vertex sharing
basic structural units. This description explains the
anomalous compositional dependence of the FSDP
in glasses as due to changes in the distribution of the
sizes of voids.

Both the formation of nanoparticles and the in-
creasing nanoporosity appear to be useful in produc-
ing increment of the laser absorption by plasmon res-
onances. In fact, an increase of the ion energy and
yield has been observed in the time-of- flight spec-
tra of plasma ions generated on the surface of the
samples by increasing the Ag-content. Therefore, the
borate glasses containing metallic nanoparticles, such
as silver, can be used as targets for the generation of
plasma in vacuum in order to accelerate the ions of
the glass samples. The obtained characterization in-
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dicates that the targets may be irradiated by higher
repetitive laser intensities in order to enhance the ion
acceleration and current.
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