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Abstract

In the paper the analysis of wind measurements using two ultrasonic ane-
mometers and a Mie-scattering lidar system is presented. Wind measure-
ments with ultrasonic anemometers enabled a detailed analysis of wind
direction and wind gusts in Vipava valley in winter 2015. During the same
period the aerosol loading in the lower atmosphere was observed using a
lidar system with wavelength of 1064 nm. Both data sets were analyzed in
order to determine the correlation between wind speed and periodic struc-
tures appearing in some of the lidar measurements. The observed periodic
structures are believed to be the orographic/gravity waves induced by the
steep local orography. The influence of the wind on the height of plane-
tary boundary layer was studied as well, focusing on the development of
planetary boundary layer during the episodes of Bora wind. The height
of well mixed lower level of atmosphere was used to obtain the depth of
atmosphere with the strong wind during those episodes.
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1. Introduction

Bora wind is a phenomenon well known in south-west (SW) part of
Slovenia as well as along the Croatian coast line, where it reaches its peak
magnitudes around the town of Senj [1]. The occurrence of Bora wind in
SW Slovenia is a consequence of the stably stratified air-masses flowing
from NE over the ridges of Trnovski gozd, Nanos and Javorniki plateaus
to Vipava valley and Karst region. The flow of cold air down the slopes
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causes strong winds at the lee side of the barrier [2], with the strongest
gusts observed directly under the barriers.

In general winds caused by the flow over the barrier are called downs-
lope winds [3]. They typically occur when stably stratified air is forced to
rise over a topographic barrier. The topographic barrier causes the air to
oscillate and form the so-called mountain waves, which can be classified as
inner gravity waves. The direct consequence of such waves is a drag to the
upper level of atmosphere, possible clear-air turbulence (CAT), which can
be dangerous to the aviation, and strong surface winds blowing down the
lee side of the mountains.

Using the Mie-scattering lidar one can observe the transport of aerosols
in lower layers of atmosphere as well as the clouds above the planetary
boundary layer (PBL). Lidar observations of aerosol structures can reveal
the phenomenas in the atmosphere like gravity waves and rotors, which
are hard to observe with any other technique.

2. Instrumentation and experimental set-up

The airflow behavior during the Bora wind episodes was observed us-
ing the Mie-scattering lidar system and two ultrasonic anemometers. Li-
dar system and one of the anemometers were positioned at the bottom of
Vipava valley in urban environment with town of Ajdovščina. The second
anemometer’s location was at the top of the mountain barrier at Otlica ob-
servatory.

Figure 1: Mie-scattering lidar system of University of Nova Gorica (left) and ultrasonic
anemometer, positioned at the rooftop in Ajdovščina (right).

Mie-scattering lidar of University of Nova Gorica uses as a transmitter
the Nd:YAG pulsed laser with a wavelength of 1064 nm and has a range of
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approximately 10 km with spatial resolution of 3.75 m. For each measure-
ment the average of 10 laser pulses was computed, resulting in approxi-
mately 1.3 Hz sampling rate [4].

Measurements of wind speed and wind direction were performed us-
ing Vaisala WMT700 2D ultrasonic anemometers, which measure the time
of flight of the sound due to the wind. The anemometer positioned in Aj-
dovščina has a sampling rate of 1 s, while the Otlica one was running at
10 min sampling rate and was mainly used just to confirm the presence of
Bora wind.

3. Lidar observations during Bora wind outbreak

The lidar observations were performed in winter 2015 from Ajdovščina,
which lies at the bottom of Vipava valley and thus offers a good viewing
point for the observations of cold airflow over the mountain barrier. Out of
the 12 measuring campaigns 6 were made during the Bora wind outbreaks
(Tab. 1), 2 of them including gravity wave-like structures, which were spot-
ted in the graphical representation of the lidar scans. The gravity waves are
expected to be present in the atmosphere when there is a strong air flow
perpendicular to the mountain barrier, but can sometimes be obscured by
the clouds at the heights just above the top of the mountain barrier.

Measurements were preformed at a fixed elevation angle with lidar
pointing along the mountain barrier at azimuth angle of 120 ◦ (SE), pro-
ducing time-height indicator (THI) scans. The elevation angles of the mea-
surements for different events are stated in Tab. 1.

3.1. Variations of PBL height during the outbreak
The height of PBL changes during the day due to solar radiation. One

would expect a thin layer during the night, while in day time PBL height
usually grows, especially if the day is sunny [5]. In some of the Bora cases
the observed height of PBL stayed constant while the wind was strong
enough, but started to grow after the wind gusts slowed down. This be-
havior indicates the layer in which Bora wind takes place is thin and it
does not interfere with the upper layers by mixing, only by the shear at the
top of the layer.

3.2. Orography induced waves above PBL
In two cases out of 6 the structures resembling the gravity waves were

observed at the hight slightly above the mountain barrier height (Fig. 2).
Gravity waves in general occur when the direction of airmass motion is
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Date Dur. [h] El. [◦] WD [◦] Type of wind event
24. 2. 2015 1 20 60 strong Bora wind
26. 2. 2015 1 20 130 mild SE wind
27. 2. 2015 2 20 60 medium Bora wind

5. – 6. 3. 2015 70 30 130 mild SE wind
9. 3. 2015 2 48 130 mild SE wind
10. 3. 2015 8 48 60 mild Bora wind
12. 3. 2015 5.5 24 60 mild Bora wind
17. 3. 2015 8 23 60 strong Bora wind
5. 4. 2015 1 35 130 mild SE wind
13. 4. 2015 3 33 270 mild W wind
14. 4. 2015 8.5 30 60 mild Bora wind

16. – 17. 4. 2015 33 22 270 mild W wind

Table 1: Lidar measurements within the Winter 2015 and corresponding wind events. The
second column presents the duration (Dur.) of each lidar measurement, third column the
elevation (El.) angle of the lidar scan, while wind direction (WD) and type of wind event
are obtained from wind data collected with ultrasonic anemometer in Ajdovščina. The
wind speed is classified as follows: mild – peak value of wind speed distribution in range
0 − 3 m/s, medium – peak in 3 − 6 m/s, strong – peak in 6 − 9 m/s.

perpendicular to the mountain barrier. The study of wind direction in Aj-
dovščina showed that the wind direction in Bora wind outbreaks can vary
quite significantly, depending on the synoptic situation over the region.
These variations in wind direction could explain why the waves were not
observed in all of the cases.

4. Analysis of wind and aerosol loading properties

Within the selected period of 3 months (February – April 2015) 19 Bora
wind episodes were identified, 5 of which were classified as strong events
(peak of wind speed distribution in range 6− 9 m/s), 9 as medium (36 m/s)
and 5 as mild Bora wind events (0 − 3 m/s). To declare a Bora wind event
more than 10 % of wind direction should be between NE and ENE.

4.1. Periodicity of the Bora wind
Bora wind is known for its strong gusts, which haven’t shown any sig-

nificant period, which would be common to all the events. Studies of peri-
odicity report the frequency range of wind gusts from 3 – 8 minutes [6, 7].
The study performed on wind data collected with cup anemometers in 2012
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Figure 2: THI scan of the atmosphere during the Bora wind outbreak, taken in Ajdovščina
on 24. 2. 2015 at elevation of 20 ◦. The color scale shows the logarithm of lidar return signal
in arbitrary units. PBL height in the shown scan is within the range from 0.8 to 1.2 km, while
the strong response between 1.4 and 3 km corresponds with the cloud layer present at the
time of the measurement. The top of the PBL is experiencing a sort of a periodic behavior,
which could be related either with the Bora wind gusts in the lower layer of atmosphere or
with the gravity waves induced by the mountain barrier.

in Vipava valley confirmed the range, though the period of the gusts ap-
pears to be a characteristic of a single event, not as a Bora wind event in
general.

4.2. Correlation between wind speed and aerosol loading at different heights
The analysis of lidar observations during Bora wind events was per-

formed in order to study the possible correlations of aerosol loading and
PBL height with the wind at the ground level. Lidar system measures the
scattering of light on the aerosol particles, which are assumed to be light
enough to move with the wind. The correlations between wind speed and
the lidar response at fixed range were computed, resulting in the values of
correlation coefficient within the range from 0.1 to 0.2. The analysis of the
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correlations between wind speed and PBL height did not yield any signif-
icant correlation, which is most likely due to many factors that can affect
the PBL height alongside with the wind speed (solar radiation, wind shear
above the PBL height ect.).

5. Conclusions and future work

The aerosol loading in the lower layers of the atmosphere is affected
by different factors, one of which is the wind speed. To further study the
effects of the wind more advanced techniques of lidar scan analysis have
to be developed, which will enable the separation of the atmosphere in
different layers according to the characteristics of the single layer. Better
separation of different atmospheric layers will make it easier to study the
fluctuations in PBL height as well as helping identify the layers most af-
fected by the wind.
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[1] Z. Petkovšek, Burja v Sloveniji in nekoliko južneje, Pol stoletja
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Analysis on the process of Sahara-dust detected by
polarization lidar in Slovenia
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Abstract

Long range tranport of aerosols over Slovenia, in particular mineral dust
from nothern Africa was studied using polarization lidar device. Based on
the theoretics of polarization lidar which were briefly described in the pa-
per,and a new lidar system developed was shown. One course of the dust
aerosol were observed by the lidar system in Ajdovscina, Slovenia (45.93N,
13.91E) The analysis of lidar data with regional dust modeling (DREAM)
revealed the characteristics and distributions of the Sahara dust. In the up-
per region, large aerosol concentrations last a few days; during two events
of Sahara dust were detected and forecasted. The backscattered intensity,
depolarization ratio, extinction coefficient and aerosol optical depth ob-
tained by lidar data used to analysis the transportion of Sahara dust events.
The lidar data analysis show that the Saharan dust layer height reach and
persist at 8-10 km altitude, and for the Saharan dust days, the boundary
layer rese up to around 2.5 km, which was higher than before this event
came out. The extinction coefficient from 0.2 to 10 km altitude were ob-
tained using Klett’s method. Meanwhile, aerosol opticl depth (AOD) was
calculated which compare with DREAM can get fine consistency. By using
the backward trajectories, the measured aerosol types have been related to
the large-scale transport to the source regions.

Keywords: mineral dust, lidar, depolarization ratio, DREAM

1. Introduction

Mineral aerosols are amog the principal constituents of tropospheric
aerosols. These dust particles are expected to produce a considerable in-
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fluence on the Earth radiative budget, through direct forcing, and indirect
effects, that is, influencing the cloud nucleation processes and the cloud
microphysical properties. A large uncertainties on the microphysical and
optical properties, as well as on the global distribution of these particles,
exist. The Saharan desert constitutes one of the main sources of mineral
aerosols. The Saharan dust is a mixture of sand and dust from the Sahara
desert, the vast desert area that covers most of North Africa. the strong
wind can blow over deserts-whipping up dust and sand high into the sky
[1]. The wind in the upper part of the atmosphere then transports the dust
in the direction in which it’s travelling, often towards the Europe. It can be
transported worldwide, covering thousands of miles [2]. The Saharan dust
commonly observated over southern Europe, and it happens several times
per year when strong dust storms in the Sahara coincide with northern
winds to bring dust to Slovenia as well. Some of dust as the migration pro-
cess of continuous transmission settlement, scattered on the transmission
line, and there are some small particles into the stratosphere to form a sta-
ble layer of dust layer, regardless of which kinds, they have a direct impact
to air radiation and atmospheric climate [3]. Saharan dust deposition influ-
ences the bochemical cycels of Slovenia, and interface with the monitoring
of the incidence of anthropogenic emissions on ambient air PM2.5 levels
over southern cetral of Europe [4]. In the regions neighboring deserts, min-
eral dust also represents a risk for human health [5] and air transport ac-
tivites. In order to understand that it changes and its features, particularly
for sandstorm monitoring. There are many monitoring methods, such as
satellite, radar, sounding and so on. Monitoring dust with lidar is an ef-
fective means, which can from the ground to observe the changing and
sturcture of dust.

Polarization lidar is a post-effective detection tool to detect the parti-
cle morphology of non-spherical particles using depolarization properties
of sacttered Light. Aerosol particles of different shapes are generally di-
vided into spherical and non-spherical particles, reflecting different prop-
erties, and the dust is one kinds of non-spherical particels in solid [6]. Po-
larization lidar can be applied into effectively distinguishing the different
type of aerosol particles. The continuous observation on aerosol depolar-
ization ratio will contribute to the analysis of the climate evolution and
meanwhile, it is also significantly important in forecasting the source of
polluting aerosols. Understanding of the atmospheric aerosol radiation,
climate, environment and other effects, the study or aerosol physical and
optical properties of the atmoshere will be necessary, to bring great signifi-
cance of the detection of vertical resoluntion of atmospheric. Therefore, the
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using of Polarization lidar detect the characteristics of shape of particales
during these weathers has great significance for evolution of the climate
reseach and prediction.

2. The detection theory of polarization lidar

2.1. The basic detection principles of polarization lidar
In the atmosphere, except for a few liquid particles which are spheri-

cal, most of the aerosol [7] particles are non-spherical particles. Different
shapes of particles generated echo signals of backscatter having a different
polarization properties, while the polarization lidar takes advantage of de-
tecting depolarization ratio of non-spherical particle to study their optical
and physical properties of the atmosphere. The schematic diagram of de-
polarization principle of aerosol particles contained by atmosphere shown
in Figure 1:

Figure 1: The schematic diagram of spherical and non-spherical particales depolarization,
the figure in left is sacttering by particels in liquid and the figure in right is sacttering by
particels in solid.

Can be seen from Figure 1, when sacttering particles are spherical and
non-spherical, the backscatter is linearly polarization light based the on
light sacttering theory of particles, and the vibration direction of electric
vector is identical of incident light. However, in the case of non-spherical
scattering particales, even if the incidet light is linearly polarized light,
the light of backscatter generated also trens to be partially polarized light,
which is called the phenomenon of depolarization.

2.2. Lidar equation and inversion method
When polarization lidar was probing the atmosphere, the ecah of par-

allel and vertical components of atmospheric backscattering power at the
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range of r satisfy from the lidar equations as the following [8]:

Pp(r) =
κpPt

r2 βp(r) exp[−2
∫ r

0
αp(z)dz] (1)

Ps(r) =
κsPt

r2 βs(r) exp[−
∫ r

0
(αp(z) + αs(z))dz] (2)

Where Pp(r) and Ps(r) represent lidar received backscattering at the height
r of the parallel and straight components of the echo power (unit: W),
the subscript p and s represent both directions parallel and perpendicu-
lar transmited to the direction of laser polarization; Pt is the laser emis-
sion power; βp(r) and βs(r) represent the parallel and vertical component
of the backscattering coefficient at the height r of the atmosphere (unit:
km−1sr−1); αp(r) and αs(r) represent the parallel and vertical component
of the extinction coefficient at the height r of the atmosphere (unit: km−1);
the kp and ks represent the system constants of parallel and vertical com-
ponents of the detection channel, depending on the optical efficiency and
quantum efficiency of each detection channel.

Thus, on the condition of sacttering, as the emitting linearly polariza-
tion laser, the intensity of light which received by telescope and its char-
acteristics of polarization inferred the morphological characteristics of the
scattering particales, and the spatial distribution of the optical properties
of the atmoshere spherical and relative properties of non-sperical particles,
such as the presence of characteristics parameters. First, assume that the
lightt emitting atmosphere is a horizontal linear polarized light, and the in-
tensity of it is I0. After the atmospheric particle scattering, the backscatter-
ing light is not maintain the original linear polarization any longer. How-
ever the polarization state is not only in the horizontal direction, of which
the intensity is I2, but also contains polarized light in the vertical direction,
of which the intensity is I1, wherein the component is the depolarization
effects from non-spherical particles. Thus, there is the vertical component
of the backscattering intensity I1 and the horizontal component of the echo
signal intensity I2. The ratio is defined as the linear depolarization ratio,
that is [9]:

δ =
I1

I2
(3)

Based on the different value of I1 and I2, the value range of depolar-
ization ration is changing from 0 - 1, and the numerical value show the
level of particales in non-sperical. The higher numerical value indicates
the particales in non-sperical account for higher ration. Therefore, using
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depolarization technology can detect the distributions and microphysical
properties of particales in non-spherical.

2.3. Lidar systems

Table 1: Specifications of the depolarization lidar.
Transmitter Nd:YAG Receiver Cassegratin

pulsed laser tlescope
Wavelength 355 nm Detectors PMTs
Pulse energy 150 mJ Data recorder Licel TR40-160

Pulse duration 8 ns Beam splitting PBS
repetition rate 10 Hz Data inversion PC

We can see Specifications of the system are summarized in Table 1 and
a configuration of the polarization lidar system in Fig. 2. The lidar uses a
frequency-tripled high power compact Q-Switched Nd:YAG pulsed laser.
Pulse energy at the wavelength of 355 nm and pulse width of 4 ns is 100
mJ. Pulse repetition frequency is 10 Hz. The receiver was constructed using
a telescope with a diameter of 800 mm and focal length of 410 mm. After
light transmitted to spectrophotometric system by lens1, the echo signal is
separated and extracted by spectroscopic system efficiently. In order to get
echo signals in parallel and vertical components, a polarizing beam splitter
(PBS) is used, then the return signals are detected by photomultiplier tubes
(PMTs) for two 355nm channels. In the non-coaxial configuration of lidar
system, the estimated complete overlap is from 200 m, which should be
considered in the application of vertical measurements.Output of the de-
tector is then amplified and digitized by a DAQ in analog mode. Signal
averaging is performed inside the unit and a high speed data interface is
applied to connect to the host computer, which allows readout of the ac-
quired data between successive laser shots. Then analysed by computer.

3. Dust Regional Atmospheric Modeling (DREAM) System

DREAM (see [10, 11] for details) is a regional model designed to simu-
late and/or predict the atmospheric cycle of mineral dust aerosol. It solves
the Euler-type partial differential nonlinear equation for dust mass conti-
nuity. DREAM is fully inserted as one of the governing equations in the
atmospheric NCEP/Eta atmo- spheric model. The concentration equation
simulates all major processes of the atmospheric dust cycle. During the
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Figure 2: The configuration of the polarization lidar system. A de- tailed description of the
beam-splitting system is shown as an enlargement. PBS: Polarization beam splitter, PMT:
Photomultiplier Tube.
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model integration, calculation of the surface dust injection fluxes is made
over the model points declared as deserts. Once injected into the air, dust
aerosol is driven by the atmospheric model variables: by turbulent param-
eters in the early stage of the process when dust is lifted from the ground
to the upper levels; by model winds in the later phases of the process when
dust travels away from the sources; finally, by thermodynamic processes
and rainfall of the atmospheric model and land cover features which pro-
vide wet and dry deposition of dust over the Earth surface.

Dust loading was forecasted by DREAM model as Fig. 3 showed, The
wind directions and dust concentrations were presented in part of Spain.
From Fig. 3, we can deduced the dust tranported from Sahara to the Mediter-
ranean following the wind, then got to Spain and Slovenia was passed
through as well. This dust transportion case was forecasted at 14:00 CET
time 16th Aprial, 2015 in Spain. At the same time, The DREAM model also
show us the forecasting data in Slovenia as Fig. 4 showed. In Fig. 4, the
profile in left showed the forecasting data at 4:00 CET time 16th Aprial,
2015 in Slovenia, and the profile in right showed the forecasting data at
20:00 CET time 16th Aprial, 2015 in Slovenia. From Fig 4, we can see the
higher concentration of dust loading distributed in 8 - 10 km at 12:00 CET
time, after 6 hours, the dust loading had a defined deposition, and mainly
distribution in 6 - 9 km. In this period, pointed to this forecasting case, we
did Observation using Mie lidar, in order to get correlation between the
forecasting data and observation.

Figure 3: DREAM model dust loading in g/m3 and winds at 3000 m on 16 April. The yellow
spots indicate the location of the stations: North in Spain.
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Figure 4: Dust forecast concentration profile at 14:00 CET time (left) and 20:00 CET (right)
16th. Aprial, 2015 in Nova Gorica of Slovenia.

4. Initial Observations of Sahara-dust

A preliminary analysis, based on the forcast of DREAM model and the
lidar ovservations at the site, allowed the identification of cloud-free peri-
ods. The Mie lidar system in 1064 nm wavelength was employed in Aj-
dovscina. The measurements were observed between 12:00 and 00:00 CET
on 16th April. The acquisition system is programmed to perform an in-
tegration of the backscattered signals over 600 laser shots, corresponding
to 10 mins. The vertical resoluntion of the measurements is 3.75 m. The
analyses have been carried out on 60 mins signal averages, corresponding
to 3600 laser shots. An detected result by the lidar with elevation angle
of 300 during the experiment over a period of about 12 hours. The time-
height-indication (THI) diagram which was calculated by height-square-
corrected presenting the variation of atmospheric extinction is shown in
Fig. 5. Red indicates relatively high concentrations, and light blue are
lowest. Fig. 5 is the Saharan dust layer structure obtained in Ajdovscina
of Slovenia (45.93N, 13.91E), and it can be clearly seen that the dust layer
around 8-10km from 12:00 to 17:00, then the layer descended to about 6-8
km. the data released by DREAM model forecasted had the strongest con-
centration of dust around 10 km height at 12:00 CET and 8 km at 18:00 CET,
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therefore, it showed good homogeneity between realistic observations by
lidar and forecasting by DREAM model.

Figure 5: Time-height-indication diagram of atmospheric extinction shows the variations of
atmospheric conditions from 0.1 - 12 km altitude during the 12:00-24:00 16th April 2015 in
Ajdovscina of Slovenia (45.93N, 13.91E). Times refer to CET. The height which was calcu-
lated by 300 elevation angle of lidar is given relative to the altitude of the lidar site.

The atmospheric boundary layer (ABL) height on the basis of measure-
ments from 12:00 to 24:00 16 April is shown in 6. The ABL height is higher
than 2 km. However, the average ABL height during autumn in 2010 was
about 1.35 km above the lidar site. In general, the ABL height in Europe is
typically less than 2 km. The lidar results of aerosol extinction showed that
aerosol loading could change totally by Saharan dust events, which is long
range tranport over Slovenia.

Figure 6: Time-height-indication diagram of atmospheric extinction shows the variations of
atmospheric conditions from 0.1 - 3 km altitude during the 12:00-24:00 16th April 2015 in Aj-
dovscina of Slovenia (45.93N, 13.91E). Times refer to CET. The height which was calculated
by 300 elevation angle of lidar is given relative to the altitude of the lidar site.

Fig. 7 shows that, in 16th of the dust weather, the atmospheric bound-
ary layer every high of aerosol extinction coefficient [12] is generally more
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low-level extinction coefficient close to the maximum extinction coefficient
value 0.1 km−1, and each time a change with time is not obvious. In After-
noon time aerosol extinction coefficient profile in a aerosol around 8000 m
(Dust) concentration higher aggregation layers. Fig. 7 shows that on Apirl
16 the aerosol extinction coefficient is at a high level, close to the ground
at an extinction coefficient of 0.1 km−1, at 8 - 10 km height extinction co-
efficient reach 0.15 km−1 aerosol aggregation layer, delamination Structure
more obvious. Therefore, from lidat data, it can be considered as a dust
case, and the dust concentrated on 8-10 km. At 11 km height, the extinc-
tion coefficient reached the maximum value, it demonstrated the dust layer
around 11 km height for this dust case. From the height of the dust layer,
we can deduce the size of dust mainly focus on 5 - 10 µm. It will help to
konw the size of dust based on the height of dust layer with the speed of
deposition of dust for the next reseach.

Figure 7: Observation of the lidar data from 16:04-17:04 averaged by 1 hour and extinction
coefficient inverted from rang-square-corrected signal show the effect of the Sahara dust.
The peak in the extinction coefficient profile between 8 - 11 km are due to the layer of dust.
The measurements were performed at the fixed elevation angle of 30o during the afternoon
of 16 Aprial 2015 in Ajdovscina of Slovenia (45.93N, 13.91E).Times refer to CET. Height is
given relative to the altitude of the lidar site.
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5. Conclusion

In a recent Sahara-dust events in 2015, the vertical profiles of aerosol
extinction coefficient, which was inverted from atmoshere of Slovenia over
probe during the Saharan dust events, show significantly large aerosol layer
in the middle troposphere. Combined with the DREAM forecasting data,
Both them showed good consistency. Comparing with the normal day, the
boundary layer in Saharan dust events was higher and rose up to around
2.5 km in midnight. The THI showed dust layer was over 8 km altitude and
around 2 km thick. During Saharan dust days, the aerosol optical depths
at 1064 nm wavelength were larger than 0.3 near the surface, which were
much larger than nomal days. Lidar should be paly an important role in
future research if observations are performed in regular time intervals with
some other reasonably good density and pointed stations which use to get
the concentration and radius of Saharan dust particales over a certain re-
gion in Slovenia. next work will use depolarization lidar distinguish the
shape of dust to study dry dust and wet deposition during the transportion
of Saharan dust events. With the local density of stations, for further anal-
ysis of imformation of sahara dust migration, structure changing, dust de-
position and size distributions were studied.
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Exposure of the surface detector of the Pierre Auger
observatory to ultra-high energy neutrino fluence from

gamma-ray bursts
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Abstract

High energy particles, historically named Cosmic rays, constantly reach
the Earth from outer space, but their origin, composition and acceleration
mechanisms are not entirely understood. Cosmic rays interact with Earth’s
upper atmospheric molecules nuclei and create a cascade of new particles
which can be revealed at ground level by the surface detectors of the Pierre
Auger observatory. Ultra high energy neutrinos will induce high inclined
air showers initiated deep in the atmosphere, since neutrinos have a low
interaction probability with matter. No neutrino induced shower has been
detected so far. Gamma-ray bursts are supposed to produce a large high
energy neutrino emission. In order to estimate the upper limit of the neu-
trino fluence, defined as the energy emitted in neutrinos per unit area, from
a gamma-ray burst the calculation of the exposure of the surface detector is
necessary. In this paper we calculate exposure of the surface detector for 43
gamma ray bursts, with zenith angle between 75 and 90 degrees, selected
from GRBox catalog in the period November 2007 - May 2010 and placed
the limit on the neutrino fluence from this Gamma ray bursts sample.

Keywords:
Ultra high energy neutrinos, Gamma ray bursts, Pierre Auger
observatory, Exposure

1. Introduction

An open problem in high energy astrophysics is to clearly understand
what is behind the huge amount of particles which are continuously hit-
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ting the Earth’s atmosphere from all directions. These incoming particles
are about 90 % protons and 9 % helium nuclei. The remaining 1 % is made
of heavier nuclei, electrons, positrons, neutrinos and energetic gamma pho-
tons. When these particles interact with an atmospheric nucleon they create
a shower of elementary particles that can reach the Earth’s surface and can
be detected. Their first discovery dates back to 1912 [1]. For some time
it was believed that they had an electromagnetic nature, hence the name
cosmic ”rays” (CR). Even though hundred years have passed, nowadays
there are still a lot of unknown aspects to comprehend. The lowest en-
ergy particles (below 1015 eV) are known to be produced by ordinary stars
(like the Sun) and in exploding stars (Supernovae), but it was also discov-
ered that there is a tiny fraction of higher energy (above 1018 eV) particles,
named Ultra High Energy Cosmic Rays (UHECRs) [2], which must have a
different origin. The most promising hypothesis up to now is that UHE-
CRs are produced in Gamma Ray Bursts (GRBs) [3] and/or Active Galactic
Nuclei (AGN) [4] engines. The study of the composition of the highest en-
ergy particles, determining if they are protons or heavy nuclei, it is still
uncertain. Although these mysteries remain unsolved, CR study can also
provide important information on the chemical evolution of the Universe
and improve constraints on Galactic and extragalactic magnetic fields. On
the other hand the atmospheric particle cascades could be used as a test for
elementary particle physics [5].
The majority of CR are therefore charged particles, thus, they suffer of large
scale cosmic magnetic field bending during they flight, making their ar-
rival direction smeared. The rarest UHECRs will be less bent by magnetic
fields therefore they should roughly keep their original direction and point
towards their emission source [6]. The propagation distance of UHECRs
is limited to ∼ 50 Mpc at 3x1020 eV, due to energy losses via interactions
with the Cosmic Microwave Background (CMB) photons that induce the
so called Greisen Zatsepin Kuzmin (GZK) [7] energy cutoff in the CR en-
ergy distribution (Fig. 1), i.e. the flux of incoming particles with an energy
above 5x1019 eV will be largely suppressed. This feature has been seen in
the UHECRs energy distribution, however, at present, we cannot be sure
whether this suppression is a real imprint of the GZK cutoff or whether it
is related to intrinsic limits of the UHECRs accelerator sources. The deter-
mination of the composition of UHECRs could validate one of these hy-
pothesis [8]. The matter distribution in the Universe is not homogeneous
over Mpc scales, hence if UHECRs have an extragalactic origin, one expects
an anisotropy in their arrival direction distribution related to their sources,
if magnetic fields are not too strong and they do not completely smear CR
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trajectories. Otherwise, if UHECRs would have had a galactic origin, our
galactic plane would be the prime source of the UHECR observed direc-
tions. At the moment a statistically significant departure from isotropy in
the overall distribution of the arrival directions of CR with energies around
the GZK cutoff has never been confirmed, but the statistic of these events
is very low.

Figure 1: Energy spectrum of cosmic rays (all particles species) from air showers experi-
ments. The fluxes are multiplied by E2.6 to better appreciate the features. At 106 GeV one
particle per year per m2 is expected. At 109 GeV one particle per year per km2 is expected.
At 1011 GeV one particle per century per km2 is expected [9]. The AGASA spectrum does
not show a GZK feature, which is present in the other spectra, this is probably due to the
systematic uncertainties in the energy reconstruction of the primary particle.

It is very difficult to study the production of these high energy parti-
cles without considering an associate ultra-high energy neutrino (UHEνs)
component of the flux, which is produced in association with the highest

3



energy cosmic rays as they interact with radiation at the sources and/or
with the CMB photons during their propagation. The observations of these
neutrinos, differently from charged cosmic rays, will provide an unique
window in astrophysical processes because these particles travel unhin-
dered through space, pointing back to the original source and furthermore
they can freely escape from environments that are opaque to photons. The
absence of the observation of neutrino induced events allowed us to set the
upper limit on neutrinos diffuse flux and upper limits on neutrino fluence
from point-like sources. The expected spectrum of cosmogenic (i.e. origi-
nated in the GZK mechanism) neutrinos can vary considerably, depending
on the spectrum and the chemical composition model of the cosmic ray
sources. In the models where heavy nuclei dominate the cosmic ray spec-
trum, the cosmogenic neutrino flux can be suppressed by up to 2 orders of
magnitude relative to CR proton dominated prediction [10], making its de-
tection beyond the reach of current and planned neutrino telescopes. Other
models consistent with the data, however, are proton dominated with only
a small mixture (1 % - 10 %) of heavy nuclei and predict an associated cos-
mogenic flux within the reach of upcoming experiments. Over the course
of the Pierre Auger experiment, ultra high energy (EeV) neutrino interac-
tions in the atmosphere are expected to produce from zero to at most few
detections.

2. Gamma-Ray Bursts

Gamma-ray bursts (GRBs) [11] are isolated bursts of gamma radiation
(with λ ≤ 10 pm) and, up to now, they are the most powerful singular
events in the Universe. GRBs arrival directions distribution is isotropic,
not biased towards any particular direction in space. If the sources were
from within our own galaxy they would be strongly concentrated in or near
the galactic plane. The longer GRBs are thought to be the explosion of the
most massive stars in the early stages of the Universe, while the shortest are
associated with the merging of neutron stars or black holes. After the initial
bursts, a long afterglow across all the electromagnetic spectrum occurs and,
with follow up optical observations, it is possible to identify the source of
the initial GRB. Most high redshift GRB hosts are primordial faint galaxies.
GRBs have been suggested as a source of UHECRs [12] accelerated in the
blast wave and according to the ”Fireball model” [13] neutrinos are also
expected to be produced in these sources [14]. The acceleration of protons
in the highly relativistic shock (i.e. collisions between faster and slower
ejected shells of the exploded star) of a gamma-ray burst lead to the creation

4



of PeV - EeV neutrino by photopion interactions of ultrahigh energy CR
(here assumed dominated by protons) with x-ray to optical photons of the
GRB afterglow emission. Neutrinos are created from the decay of pions π,
kaons K and muons µ in the following ways:

p + γ→ ∆→ n + π+ ⇒ π+ → µ+ + νµ ⇒ µ+ → νµ + νe + e+

p + γ→ K+ + Λ/Σ⇒ K+ → µ+ + νµ ⇒ µ+ → νµ + νe + e+

However it is important to remember that, while neutrinos travel cos-
mological distances to reach the Earth, we expect that νe, νµ, ντ are equally
abundant, because of neutrino flavour oscillations [15].

3. Searching for UHE Neutrinos with Pierre Auger observatory

The Pierre Auger Observatory (Fig. 2), located in Malargüe, Argentina,
is the largest existing hybrid (employing two independent methods of data
collection) air shower detector [16]. It consists of an array of surface parti-
cle detectors (SD) on ∼ 3000 km2 and four fluorescence telescope sites to
collect the Cherenkov light (i.e. radiative emission of a particle which is
moving in a medium with a velocity larger than the light phase velocity in
that medium).

The SD array consists of ∼ 1600 purified water tank detectors arranged
in a triangular grid with 1.5 km spacing between them. As charged parti-
cles enter in a tank they emit Cherenkov light which is collected by photo-
multiplier tubes and converted to a digital signal with a temporal resolu-
tion of 25 ns.

3.1. Selection criteria of neutrino search
Although the SD array of the Pierre Auger Observatory is primarily

used for the collection of UHECRs, UHEνs can also be observed. Neutri-
nos, unlike protons and heavier nuclei, can generate deeply initiated show-
ers into the atmosphere since they have a very low interaction probabil-
ity. Using Monte Carlo simulations, it has been established that neutrino
identification with the SD of the Auger Observatory can be performed ef-
ficiently as long as the search is restricted to showers with high zenith an-
gle (θ ≥ 75 deg). The electromagnetic component (EM) of the inclined
hadronic showers, which had initiated high in the atmosphere, will be ab-
sorbed before reaching the ground. The shower front is dominated only by
muons, producing a signal which lasts tens of nanoseconds. On the other
hand neutrino deep showers have a significantly large EM component at
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Figure 2: Layout of the Pierre Auger Observatory. Blue radial lines: view sectors of fluo-
rescence detectors (FD), the buildings containing the telescopes are located at the edge of
the array. Black dots: 1660 detector stations of the surface detector (SD). Red: new projects,
three FD telescopes for higher altitudes detection (HEAT), underground muon counters
(AMIGA), a radiotelescope array (AERA) for detecting radio emission from the showers.

ground, which will give a signal spread in time over hundreds of nanosec-
onds. Due to this feature, the large background of hadronic showers can be
clearly separated from the neutrino induced showers, so that the search for
neutrinos with Auger observatory is currently limited not by background
but only by exposure.

3.2. Selection criteria of GRBs sample
The GRBs sample (Tab.1) for the exposure calculation has been selected

with the following requirements:
1) GRBs must have declination and right ascension in the field of view of
the Pierre Auger Observatory.
2) Only GRBs with high inclined zenith angle from the SD detector have
been selected (θ ≥ 75 deg).
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3) GRBs which occurred during bad periods of acquisition data inside the
search period (i.e. from November 2007 to May 2010) have been excluded.
4) Low luminosity GRBs, classified as X-Ray flashes, have been excluded,
since their neutrino production is disfavoured.

4. Exposure to UHE Neutrinos from GRBs

The effective area available for detection of a single GRB, which de-
pends on the neutrino interaction atmospheric depth D measured in g cm2,
the zenith angle of the burst, as seen from the SD array, θGRB and the neu-
trino energy, is defined as the integral of the identification efficiency of the
detector over the shower core position−→r with the index i that runs through
the three neutrino flavours [17].

Ai,e f f (Eν, D, θGRB, t) =
∫

εi(
−→r , Eν, θGRB, D, t)dA

A combined exposure (i.e. the area of the detector times field of view in
steradians times seconds) can be obtained by integrating over GRB dura-
tion time and interaction depth (Fig. 3)

εGRB(Eν) =
1
m

Σi[σi(Eν cos θGRB

∫ ∫
Ai,e f f (Eν, D, θGRB, t)dDdt],

where m is the mass of an atmospheric nucleon, the cos θGRB term repre-
sents the projection of the effective area onto the direction of the incoming
flux and σi is the neutrino(νi)-nucleon(m) cross section for two different
weak interaction processes:

Charged current : νi, νi + m→ l−i , l+i + X,

Neutral current : νi, νi + m→ νi, νi + X.

In charged current interactions the neutrino converts into the equiva-
lent charged lepton li, where X is the final hadronic state. In neutral cur-
rent interactions the neutrino remains a neutrino, but transfers energy and
momentum.
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5. Results

5.1. Limits to the neutrino fluence
In this work we calculated the exposure of the Pierre Auger Observa-

tory to single GRBs UHEνs fluence. Knowing the exposure, the total num-
ber of events in a neutrino energy interval can be calculated, assuming a
flux of UHE neutrinos from a single GRB, ΦGRB(Eν), to be kGRB · E−4

ν , with
an integration in energy range [17]

NGRB =
∫ Emax

Emin

ΦGRB(Eν)εGRB(Eν)dEν.

Hence, the integrated limit on the value of kGRB is

kGRB =
Nup∫ Emax

Emin
E−4

ν εGRB(Eν)dEν

, (1)

where Nup is the value of the upper limit in signal events for zero candi-
dates and no expected background events at 90%C.L. in a Feldman-Cousins
approach [18].
It is useful to calculate the limits on the fluence FGRB, defined as the energy
of emitted neutrinos per unit area

FGRB = E2
ν T90GRB kGRB E−4

ν , (2)

where T90 is the time duration of the GRB.
To improve the sensitivity, the total expected number of the events for

all the GRBs could be calculated as

NGRB = ∑ NGRB

A corresponding kstack
GRB and Fstack

GRB can be obtained using equations (1) and
(2). We calculated the stacking limits to neutrino fluence Fstack

GRB from this
GRBs sample in function of energy (Fig. 4).

5.2. Conclusions
The identification of potential neutrino-induced showers is based on

first selecting those events that arrive in rather inclined directions, and then
selecting among them those that have a signal spread in time, indicating
deeply interacting neutrino shower. Over the Pierre Auger Observatory
search period for neutrino induced showers detection, no candidate events
surviving the selection criteria were found. This allow us to set the upper
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limit on the UHE neutrino diffuse flux, but also to put constrains on GRBs
neutrino production. In this paper we calculated exposure of the SD and
constrain the UHE neutrino fluence for a 43 GRBs sample. The expected
fluence of neutrino production in GRBs is too low to expect a detection. A
future perspectives of no neutrino candidates could mean in principle ei-
ther that GRBs are not the primary source of UHECRs or that the model for
GRBs neutrino production is incorrect. Future experiments [19]will be able
to make a robust statement on the connection between GRBs and neutrino
emission.
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Figure 3: Exposure of the SD for a single GRB (091109B). The exposure of individual neu-
trino flavours and channels is shown.

Figure 4: Limits to neutrino fluence from the GRBs sample. The theoretical Waxman-Bahcall
model [3], a conservative upper limit on potential neutrino fluence, is also shown.
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GRB ID Year θ [deg] t90 [s] Eb1 [GeV] Eb2 [GeV]
100526B 2010 75.60 64.00 3.89E+05 2.26E+07
100510A 2010 84.06 31.00 1.11E+06 6.59E+06
100331A 2010 78.20 15.00 3.89E+05 1.19E+07
100225A 2010 85.09 13.00 4.52E+05 1.08E+07
100116A 2010 79.09 110.00 3.89E+05 3.43E+06
091109B 2009 89.54 0.19 3.89E+05 8.45E+05
091109A 2009 75.15 48.00 2.11E+05 4.61E+06
090915Z 2009 89.83 8.00 3.89E+05 7.75E+06
090727B 2009 78.46 25.00 5.12E+05 2.86E+06
090717A 2009 77.84 70.00 3.89E+05 2.42E+07
090706Z 2009 77.60 100.00 3.89E+05 1.58E+07
090626Z 2009 79.62 70.00 4.44E+05 8.66E+06
090625Z 2009 87.51 51.00 3.93E+05 1.47E+07
090621C 2009 76.50 59.90 5.26E+05 1.12E+07
090327Z 2009 89.46 24.00 8.74E+05 5.48E+06
090324Z 2009 77.15 30.00 3.89E+05 3.58E+06
090307A 2009 75.58 22.00 3.89E+05 1.78E+07
090222Z 2009 82.69 18.00 5.29E+05 5.55E+06
090202Z 2009 80.78 66.00 1.36E+05 5.35E+06
090201Z 2009 82.93 83.00 4.92E+05 3.22E+06
090129Z 2009 84.07 17.50 6.32E+05 5.59E+06
090117B 2009 87.67 27.00 3.11E+06 7.50E+06
081223Z 2008 87.48 0.89 2.78E+05 1.67E+06
081221Z 2008 89.92 34.00 1.01E+06 1.86E+06
081203B 2008 81.40 23.40 3.89E+05 1.26E+06
081126Z 2008 84.22 54.00 2.47E+05 7.84E+06
081121Z 2008 80.45 14.00 2.29E+05 2.31E+06
081105B 2008 80.09 0.18 3.89E+05 1.72E+06
081016B 2008 84.54 2.60 3.89E+05 9.93E+06
080927Z 2008 82.01 25.00 1.94E+06 4.06E+06
080916C 2008 87.47 66.00 5.77E+04 2.50E+05
080822A 2008 82.27 0.10 3.89E+05 1.94E+05
080727B 2008 84.88 8.60 3.44E+05 3.23E+06
080725Z 2008 82.45 120.00 5.98E+05 1.10E+07
080707Z 2008 82.48 27.10 2.43E+06 3.44E+07
080605Z 2008 83.73 20.00 3.38E+05 3.15E+06
080604Z 2008 79.05 82.00 6.00E+05 3.74E+07
080517Z 2008 89.07 64.60 3.89E+05 2.08E+07
080413A 2008 89.39 46.00 2.97E+05 4.82E+06
080319A 2008 80.27 64.00 3.89E+05 7.07E+06
080315Z 2008 78.36 64.00 3.89E+05 4.14E+07
080212Z 2008 88.75 123.00 3.89E+05 1.26E+07
080120Z 2008 81.57 20.00 3.89E+05 7.07E+06

Table 1: 43 selected GRBs grom GRBox catalog. From the left to the right: GRB identification
number, year, zenith angle from the SD array, GRB duration, two energies break points
(assuming the GRB spectral energy in form of power-law).
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Characterization of silicon photomultipliers for use in
the Cherenkov Telescope Array
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Abstract

Very high energy gamma rays arriving to Earth are detected with the use
of Imaging Atmospheric Cherenkov Telescopes (IACT), that observe the
characteristic UV light emitted by charged particles in a large cascade. The
next in line of such telescope arrays is the Cherenkov Telescope Array
(CTA). The proposed cameras of large size telescopes will roughly have
1000 photomultiplier tubes (PMT), photodetectors widely used in astropar-
ticle physics. However, with the development of new silicon based pho-
todetectors, they are proving to be a possible replacement for the power
hungry PMTs.

In this paper, silicon photomultipliers are considered for high energy physics
use in the large size telescope camera of CTA. The characterization of these
novel photodetectors include bias voltage, angle, teperature and position
dependent measurements. Results of characterization measurements are
described, which were performed as part of the Laboratory for astroparticle
physics (University of Nova Gorica) contribution to the CTA consortium.

Keywords: silicon photomultipliers, Cherenkov Telescope Array,
photodetector comparison, silicon photomultiplier characterization

1. Introduction

When high energy gamma rays enter the Earth’s atmosphere, they in-
teract with atmospheric molecules and produce a cascade of electromag-
netic particles. Positrons and electrons in such a cascade have extremely
high energy and produce a flash of Cherenkov radiation. These bursts are a
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result of particles traveling faster than the speed of light in the atmosphere
and last for several nanoseconds. Since gamma rays are not deflected by
magnetic fields, we can pinpoint the direction of their source by observing
the incoming Cherenkov light. As opposed to gamma ray induced show-
ers, extensive air showers (EAS) induced by heavier charged particles, do
not show a preferred direction and produce a substantial background sig-
nal. This noise is statistically removed by determining the arrival direction,
since charged particle EAS are isotropic.

The Cherenkov Telescope Array (CTA) [1, 2] is a next generation gamma
ray observatory in the very high energy (VHE) regime (100 GeV to 100 TeV),
that will replace or complement existing Imaging Atmospheric Cherenkov
Telescopes (IACT) H.E.S.S. [3], MAGIC [4] and VERITAS [5]. It will consist
of an array of Cherenkov telescopes of three different sizes:

• Small size telescopes (SST) with radius ∼ 4 − 6 m and field of view
∼ 10◦ will cover energies above 10 TeV.

• Medium size telescopes (MST) with radius ∼ 10 − 12 m and field of
view ∼ 6 − 8◦ will cover energy ranges between 100 GeV and 1 TeV.

• Large size telescopes (LST) with radius ∼ 24 m and field of view ∼
4 − 5◦ will cover energies below 100 GeV.

With an order of magnitude higher sensitivity than current IACTs, the array
will offer observations regarding the origin of cosmic rays, their accelera-
tion to high energies and searches of physics beyond the standard model.
CTA is planned to consist of two parts, one in the north, the other in the
south hemisphere, which will make it the only ground based observatory
with complete coverage of the sky. The detection method of Cherenkov
telescopes is to collect light with a hexagonal grid of mirrors and focus it
onto the plane of a camera. The camera consists of photosensitive detec-
tors, converting the faintest of Cherenkov light bursts into a measurable
electrical signal. For this purpose, the current camera design for CTA large
size telescope consists of about 2500 photodetector pixels, making the size
of the complete camera ∼ 2.5 m in diameter.

In this paper, a comparison between photomultiplier tubes and silicon pho-
tomultipliers is made for their use as photodetectors. Additionally, a mea-
surement setup and characterization of silicon photomultipliers is presented
to determine their suitability for the use in Cerenkov telescopes of CTA (at
the Laboratory for astroparticle physics in University of Nova Gorica we
focus on large size telescopes).
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2. Cherenkov light detection

In many physics applications, a measurement of an observable is per-
formed through detection of light with photodetectors. These photodetec-
tors transform a small amount of incident light into a measurable signal
through the use of charge carrier multiplication. In high energy physics, a
photomultiplier tube (PMT) is most commonly used, but novel detectors,
based on semiconductor technology, are being developed to try and solve
some of the drawbacks occurring in PMTs. These drawbacks are explained
in the following subsection.

2.1. Photomultiplier Tubes
Photomultiplier tubes use a photosensitive cathode to transform inci-

dent light into a measurable signal through an electron avalanche. The
photocathode, upon an incident photon, emits electrons. These are then
accelerated by a potential difference on the two terminals inside the vac-
uum tube of the PMT. Additional dynodes (electrodes in the vacuum tube)
serve as electron multipliers and produce additional electrons when hit by
accelerated electrons. With their multiple stage acceleration, PMTs amplify
the signal with a high gain and low signal noise. However, due to their
large vacuum tube and photosensitive cathode, they are very sensitive to
mechanical shocks, can not be used in ambient light and are sensitive to
magnetic fields. Additionally, the voltage requirements to enable electron
avalanches inside the tube are in the range of 1 kV − 2 kV [6].

2.2. Silicon photomultipliers
Silicon photomultipliers (SiPM) are detectors consisting of a large num-

ber of avalanche photodiode (APD) cells, between 100 and 1000 per mm2.
Each APD cell has an active detection region between the p–type semicon-
ductor substrate, with larger hole concentration, and n–type semiconduc-
tor substrate, with larger electron concentration. This detection area can
further be increased by applying a reverse bias voltage (negative terminal
on p–type and positive terminal on n–type). When a photon passes through
the active region, it creates electron—hole pairs, that are accelerated to their
respective terminals and produce additional charge carriers on their way.
Each APD signal is summed to produce the final SiPM signal. Through this
technique a measurable electric signal can be obtained from the passage of
a single photon, making SiPMs extremely useful in low light conditions.
The reverse bias voltage, as opposed to PMTs, remains under 100 V, which
drastically lowers the power consumption and need of high voltage power
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supplies. They produce a signal gain and light sensitivity similar to that
of a PMT, but can still be used in ambient light. Due to their structure,
they are mechanically robust and insensitive to magnetic fields. The most
noticeable drawback to SiPMs is a fairly high signal noise, resulting from
thermally produced electron–hole pairs, that can hide the true low level
light signal [6].

3. Silicon photomultiplier characterization

Characterization of detectors is necessary in development stages to de-
termine which detector to choose from and if it is suitable for the proposed
application. As described in [2], CTA has selected certain criteria for pho-
todetectors to be used for their Cherenkov telescopes. Out of all of the
criteria, the following are especially important when considering SiPMs as
CTA photodetectors:

• spectral sensitivity range should be 300 − 650 nm with peak at ∼
350 nm (atmospheric extinction below and increasing noise above the
range)

• ability to detect single photons and a dynamic range of up to 5000
photoelectrons

• detector lifetime of at least ∼ 10 years, with annular exposure of ∼
2000 hours

• cross–talk (noise in pixel produced by adjacent camera pixels) must
be kept below 1%

Most available SiPMs try to replicate the spectral sensitivity of PMTs and
are thus well suited for Cherenkov light detection. The detection of sin-
gle photons is possible, but can be hindered by thermal noise covering the
signal. As for SiPM lifetime, they are extremely durable if used properly.

3.1. Measurement setup
The measurement setup was specifically built at the Jozef Stefan Insti-

tute (IJS) for the purpose of SiPM characterization and is constantly be-
ing upgraded to include a larger number of measured characteristics. The
setup schematic is presented on Fig. 1 and consists of a sample holder
and laser optics inside a climate chamber. The climate chamber, at the
same time acting as a dark box, is a Shjianheng programmable high & low
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Figure 1: Schematic of the experimental setup: Laser optics system (light brought through
optic fiber) and sample holder are inside a climate chamber. The laser optics are on a 3–axis
movable table and the holder is stable, but can be rotated for incidence angle measure-
ments. The laser trigger signal, combined with the SiPM signal, can be used for timing
analysis (TDC). The analog SiPM signal can be used to perform waveform analysis on the
oscilloscope (scope) and charge spectrum analysis (ADC). Internal temperature is more ac-
curately measured with a temperature sensor positioned close to the sample.

temperature chamber with a temperature span between −70◦C and 140◦C.
This temperature range is much larger than the predicted operational tem-
peratures for CTA (between 0◦C and 30◦C) [7]. The laser used for all mea-
surements is a 600 nm (red) Picosecond laser (PiLAS) with variable pulse
frequency, power and a possibility to exchange the laser head for differ-
ent wavelength light (from UV to infrared). Before passing the laser light
through an optic fiber to the laser optics inside the chamber, it is possible
to place neutral density filters in front of the fiber to reduce the amount of
light passing to the sample. As laser optics, a collimator lens or a pinhole
are used, depending if focused light or a broad beam is needed, respec-
tively. The optical system is then mounted on top of a 3–axis movable table
to enable surface scans.

The sample holder is made from a stable metallic mount and holds the
SiPM in place, while a platform enables the holder to be rotated for inci-
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dence angle measurements. A temperature sensor (National Instruments
FP–RTD–122) is positioned close to the sample mount to more accurately
determine the inside temperature of the chamber. Part of the setup inside
the chamber is shown on Fig. 2.

Figure 2: Experimental setup inside the climate chamber. On the left is the sample holder
with an SiPM (on green board) and a temperature sensor (red). On the right is the 3–axis
movable table with optic fiber (yellow) connected to the laser optics (pinhole in this case).

The SiPM testing board used for all measurements has one input (bias volt-
age) and one output (signal line), with simple RC filtering to reduce signal
noise. Bias voltage is applied from a variable low and high voltage sup-
ply, while the signal line is passed to an inverting amplifier. The complete
signal line schematic is shown on Fig. 3. The SiPM signal and the laser trig-
ger signal are passed through different stages to a Computer Automated
Measurement And Control (CAMAC) data acquisition module. With it,
the gathered signal charge is measured through an Analog–to–Digital Con-
verter (ADC) and the time difference between laser trigger and SiPM signal
is determined with a Time–to–Digital Converter (TDC). Both the ADC and
TDC can accommodate simultaneous measurements of 8 signals, which is
useful for characterization of SiPM arrays.
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Figure 3: Signal from the SiPM is amplified and divided into analog (ADC analog) and
digital parts (TDC stop). The laser trigger is inverted and spread to three digital inputs
(TDC start, ADC gate and CAMAC trigger). ADC gate determines the time window where
analog signal is integrated, while the two TDC inputs determine the endpoints for timing
analysis.

3.2. Silicon photomultiplier samples
In order to select the most appropriate SiPM for CTA camera design, it

is important to determine the characteristics of SiPMs from different manu-
facturers. Current SiPM manufacturers include Hamamatsu photonics [8],
SensL [9] and FBK [10]. In this research, Hamamatsu S10362–11–050U [11]
and FBK AdvanSiD RGB [12] silicon photomultipliers have been used. The
main difference between the two is the active detector area size (1 × 1 mm2

and 3× 3 mm2, respectively) and the operating voltage (≈ 70 V and ≈ 30 V,
respectively). The two samples measured for this work are shown on Fig.
4.

Figure 4: Silicon photomultipliers used for characterization presented in this paper: Hama-
matsu S10362–11–050U [11] on the left and FBK AdvanSiD RGB [12] on the right.
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3.3. Measurement results
In the following sections, characterization measurements are described

with their results. At the moment, the experimental setup allows for volt-
age, surface and incidence angle scans, each described in its own section.

3.3.1. Operating voltage measurements
As a first comparison, the two SiPM samples are placed in the cham-

ber at their 0◦C operating bias voltages (VOP = 68.6 V for Hamamatsu and
VOP = 30.0 V for FBK). For each sample, the oscilloscope trace, the charge
spectrum (ADC) and the time spectrum (TDC) are recorded. Fig. 5 presents
the ADC spectra and signal trace for both SiPMs. The charge spectrum de-
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Figure 5: Charge spectra (ADC) for the Hamamatsu (blue) and FBK (red) silicon photomul-
tipliers. The peak structure corresponds directly to the signal trace in the two oscilloscope
images (Hamamatsu on the left and FBK on the right).

pends greatly on the amount of photons detected and the different photon
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equivalent (p.e.) peaks can be recognized. The first peak on the charge
spectrum is known as the pedestal peak and describes the case when no
photons are detected. On the other hand, any further peaks are named
sequentially as N–th photon equivalent peak (N p.e.), where N gives the
proportional number of photons detected. From the charge spectra on Fig.
5, the Hamamatsu SiPM detected 8 photons, while the FBK SiPM detected
10 photons.

3.3.2. Breakdown voltage measurements
The breakdown voltage of a semiconductor is the maximal reverse bi-

ased voltage, without causing an exponential increase in current. Once this
voltage is exceeded, the electron—hole pairs produced by a photon create a
charge carrier cascade inside the semiconductor and exponentially increase
the measured current at the terminals. SiPMs can only be used as photode-
tectors once the bias voltage overcomes its breakdown voltage. However,
considerations need to be taken not to increase the applied bias voltage to
too high levels, where irreparable damage can occur. Usually this should be
kept below 5 V overvoltage (voltage difference between applied and break-
down voltage). For breakdown voltage measurements, a voltage scan in
the region around operating voltage was performed for both samples, with
bias voltage steps of 0.02 V. The charge spectrum (ADC) was then fitted
for peaks using the ROOT data analysis framework [13] and the separation
between the first p.e. and second p.e. peaks determined. Peak difference
for SiPMs is proportional to their gain G [14]

G =
dADC kADC

q
, (1)

where q = 1.602 · 10−19 C is the elementary charge, dADC[ADC] is the peak
separation and kADC[fC/ADC] is the ADC channel conversion factor, de-
pending on the used ADC. Breakdown voltage is therefore determined as
the bias voltage, where gain goes to zero. Using a linear fit to the measured
voltage scan points, the breakdown voltage for both SiPMs, plotted on Fig.
6 (top row), can simply be determined. This was repeated at temperatures
between 0◦C and 25◦C (with 5◦C step size) to check the temperature depen-
dence of breakdown voltage. The temperature dependencies presented on
the bottom row of Fig. 6 are 64.92 mV/◦C ± 29.34 mV/◦C for Hamamatsu
and 28.14 mV/◦C ± 9.29 mV/◦C for FBK.
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Figure 6: Peak separation versus applied bias voltage at temperatures going from 0◦C (blue)
to 25◦C (red) with 5◦ steps (top row). Breakdown voltage (determined from linear fits to
plots in the top row) versus the chamber temperature (bottom row). The two plots on the
left are for the Hamamatsu SiPM, the ones on the right are for the FBK SiPM.

3.3.3. Relative photon detection efficiency measurements
The photon detection efficiency (PDE) is the fraction between the amount

of detected photons and the number of photons emitted by the light source.
For the purpose of CTA, the typical peak values of SiPM PDE are between
40% and 50% at wavelengths of ∼ 400 nm, depending on SiPM construc-
tion [15] and manufacturers [8, 9, 10]. Since the experimental setup does
not have incident laser light measurement capabilities, an analysis of PDE
relative to the incidence angle was performed. Due to reflections on the
surface of the SiPM, the number of detected photons decreases with in-
creasing incidence angle.

Relative PDE measurements were performed for the FBK SiPM at room
temperature (∼ 25◦), 30.3 V bias voltage and incidence angles between 0◦

and 75◦ (with 15◦ step size). 0◦ incidence angle corresponds to the perpen-
dicular incidence of laser light onto the surface of the SiPM. With each step,
the charge spectrum (ADC) is taken and the relative PDE determined with

PDE(θ) =
µ(θ)

µ(0◦)
· 1

cos(θ)
, (2)
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where θ is the incidence angle, cos(θ) is a geometrical factor (rotating the
sample, a smaller perpendicular surface area is exposed to light source) and
µ is the average number of detected photons. µ can be calculated as

µ(θ) = − ln
(

Npedestal

Ntotal

)
, (3)

where Npedestal is the number of events in the pedestal peak and Ntotal is
the number of all events in the charge spectrum. Both relative PDE and
µ are plotted on Fig. 7. The relative PDE in these measurements stays at
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Figure 7: The relative photon detection efficiency (red, from Eq. (2)) and average number of
photons µ (blue, from Eq. (3)) versus the incidence angle of laser light. At 0◦ the laser light
is perpendicular to the sample surface. With increased incidence angle, µ decreases due to
a geometrical factor (smaller perpendicular surface area).

roughly the value of 1, as expected when compared to work done in [16].
With the use of light guides (Winston cones [17]) that are currently being
proposed for the large size telescope of CTA, the incidence angles are kept
below ∼ 30◦, where reflection off the surface has almost no effect on PDE.

3.3.4. Surface scan measurements
When a collimator is used for focusing the laser light, it is possible to

produce surface scans of SiPMs with the 3-axis movable table. Firstly, to
determine the focus of laser optics, one directional scans over the edge
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of the sample were made, while adjusting the distance between the op-
tics and sample. The charge spectrum at each measurement point was
integrated, resulting in the best approximation of the laser point size of
FWHM ≈ 40 µm. This is about the size of each APD cell on the two sam-
ples, so only rough scans were possible with this setup.

The surface scans were performed similarly to determining the focal point,
but by moving the laser across the sample surface and keeping the dis-
tance between laser optics and sample fixed. Again, an integral of the
charge spectrum was calculated for each point and plotted on a contour
plot (on Fig. 8). The Hamamatsu sample was measured at bias voltage
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Figure 8: Surface scans of both SiPMs (left side) and their microscope images (right side).
The top row is for the Hamamatsu SiPM and the bottom for the FBK SiPM. The Z-axis
color scale shows the integral value divided by the number of measured events. Note that
reflections on the connecting wire are falsely observed as a signal.

of 69.8 V, while the FBK sample was measured at 30.3 V. Both measure-
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ments were performed without monitoring chamber temperature (roughly
at room temperature). If more precise surface scans are needed for the large
size telescope camera, far more precise laser optics are needed. For this,
a Particulars 3D-TCT system [18] at the Jozef Stefan Institute (IJS) can be
used, which focuses laser light down to a spot size of ≈ 6 µm.

4. Conclusions and future directions

From the measurements presented in this paper, a viable conclusion is
that silicon photomultipliers have simple photon counting abilities (peaked
structure), good sensitivity, high gain, very small bias voltage requirements
and a relatively small temperature dependence. They also have good an-
gular efficiency, due to antireflective coatings or antireflective glass on the
surface of silicon. However, at this time it is not possible to give prefer-
ence over conventional photomultipliers, until noise measurements are in-
cluded in their characterization.

The experimental setup at the Jozef Stefan Institute is able to character-
ize only a handful of different photodetector characterizations. As future
plans, newwer SiPM samples need to be characterized, an upgrade of the
experimental setup and additional characterization measurements need to
be performed. Both samples used in this work are fairly old (Hamamatsu
< 2010, FBK < 2012), so new and improved samples need to be obtained.

At this time, the incidence angle measurements are performed manually
by rotating the sample using predetermined 15◦ steps, that are limited by
screw sizes. For the upgraded version, automation with a stepper motor
is considered to reduce the step size down to 2.5◦ − 5◦. Smaller steps are
not needed, since the relative PDE does not change drastically over the
measured range. As a second upgrade to the setup, a sample holder for
camera pixels that will be used for CTA (as a starting point, the MAGIC
camera pixel configuration will be used) will be prepared. Since each pixel
will be constructed from several SiPMs, some signal summation and shap-
ing methods will have to be implemented to reduce the number of readout
channels.

The additional characterization mostly concern noise measurements, since
this is the most notable drawback for SiPMs. The scope, not used with
current measurements, and TDC spectrum will be used for determining:

• dark count (thermally induced detector noise, when no light falls on
the detector),
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• cross–talk (detection of photons in a cell, which were produced in
neighboring cells),

• afterpulsing (pulses produced by charge carriers trapped in semicon-
ductor impurities and released with a time delay).

Additionally, the laser head will be exchanged to produce characterization
results at a much more suitable (for CTA) wavelength in the ultra–violet or
blue wavelength range.
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Simulation of micro-nozzle flows with the blob based method of
fundamental solutions
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Abstract

A novel numerical technique is presented to compute the Stokes flow when boundaries are
immersed. The method is based on the smoothing of forces that leads to the regularization
of Stokes fundamental solution which is non singular at the source points. The resulting
expressions are stated in terms of forces and can be inverted to calculate the forces driving
the flow. The method eliminates the requirement of artificial boundaries compared with
conventional method of fundamental solutions.

Keywords: Flow focusing, Stokes flow, Fundamental solution

1. Introduction

Understanding the fundamentals of liquid streams issued from micro-nozzles is vital
for various applications in industry, technology and medicine (e.g. combustion, agricul-
ture, surface finish, drug delivery, atomic spectrometry). The production of thin, long
and stable fluid jets is necessary in every aerosol production process. Production of micro
jets is steadily achieved in the laminar flow regime when sufficient energy is injected into
system to overcome the resistance offered by the surface tension and viscosity at the fluid–
fluid interface. The recent advent of hard x-ray free electron lasers is allowing for new
insights into the atomic structure of matter through methods like serial femtosecond crys-
tallography (SFX). The full intensity of this bright source is necessary for sufficient signal
from weakly scattering samples, like membrane protein crystals. In the process, the sam-
ple is destroyed by the X-ray pulse, but not before a diffraction pattern is collected. Such
diffraction-before-destruction experiments have driven innovation in experiment design
and sample delivery. The nozzle characteristics in terms of liquid crystal sample delivery
is very important. However, to date little is known about how the nozzle geometry de-
termines jet stability. The results of femtosecond crystallography are widely dependent
upon jet characteristics of sample which can be controlled by nozzle parameters [1]. The
capillary jets are natural precursors of drops, bubbles and emulsions used in various tech-
nological applications. They are produced by focusing of a fluid by another co-flowing
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immiscible lower viscosity fluid [2]. The success of fluid focusing technique lies in the exis-
tence of a robust steady jetting regime over wide operating conditions and ready control of
jet features through operational parameters [3, 4]. Control of input parameters (liquid flow
rate and pressure drop) predicts the behavior of focused liquid at exit (jetting/dripping)
[5, 6, 6, 7, 8]. Ganan-Calvo studied the behaviour of focused fluid at different Reynolds
numbers [5]. Herrada and Ganan-Calvo performed stability analysis on the gas focused
jets [9]. Experiments on atomization of viscous and non-Newtonian liquids by a coaxial,
high-speed gas jet and droplet size modelling was performed by Aliseda along with his
coworkers [10]. Jet characteristics (stability, growth and breakup etc.) at the nozzle exit
were experimentally investigated in [11, 12, 13, 14]. However, to date most of the work
is performed experimentally and little is known how the system inflow parameters con-
trol the behaviour of the jet at outlet. Current work encompasses the formulation of a
computational model to provide enhanced understanding of gas focused flow of liquid
in a micro-nozzle. It will present a novel meshless method to solve the problem in order
to predict the liquid jet shape (diameter and length) as a function of geometry, material
properties and operating conditions. The conventional numerical methods (FEM, FDM,
FVM) use full domain meshing of the geometry to solve flow that requires considerable
amount of time and care in mesh generation. To capture the more realistic and better re-
sults, more refined meshing is required at the nozzle outlet, so more time is required to
perform calculation over the full domain. A considerable amount of work has been done
in mesh reduction methods that helps reducing meshing efforts and calculation time. The
method of fundamental solutions (MFS) also called the F-Trefftz method, charge simula-
tion method, or singularity method) [15] is a numerical technique that belongs to the class
of methods generally called boundary element methods (BEM). These methods are best
applicable in situations where a fundamental solution of the partial differential equation
in question is known. In such cases, the dimensionality of the discretization is reduced.
The BEM, for example, requires polygonisation of the boundary surfaces in general three-
dimensional (3D) cases, and boundary curves in general 2D cases. This method requires
the solution of complicated regular, weakly singular, strongly singular, and hyper singular
integrals over boundary segments. This is usually a cumbersome and non–trivial task. The
classical MFS is singular at the source point which requires special treatment to avoid sin-
gularity. Different approaches have been used so far to avoid this source point singularity.
Chen introduced the artificial boundary outside the original boundary to avoid the source
point singularity [15]. Any flow where length scale is short and Reynolds number is very
low can be modeled as stokes flows. Stokes equation are linear and their fundamental so-
lution exists. A novel meshless technique for the problem of stokes flow using blob based
MFS will be explored where flow is driven by external forces. This scheme admits the idea
based on conventional MFS, but is preferred because of its non singular behaviour at the
source points, thus eliminating the requirement of artificial boundary.
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2. Problem formulation

Considering the steady laminar flow, Navier-Stokes equation can be simplified to Stokes
equations after linearizing the non linear convective terms. The main features of the nozzle
flow including shape and length of jet can be analyzed using Stokes flow. Stokes equation
can efficiently handle the problem where the length scale is very small and Reynolds num-
ber is low Re >> 1. Many sensitivity studies were carried out that provide confidence
using stokes flow for subject problem. Stokes flow has no dependency on time other than
through time-dependent boundary conditions. This means that, given the boundary con-
ditions of a Stokes flow, the flow can be found without considering time dependency. Eq. 1
is obtained after linearizing the Navier–Stokes equations considering the steady state lam-
inar flow where length scale and Re >> 1. It can be solved along with Eq. 2.

µ∆v = ∇p − f (1)

∇ · v = 0 (2)

where µ, v and f represents viscosity, velocity and the force.
The fundamental solution of Stokes equation represents the solution due to concentrated
force at the origin and boundary conditions vanishing at infinity. Due to singular be-
haviour of fundamental solution at the source point a novel approximate fundamental
solution method is adapted, where forces are spread over a small region represented by
smooth blob functions, instead of using concentrated point forces.

f(p) = f φǫ(p, s) (3)

where blob φ is a radially symmetric smooth function with parameter ǫ, that represents
the force spreading over a 2D domain Ω. It has the following property,

∫

Ω

φǫdΩ = 1. (4)

A typical example of a 2D blob is

φǫ(p) =
3ǫ3

2π
(r2 + ǫ2)−5/2, (5)

where

r =
[

(px − sx)
2 + (py − sy)

2
]

1
2 . (6)

The blob function is plotted in Figure 1 for different values of the shape function parameter
ǫ. Solution of Eq. 1 and Eq. 2, where force is represented by Eq. 3 can be calculated using
the following Green’s function approach,

let ˆ̂φ be the solution of ∆
ˆ̂φ = φ̂

let φ̂ be the solution of ∆φ̂ = φ.
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Figure 1: 2D blob function for shape parameter values of ǫ = 0.5, ǫ = 1.0, ǫ = 5.0

3. Solution procedure

The blob based fundamental solution approach is used to construct the solution of
Stokes flow in case the force is spread over a smooth region and not concentrated on a
point. Taking the divergence of Eq. 1 and using Eq. 2 pressure can be found as

P(p) = f · ∇φ̂ǫ(p, s). (7)

Now using the value of pressure, velocity can be calculated from the momentum conser-
vation equation,

vn(p) =
1

µ

[

(fn · ∇)∇ ˆ̂φǫ(p, sn)− fnφ̂ǫ(p, sn)
]

. (8)

φ̂ and ˆ̂φ can easily be calculated using the following equations,

φ̂ǫ =
∫

1

r

[

∫

rφǫ(r)dr

]

dr + C1 log(r) + C2, (9)

ˆ̂φǫ =
∫

1

r

[

∫

rφ̂ǫ(r)dr

]

dr + C3 log(r) + C4. (10)
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C1, C2, C3 and C4 are the integration constants, that can be set arbitrarily so that the equa-
tion can be written in simplified form. Once vn in known, velocity at the field points can
be calculated using

v(p) =
N
Σ

n=1
vn(p) =

N
Σ

n=1

1

µ

[

(fn · ∇)∇ ˆ̂φǫ(p, sn)− fnφ̂ǫ(p, sn)
]

. (11)

3.1. Finding forces from velocity calculation

The numerical method derived so far, is used to find the velocity in the domain, when
the forces driving the flow are know. In some cases when the velocity is known and it is
required to find the forces that causes the flow. Eq. 11 can be used to impose the velocity
boundary conditions. It is then simple to write from i = 1, 2,−− N the system of equations
that can be formulated as

v(pi) =
N
Σ

j=1
Aij f j, (12)

or a matrix equation
Ax = b, (13)

where A is square matrix which represents the velocity at field points, b is a vector ob-
tained from the boundary conditions and x is the required vector of forces. With the impo-
sition of proper boundary condition in the right hand side matrix b and evaluating the A

matrix on the left x vector can be easily calculated.

4. Results

Figure 2 shows the typical nozzle arrangement, where water and helium are used as
focused and focusing fluids, respectively. Behaviour of the jet is largely dependent upon
the liquid and gas inlet parameters. Surface tension also plays an important role in the
development of liquid jets, because for higher surface tensions, more energy is required in
the system to overcome the resistance at the liquid–gas interface.

5. Conclusions

Numerical technique introduced to calculate the force driven Stokes flow. The real fun-
damental solution is recoverable at the limit, when spreading/shape factor (ǫ) approaches
zero. It is well established to deal with Dirichlect and Neumann boundary conditions.
Only steady state model is solved so far, so this method can not track the generation of
droplets. Sensitivity studies were carried out for convergence of the numerical method and
it was found that method converges comparatively faster for large values of force spread-
ing parameter but it is less accurate. Accuracy can be increased by introducing small val-
ues of shape parameter. The sensitivity of the results were comprehensively studied over a
range of shape parameter values and found that the results were no more sensitive, when
discretization length and shape function were proportional.
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A Flow Focusing Nozzle Arrangement

Figure 2: Development of liquid jet in typical 2D flow focusing nozzle arrangement, water is being focused by
Helium gas as a focusing medium
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Simulation of micro-nozzles flow with the phase-field
method

Nazia Talat

Laboratory of Multiphase Processes, University of Nova Gorica, Vipavska 13, SI-5000 Nova Gorica

Abstract

Numerical simulation of gas-liquid two phase flow in micro-nozzle is car-
ried out. The focus is laid upon the dynamics of jetting-to-dripping tran-
sition of a flow-focused liquid jet surrounded by a co-flowing immiscible,
lower viscosity liquid (gas). An axisymmetric two-dimensional flow is as-
sumed. The phase field method is employed to capture the interface. The
mechanism is that the interface is driven by the diffusion of chemical po-
tential. The flow is based on unsteady incompressible Navier-Stokes equa-
tions coupled with Cahn-Hilliard equation. A novel meshless method ”lo-
cal radial basis function collocation method” is used to solve coupled mass,
momentum and Cahn-Hilliard equation with explicit time stepping. The
fractional step method is used to couple the pressure and velocity fields.
Results are obtained and presented for different flow rates.

Keywords: Dripping-jetting transition, phase field method, Incompressible
Navier-Stokes Cahn-Hilliard equations, local radial basis function
collocation method

1. Introduction

The controlled production of micro jets is of great interest in various
fields such as pharmacy, biotechnology and the food and agriculture indus-
try [1, 2]. Microjets are the natural antecedent of the drops, bubbles, emul-
sions and capsules used in various technological applications [3]. They
are produced in laminar regime by injecting sufficient energy into the sys-
tem to overcome the surface tension and viscosity. Impulsive growth of
waves on the interface gives rise to the jet pinching, producing fluid shapes
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whose morphology mainly depends on the jet features. Microjet produc-
tion techniques satisfy the existence of a robust steady jetting regime stable
over a wide range of experimental conditions and control of jet features
through the operational parameters. A force generated by a co-flowing
stream stretches a fluid meniscus until a thin fluid ligament is emitted.
Generally, two driving forces are used to expel the fluid jet: the viscous
drag force exerted by an external liquid (water) and the suction force caused
by the pressure drop induced by a co-flowing fluid (gas) stream. Flow fo-
cusing (FF) is a technology whose aim is the production of drops or bubbles
at a constant rate. It has developed as a research area since the experimen-
tal observation that a funnel shaped lens forms when a flowing gas creates
shearing forces on a liquid forcing a pressure drop across an orifice. The
liquid is defined as the core fluid and the gas is the non-core fluid. The core
fluid (water) proceeds through the lens and forms a jet. This relatively new
discovery allows for the production of droplets of the liquid on the scale
of micrometers. The flow focusing technique [4] in formation of jetting
mode uses the pressure gradient exerted by the outer gas stream to focus a
steady liquid meniscus from whose tip a microjet is emitted. Both the liq-
uid microjet and the co-flowing gas stream pass through an orifice whose
diameter is much larger than that of the microjet. The jet size depends upon
the liquid flow rate and the pressure drop. This technique uses hydrody-
namic means to produce monodisperse collection of micro-meter drops at
a continuous rate [4]. The flow focusing gives the emulsions and micro
capsules if the axisymmetric gas stream is replaced with co-flowing liquid
[5]. High speed stable drawing of polymer fibers is obtained by focusing
highly viscous jets with this co-flowing arrangement [6]. Flow focusing
(FF) technique uses another fluid flow, either gas or liquid. This fluid is
injected through a small orifice hole which is aligned with the capillary
fluid. The gas dynamics forces produced by the gas exiting the orifice de-
form the fluid surface from the capillary and create a highly focused jet.
Flow-focusing phenomenon in a micrometer nozzle by examining both the
stability of the steady jetting regime and the size of the emitted jets is ex-
perimentally analyzed in [7].
In this paper, we analyzed numerically flow-focusing phenomenon in a
micrometer nozzle for the calculation of jetting-dripping transitions of a
flow-focused liquid jet surrounded by a co-flowing immiscible, lower vis-
cosity liquid. The mathematical model, coupled Navier-Stokes equations
and Cahn-Hilliard equation is described in section 2. In section 3 solution
procedure is described. Finally, the paper ends up with some results and
conclusions in section 4.
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2. Problem Formulation

2.1. Governing Equations

An isothermal liquid-gas two phase flow is considered (Fig.1) by as-
suming that the gas and liquid are immiscible and incompressible and
phase change does not occur. Phase field method is used to capture the
interface, which replaces a sharp interface by a thin but nonzero thickness
transition region. The phase field function φ(x, t) assumes distinct constant
values in each bulk phase and undergoes rapid but smooth variation in the
interfacial region. It is used to identify the liquid and gas phase at any time
t by the following relation

φ(x, t) =

{

1 for liquid

−1 for gas.

Figure 1: Simulated fluid flow domains.

We have used the Phase field model [8] which uses the familiar Ginzburg-
Landau form of elastic (mixing) energy for the interaction between the two
fluids

W(φ,∇φ) = λ

∫

V

(1

2
|∇φ|

2 + F(φ)
)

dV, (1)

where

F(φ) =
1

4η2
(φ2

− 1)2,

3



is a usual double-well potential of the bulk energy with η is the capillary
width (width of the mixing layer). The evolution of φ is governed by the
Cahn-Hilliard convective-diffusion equation:

∂φ

∂t
+ (u · ∇)φ = γ△ω, (2)

where

ω =
∂W

∂φ
= −(△φ − f (φ)).

Here u, ∂W
∂φ

is the variation of energy W with respect to φ known as chemical

potential and f (φ) is a polynomial of φ such that

f (φ) = F
′

(φ) =
1

η2
φ(φ2

− 1),

and γ represents the elastic relaxation time of the system. In [9, 10] it was
proven that as γ, η → 0, the phase equation will approach to the following
transport equation:

∂φ

∂t
+ (u · ∇)φ = 0. (3)

As Eq.(2) converges to Eq.(3), together with the incompressiblility condi-
tion ( ∇ · u ), the density ρ satisfy the continuity equation:

ρt +∇ · (ρu) = 0. (4)

The momentum equation with variable density and viscosity takes the form

(ρ(φ)u)t + (u · ∇)(ρ(φ)u) = −∇ p̃ + ∇ · (µ(φ)D(u))

− λ∇ · (∇φ ⊗∇φ) + f, (5)

where ρ is the density of a mixture, p̃ is the pressure, µ is the viscosity and
λ corresponds to the surface tension, i.e., λ ∼ surface tension× capillary
width, D(u) = 1

2(∇u + (∇u)T) and (∇φ ⊗∇φ)ij = ∇iφ∇jφ is the usual
tensor product. By using the identity

∇ · (∇φ ⊗∇φ) = ∇φ△φ +
1

2

(

∇(∇φ)2
)

,

the Eq.5 is further simplified by redefining the pressure term p̃ = p +
λ
2 |∇φ|

2. So, for the mixture of two incompressible fluids with variable
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density and viscosity the system of equations is as follows:

ρt +∇ · (ρu) = 0,

(ρ(φ)u)t + (u · ∇)(ρ(φ)u) +∇ p̃ −∇ · (µ(φ)D(u)) + λ△φ∇φ = f,

∂φ

∂t
+ (u · ∇)φ = −γ△(△φ − f (φ)).

(6)

Once the shape and position of interface is calculated, the physical proper-
ties of fluids are calculated by averaging those of gas and liquid phases:

ρ(φ) =
2ρ1ρ2

ρ1(1 − φ) + ρ2(1 + φ)
µ(φ) =

2µ1µ2

µ1(1 − φ) + µ2(1 + φ)
.

The coupled non-linear equations will be subjected to the initial conditions

u|t=0 = u0 φ|t=0 = φ0 ω|t=0 = ω0.

2.2. Boundary Conditions

The conventional no-slip boundary condition is used at the solid wall
boundaries. The Hagen- Poiseuille profile Ul(r) = V1[1 − ( r

R1
)2] is defined

at the liquid inlet. At the gas inlet, a uniform axial flow, Ug(r) = V2 is
imposed. The liquid and gas flow rates can be derived from the inlet ve-
locity field. Zero guage pressure is prescribed at the outlet, which is far
from the jet breakup region. At the axis r = 0 a symmetry condition
ur(0, z) = 0, (uz)r(0, z) = 0 is defined.
Boundary conditions are also needed for Cahn-Hilliard equation. By ap-
plying the divergence theorem to Eq.2 and integrating it over the whole
domain Ω, the first condition for the chemical potential is obtained:

∫

Ω

∂φ

∂t
dV +

∫

∂Ω

(u · n)φds =
1

γ

∫

∂Ω

∇ω · nds.

Under the no-slip boundary condition (i.e., u · n = 0) and conservation of

mass in Ω,
∫

Ω

∂φ

∂t dV = 0, the chemical potential ω has to satisfy the no-flux
boundary conditions, i.e.,

∇ω · n = 0,

and the natural boundary condition for the phase field function is

∇φ · n = 0.
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3. Solution Procedure

For time stepping, explicit Euler method is used. For space discretiza-
tion, local radial basis function collocation method [11] is used. The detail
of local radial basis function collocation method (LRBFCM), used for space
discretization is explained in subsection 3.1. For the pressure velocity cou-
pling, the fractional step method (FSM) [12] is used. The solution proce-
dure is structured as follows. First, the intermediate velocity u∗ at t0 +△t
is calculated from the momentum equation without the pressure gradient
term

(ρ(φ)u)∗ = (ρ(φ)u)0 +△t[(−u · ∇)(ρ(φ)u) +

∇ · (µ(φ)D(u))− λ∇ · (∇φ ⊗∇φ) + f]0. (7)

In this method, the velocity components are corrected by the pressure gra-
dient. The pressure gradient ,i.e. the pressure correction is calculated from
the Poisson’s equation

∇
2p =

1

△t
∇ · (ρ(φ)u)∗, (8)

with Neumann boundary conditions

∂p

∂n
= 0.

Finally, the velocity and pressure are updated as

(ρ(φ)u) = (ρ(φ)u)∗ −△t∇p, (9)

and solution is ready for the next step.

3.1. Local Radial Basis Function of Collocation Method

In the LRBFCM, a set of radial basis functions (RBFs) and collocation is
used to solve the governing equations. The method is implemented locally
on a set of neighbouring nodes, which can be uniformly or non-uniformly
distributed over the whole domain (Fig.2). The whole computational do-
main consists of N nodes, of which there are NΩ domain and NΓ boundary
nodes. It is divided into N subdomains, each of which consists of l N nodes

l pn, where l = 1, ..., N and n = 1, ...,l N is the number of nodes in each
subdomain (Fig.3).
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Figure 2: Node arrangement for the
meshless method. Green full circles: do-
main nodes. Red empty circles: bound-
ary nodes.

Figure 3: Node arrangement with subdo-
mains. Green full circles: internal nodes.
Red empty circles: boundary points.

On each of the N subdomains, the function θ is represented with RBFs
as

θ(p) ≈
lK

∑
k=1

lψk(p)lαk, (10)

where p is position vector, lψk are a set of RBFs centered in points l pk, lαk

are the coefficients and lK is the number of shape functions. In the present
paper, five-noded subdomains are used and LRBFCM is implemented with
multiquadratic (MQ) RBF shape functions. In order to determine the coef-
ficients, the collocation

θ(lpn) =l θn =
lK

∑
k=1

lψk(lpn)lαk, (11)

is used. A linear system of lk equations is obtain from Eq.11

lΨlα =l θ. (12)

For the coefficients to be computable, the number of the shape functions
has to match the number of the collocation nodes lK =l N, and collocation
matrix has to be non-singular. The coefficients can be computed from

lα =l Ψ
−1

lθ. (13)

By considering the expression for coefficient, the function θ(p) can be ap-
proximately represented as

θ(p) ≈
l N

∑
k=1

lψk(p)l

l N

∑
n=1

lψ
−1
kn (p)lθn. (14)
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We consider two dimensional cartesian coordinates system with base vec-
tors iζ and coordinates pζ ; ζ = x, y, i.e p = ix px + iy py. In order to solve the
governing equations, the involved derivatives of the function θ(p) need to
be calculated on each subdomain. The first spatial partial derivatives on
each of the subdomain are expressed as follows:

∂

∂pζ

θ(p) ≈
l N

∑
k=1

∂

∂pζ
lψk(p)l

l N

∑
n=1

lψ
−1
kn (p)lθn; ζ = x, y. (15)

Similarly second, third and fourth spatial partial derivatives are:

∂2

∂p2
ζ

θ(p) ≈
l N

∑
k=1

∂2

∂p2
ζ

lψk(p)l

l N

∑
n=1

lψ
−1
kn (p)lθn; ζ,= x, y,

∂3

∂p3
ζ

θ(p) ≈
l N

∑
k=1

∂3

∂p3
ζ

lψk(p)l

l N

∑
n=1

lψ
−1
kn (p)lθn; ζ,= x, y,

∂4

∂p4
ζ

θ(p) ≈
l N

∑
k=1

∂4

∂p4
ζ

lψk(p)l

l N

∑
n=1

lψ
−1
kn (p)lθn; ζ,= x, y.

(16)

The MQ-RBF is defined as:

lψk(p) = [lrk + c2]1/2; lrk = (p −l Pk).(p −l Pk),

where c represents the free parameter. The explicit values of involved
derivatives of lψk are

∂lψk

∂px
=

px −l pkx

(lrk + c2)1/2
,

∂lψk

∂py
=

py −l pky

(lrk + c2)1/2
,

∂2
lψk

∂p2
x

=
(py −l pky) + c2

(lrk + c2)3/2
,

∂2
lψk

∂p2
y

=
(px −l pkx) + c2

(lrk + c2)3/2
,

∂3
lψk

∂p3
x

=
−3(lr

2
k + c2)1/2(px −l pkx)

(lr
2
k + c2)3

,

∂3
lψk

∂p3
y

=
−3(lr

2
k + c2)1/2(py −l pky)

(lr
2
k + c2)3

,

(17)

and similarly fourth order derivatives are as follows:

Pnum = −3[(lr
2
k + c2)1/2 + (px −l pkx)(lr

2
k + c2)5/2] +

9(px −l pkx)
2(lr

2
k + c2)5/2,
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Pdenom = (lr
2
k + c2)6.

∂4
lψk

∂p4
x

=
Pnum

Pdenom
(18)

Pnum = −3[(lr
2
k + c2)1/2 + (py −l pky)(lr

2
k + c2)5/2] +

9(px −l pkx)
2(lr

2
k + c2)5/2,

Pdenom = (lr
2
k + c2)6.

∂4
lψk

∂p4
y

=
Pnum

Pdenom
(19)

In the Fractional step method, the Poisson’s equation has to be solved glob-
ally, so in this case each local lpn coincides with global point pk; k = 1, ..., N.
A relation between the local and global point indices on each of the subdo-
main is introduced as pk(l,n) =l pn. The pressure is represented on each of
the subdomains by RBFs and their coefficients as

p(p) =
l N

∑
n=1

ψk(l,n)(p)lαn; p ∈ lω. (20)

The coefficients lαn are calculated by collocation

p(pk(l,m) =
l N

∑
n=1

lψk(l,n)(pk(l,m))lαn; p ∈ lω, m = 1, ...,l N. (21)

The RBFs representation of pressure function on each of the subdomain is
as

p(p) =
l N

∑
n=1

l

l N

∑
m=1

lψk(l,m)(p)lψ
−1
k(l,m)

pk(l,m). (22)

The calculated derivatives are then used to solve the governing equations
which represents the solution of the problem.
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4. Results and Conclusion

Numerical simulation of gas-liquid two phase flow in micro-nozzle was
carried out. A diffuse interface formulation, namely, phase field method
was used to capture the interface and also to resolve the singularities aris-
ing from the interaction of liquid and gas. There was no explicit track-
ing of interface. The fractional step method and local radial basis function
collocation method was used to discretize the Navier-stokes Cahn-Hilliard
system. We showed good agreements with the experimental results.
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Implementation of a Quasi-Upwind Scheme in a Diffuse
Approximate Method

Vanja Hatič

University of Nova Gorica, Vipavska 13, SI-5000 Nova Gorica

Abstract

Upwind scheme is a method used for solving the convection-diffusion
equation. The method is especially needed when solving problems with
convection dominated term. In this paper a simple type of an upwind-style
calculation is used to solve the transport equation of a one-dimensional
convection dominated flow. Meshless methods are used to solve the trans-
port equation. The basic idea is to adopt the upwind principles when cal-
culating weights of meshless methods. In the first part of the paper, the
diffuse approximate method type of meshless methods is presented, along
with a detailed description of the weighting function. In the second part a
simple example case is presented, where the upwind approach is compared
to the usual approach and the analytical solution.

Keywords: Upwind, Diffuse approximate method, Convection, Casting
simulation

1. Introduction

Meshfree or meshless methods are numerical methods used to build
mathematical models, which could also be constructed with traditional
methods such as finite difference method or finite volume method. The
main difference is that traditional methods require a structured grid of data
points, where each point has to be assigned with a number of neighboring
points. The defined connections between the neighbor points are used to
simulate mathematical operators such as gradient or derivative. On the
other hand, one of main benefits of meshless methods is that they do not
need a structured grid. Instead an interpolation functional is fitted on the
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unstructured grid. The mathematical operators of the mathematical model
can be then applied directly on functionals.

At the Institute of Metals and Technology meshfree methods were used
to develop a simulator of direct chill casting [1]. The Low frequency electro-
magnetic casting simulator uses mass, momentum, energy and species con-
servation equations to predict temperature, liquid fraction, pressure, con-
centration, velocity and magnetic force fields at various stages of casting
process. Sometimes the process is not fully stable especially in the presence
of electromagnetic forces. Fluctuations are caused by the strong convec-
tive flow. Therefore a modified meshless version of upwind differencing
scheme is proposed, where weights of the diffuse approximation method
(DAM) are calculated using ”upwind principles”.

2. Meshless method approach

Selection of an appropriate interpolation function could be challenging
when using a meshfree approach. There are many different options which
can be used to determine a suitable approximation of the scattered data,
for instance least squares, weighted least squares or moving least squares
(MLS) methods. Methods differ from each other by the accuracy and com-
plexity of the implementation. For the approximation of the scattered nodal
data in the Low Frequency electro-magnetic casting (LFEMC) simulator, a
diffuse approximate method (DAM) is used, which is a method derived
from the MLS approximation. DAM is thoroughly described in publica-
tions by Sadat and Prax [2, 3, 4].

2.1. Diffuse approximation method
MLS method for interpolation of data is a special case of weighted least

squares, where the global computational domain is further divided into
local subdomains. Consequently each computational node is assigned with
its own domain, where weighted least squares parameters are computed.
From this set of local functions a continuously smooth and differentiable
global function is obtained. A MLS approximation f̂ (x) of a function f at a
point x of a local domain is defined as:

f̂ (x) =
m

∑
j=1

pj(x)αj(x) = pT(x)α(x)

where pT(x) is the polynomial basis vector of dimensions m and α(x) is
the vector, containing coefficients αj(x). Two-dimensional quadratic base
vector is:
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α(x)T =

[
f ,

∂ f
∂x

,
∂ f
∂y

,
∂2 f
∂x2 ,

∂2 f
∂x∂y

,
∂2 f
∂y2

]
.

Coefficients of vector α must be obtained through the minimization of
the following statement:

J =
n

∑
i=1

θ(xi, x)[ f (xi)− pT(xi)α(x)]2 (1)

where n is the number of nodes in the reference domain, associated
with points x and θ(xi, x) are the weights correlated with each point in
the domain. Determination of the weights will be thoroughly described in
section 3 of this paper. With the minimization of equation (1), the following
system of equations is obtained:

A(x)α(x) = B(x) f (x) (2)

where matrices A, B and f are defined as :

A(x) =
n

∑
i=1

θ(x, xi)p(xi)pT(xi),

B(x) =
n

∑
i=1

θ(x, xi)p(xi),

f (x)T = [ f (x1), f (x2), ..., f (xn)].

Because of the second order differential equation, a two-dimensional
polynomial quadratic base was chosen:

pT(xi, x) =
[
1, (xi − x), (yi − y), (xi − x)(yi − y), (xi − x)2, (yi − y)2]

The system of equations (2) can be reversed as long as the matrix A(x)
is not singular. Which is true if the total number of points in the neigh-
borhood is bigger or at least equal to the size of vector of coefficients α(x).
From the reversed system, the solution, a vector of coefficients is obtained:

α(x) = A−1(x)B(x) f (x).
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3. Weighting function

Various functions such as Gaussian, cubic spline or quadratic spline can
be used to calculate least squares weights. The Gauss function has proven
to preform well during the calculation of the DAM test cases, therefore it
was also used in the LFEMC simulator.

3.1. Central weighting scheme
Equation (3) represents the general form of the Gaussian used to calcu-

late weights:

θ(r) = e−λ r2

h2 (3)

where λ is the Gaussian free shaping parameter and must be picked
carefully, h is the average dispersion of nodal points in the local neighbor-
hood and depends on the size of the local support. The effect of both h and
λ on the shape of the Gaussian can be observed from Figure (1). Parameter
r represents the distance between the central node and neighboring data
nodes of the subdomain (r = xi − x).
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Figure 1: Gaussian functions for different λ/h2 values are presented. Graph shows that
λ/h2 controls the width of the Gaussian ”bell”
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It is known that central weighting scheme gives good and stable results
when solving conservation equations in cases where the convection term
is not dominant. The influence of the convective term on the conservation
equation is measured with the dimensionless Péclet number:

Pe =
`|v|

κ

where Pe is the Péclet number, ` is the characteristic length scale, |v| is
the magnitude of velocity and κ is diffusivity. Effect of convection is low
for small Pe. On the contrary, for large Pe number (Pe ' 20) conserva-
tion equation becomes a convection driven problem [5]. Therefore the cen-
tral weighting scheme becomes unstable, when solving systems with large
Péclet numbers. Instabilities are shown in the oscillations of the numerical
solution around the target value. A solution to this problem could be in the
implementation of the upwind weighting scheme.

3.2. Upwind weighting scheme
The upwind differencing scheme was proposed in the 1950s in order to

differentiate the convection term [6]. The main benefit of this method is that
it takes into account the flow direction. Therefore the nodes which stand
in front of the central node in the velocity direction can be given smaller
weight, than those which stand behind it.

In case of meshfree methods, a simple implementation of the upwind
procedure would be to adapt the upwind principles when calculating weig-
hts. In the terms of DAM this means that the distance in the Gaussian func-
tion is not calculated regarding the central node, but regarding an abstract
shifted central node. The shift must be preformed in the direction opposite
to the velocity direction in order to attain the upwind effect. The weighting
function remains the Gaussian:

θ(r̃) = e−λ r̃2

h2

where it can be noted that the only modification in comparison with
eq. (3) is in the determination of the distance r̃ which now represents the
distance between the shifted central node (x̃) and neighboring data nodes
of the subdomain (r̃ = xi − x̃).
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The calculation of the central node shift distance magnitude must be
proportional to the Péclet number and the subdomain size. As it was pro-
posed by Lin and Atluri [7] it can be calculated by the following equation:

x̃ = x− γr0Sv

where r0 is the subdomain diameter, Sv the unit vector of the flow ve-
locity direction and γ the coefficient of the domain shift is calculated by:

γ = coth
Pe
2
− 2

Pe
and Péclet number is determined by:

Pe =
vr0

D
where v is the magnitude of velocity and D is the diffusivity constant.

4. Numerical example

To test the stability and reliability of the upwind weighting scheme in
comparison with the standard central weighting scheme, a simple test case
was calculated. A basic conservation equation of a general quantity was
solved with an implicit Euler method. The convection-diffusion equation
can be written in the following form:

∂φ

∂t
+∇ · (vφ) = ∇ · (D∇φ) + SC

where φ is a general scalar quantity, v is the velocity vector field and
SC is the source term. Problem was solved on a square domain with unit
sides, where discretisation of a regular rectangular grid was made with
eleven points in both x and y direction. Scattered data was approximated
with subdomains containing 13 nodal points.

One dimensional case was calculated as a quasi two dimensional case,
where all quantities were set to constant in the y direction. Initial condi-
tions were set to φ(x = 0) = 1 and φ(x = 1) = 0. The Neumann boundary
conditions were implemented at ”west” and ”east” boundary and isolated
conditions at ”north” and ”south” boundary. Diffusivity was constant and
set to 0.01 and source term to 0 for all cases. Velocity was also set to con-
stant and steady throughout the whole domain, but it was varied through
different cases in order to get different Péclet numbers.
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A simplified and 1-dimensional equation can be written in the follow-
ing form:

∂φ

∂t
=

∂2φ

∂x2 − vx
∂φ

∂x
where vx is the velocity magnitude in the x direction. If the unsteady

term is set to zero, a second order differential form is attained, for which an
exact solution exists. Taking into account boundary conditions the follow-
ing solution is gained:

φ =
1

1− evx/D (evxx/D − evx/D).

5. Results

Test case was calculated for different Péclet numbers and results are
given on figures 2 and 3. It is evident that both schemes give good results
for cases with Pe numbers of 1 and 10. However the central weighting
scheme shows oscillations at higher Pe numbers, which contradicts the an-
alytical results. Yet the upwind scheme is free of these uncertainties.

6. Conclusion

Two possible schemes of local DAM weights calculation were presented
in the paper. Both were tested on a simple one dimensional case of trans-
port equation. It was found out that both schemes give similar results for
lower Péclet numbers (Pe ≤ 20). At higher Péclet numbers the central-
based scheme results where unstable. On the contrary the upwind results
did not show any oscillations. Nevertheless it should be pointed out that
numerical examples were only preformed for a simple 1D case and further
evaluations are required. In future work more complicated cases should be
studied. Firstly 2D cases should be studied, followed by the implementa-
tion of the upwind weighting scheme in a driven cavity case.
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Figure 2: Numerical and analytical results for low Péclet numbers. x denotes the dimen-
sionless distance and φ denotes a general dimensionless scalar quantity. Diffusivity D is
set to 10−2 for both cases. Horizontal velocity is equal to vx = 0.01 for case Pe = 1 and to
vx = 0.1 for case Pe = 10. It is clearly visible that results for central and upwind weighting
scheme overlap completely 8
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A comparative analysis of meshless methods for
dynamic coupled thermoelasticity problem
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Abstract

A meshless local radial basis function collocation method is applied to two-
dimensional transient coupled thermoelasticity problem in Cartesian co-
ordinates. The problem consists of equation of motion for deformations
coupled with heat transport equation. The proposed method uses nine
nodes in the influence domains and multiquadrics with shape parameter
value of 10−3 with linear augmentation monomials to discretize differen-
tial operators. Second order backward differentiation formula is used for
time stepping. The method is applied to a quasi one-dimensional transient
benchmark problem. The tests are performed for two possible ways of gen-
erating the stress wave: by thermal shock and by pressure shock. Results
are compared with the solution obtained by a novel version of the mesh-
less local Petrov-Galerkin (MLPG) method. Our method is found to match
the results obtained with the MLP well, with some discrepancies resulting
from different treatment of traction boundary conditions.

Keywords: local radial basis function collocation method, local
Petrov-Galerkin method, meshless methods, Kriging, collocation,
thermomechanics

1. Introduction

Thermomechanical phenomena are important in many different fields
of science and engineering, since they have significant impact on construc-
tions and parts that either undergo repeated reheating cycles or are exposed
to fast changes in temperature. The stresses generated during this kind of
events greatly affect the reliability and failure rate of engineering parts and
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scientific equipment. Therefore a considerable effort is made in developing
new methods to model this kind of phenomena.

To accurately model the thermomechanical problems we need to simul-
taneously solve two sets of equations: a hyperbolic equation of motion for
elastic deformation and a parabolic equation governing the heat conduc-
tion. Different nature of the governing equations prevents us from ob-
taining any analytical solutions of the fully coupled problem. The exact
soutions can be obtained only if we omit full coupling as done in the fun-
damental work by Danilovskaya [1]. To benchmark numerical methods on
fully coupled problems we are thus limited to cross-code comparisons.

Since numerical methods are of great practical importance in the field
of coupled thermomechanics, many reference solutions using different ap-
proaches can be found. From traditional methods used in commercial codes,
to contemporary methods including a large spectra of meshless approaches
[2, 3, 4, 5].

The local radial basis function collocation method (LRBFCM) is in this
paper extended to coupled thermoelasticity problem. The method calcu-
lates the discretized differential operators using a local interpolant con-
structed from radial basis functions and linear monomials. The formulation
of the method is given in detail in section 3. The method has been success-
fully applied to many different fields in science and engineering [6, 7, 8]
including the work done by the present authors in the field of solid me-
chanics [9, 10].

Because of the great interest in the meshless methods comparisons be-
tween them are quite common. Great reference in this regard is [11]. There
have also been some comparisons done between the two methods consid-
ered in this paper regarding the computational time and accuracy when
solving parabolic problems [12], which found the MLPG method to be
slower of the two, but just as accurate.

In this paper we will first present the benchmark problem we are solv-
ing, and then present a detailed formulation of the LRBFCM method. The
formulation of the method is followed by a short discussion on the imple-
mentation details followed by the result for the two cases: the temperature
driven shock and the pressure driven shock.

In this work, we compare the solutions with the results provided by the
meshless local Petrov-Galerkin method (MLPG) using Kriging interpola-
tion, as described in [13]. We chose the specified method because it belongs
to the class of well-known meshless local Petrov-Galerkin methods [14, 15]
and has been already successfully used in many different fields ranging
from fluid mechanics [16] and convection-diffusion problems [17] to piezo-
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electricity [18] and solid mechanics [4].

2. Governing equations

In this work we are solving the coupled thermoelasticity problem given
by the following equations for temperature T, velocity v and deformation
vector fields u [19]

ρcpṪ=k∇2T − βT0∇ · v (1)

ρv̇=(λ + 2G)∇2u + (λ + G)∇∇ · u− β∇(T − T0) (2)
u̇=v. (3)

Here ρ represents mass density, cp heat capacity, k the thermal conduc-
tivity, β the thermoelastic coupling parameter given by β = (λ + 2G)α,
where α is the thermal expansion coefficient. The mechanical material prop-
erties are given by the Lamé parameters λ and G. The temperature at which
the thermal strains are assumed to be zero is denoted by T0. The equations
are stated in terms of first time derivatives by introducing the auxiliary ve-
locity field v, which is otherwise not present in the equations.

To allow easier comparison of the results, we introduce standard di-
mensionless quantities for coordinate xi, time t, stress σij, temperature T
and deformation ui [20]:

x̂i=
xi

l
,

t̂=
tC1

l
,

σ̂ij=
σij

βT0
,

T̂=
T − T0

T0
,

ûi=
λ + G

aβ
ui,

where the length scale is determined by l = k/ρcpC1 and the time scale by
the speed of the longitudinal wave C1 =

√
(λ + 2G)/ρ.

The thermoelastic coupling is measured by the dimensionless thermoe-
lastic parameter C defined as [20]

C =
T0β2

ρcp(λ + 2G)
, (4)
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Figure 1: Boundary conditions. On the top and the bottom symmetry boundary conditions
are specified. On the right edge, the material is thermally isolated and fixed by specifying
deformation to be zero. On the right hand side we stimulate the system by either thermal
or pressure shock.

with C = 0 denoting uncoupled case. Typical values found in real materials
range from 0.01 to 0.1.

2.1. Boundary conditions
The benchmark problem is the same as the one described in [13]. We

are considering a square shown in Fig. 1 with side length 10a, thermally
isolated on all sides, except for the left side at x1 = 0, where the tempera-
ture value Tl is given. On the same side the traction is specified by fl , while
on the side at x1 = 10a the deformation is set to 0. On the top (x2 = 10a)
and bottom (x2 = 0) sides the symmetry boundary conditions are assumed.
Different benchmark settings are specified by changing the values Tl and
fl .

3. Discretization of the governing equations using local radial basis func-
tion collocation method

3.1. Domain discretization and sub-domain selection
We consider a compact domain Ω with boundary Γ. Firstly, the com-

putational points, called nodes, are distributed over the interior and on the
boundary of the domain, thus defining the computational domain. The
nodes used in this work are positioned on a rectangular grid, however use
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of more general meshes is possible [21]. The position of l-th node is de-
noted with rl . To generate the approximation of the solution at each node,
a set of neighboring points lΩ, called the subdomain, needs to be chosen.
Although the choice of the subdomain is in principle arbitrary, given that
every subdomain overlaps with at least one of the others, usually a certain
number of nearest neighbors is chosen. We denote the number of nearest
neighbors in the subdomain of the node with index l by l N. We note that
with the choice of the subdomain, we have introduced a mapping ls from
the set of integers from 1 to l N to the global index assigned to every com-
putational node.

3.2. Construction of local interpolants
The field values are interpolated over the nodes in the subdomain using

translations of multiquadrics (MQ), one of the many examples of radial
basis functions (RBFs). An MQ centered at node i is given by

Φi(r) =

√
∑
ξ

ε2

h2
i
(xξ − xi,ξ)2 + 1. (5)

Here ε is the shape parameter and hi is the size of the subdomain, on which
the interpolation is being constructed. It is defined as

hi =

√√√√ l N

∑
j=1

|r
is(j) − ri|2

l N − 1
. (6)

Since MQ’s are only conditionally positively definite, the interpolation prob-
lem in which only MQ’s are used is not well defined. The solution is to
augment the interpolation problem with m monomials pi(r), of up to lin-
ear order. The approximation of an arbitrary field y approximation is then
given by

yξ(r) ≈
l N

∑
i

lαi,ξΦi(r) +
l N+m

∑
i=l N+1

lαi,ξ pi(r) =
l N+m

∑
i

lαi,ξΨi(r). (7)

Here the subdomain l is the subdomain centered on the node closest to the
test point r. The index ξ is running over the components of the physical
field which is being interpolated.

The main idea of the method is to use the approximation in Eq. (12) to
estimate any linear differential operator D acting on a physical field y(r).
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Since the coefficients lαi,ξ are constants, it is straightforwad that

Dy(r) = Dξχ(r)yχ(r) ≈
l N+m

∑
i,ξ

lαi,ξ Dξχ(r)Ψi(r). (8)

The coefficients lαi,ξ are determined by collocation of the field values at
each domain point. For the points on the boundary the boundary condi-
tion Bξχ(r)yξ(r) = bξ(r) is imposed instead. In this manner we obtain an
interpolant that analytically satisfies the boundary conditions. The system
of equations is written in matrix form

∑
i,χ

l Aji,ξχ lαi,χ = lγj,ξ (9)

defining the local collocation matrix l A and collocation right-hand side col-
umn lγ. The indices ξ, χ and ζ run over the components. The elements of
the collocation matrix are given by

l Aji,ξχ =


Ψi(rls(j))δξχ if r

ls(j) ∈ Ω
Bξχ(rls(j))Ψi(rls(j)) if r

ls(j) ∈ Γ
pj(rls(i))δξχ if j ≥ l N

(10)

and the elements of the right-hand side vector by

lγj,ξ =


yξ(rls(j)) if r

ls(j) ∈ Ω
bξ(rls(j)) if r

ls(j) ∈ Γ
0 if j ≥ l N

. (11)

3.3. Application to differential operators
Now we have everything set up to discretize the differential operator

D. As it has already been noted it is possible to use the RBF-interpolant to
estimate the value of a differential operator. At each node l we can approx-
imate the operator value by

Dξχ(rl)yχ(rl) ≈
l N+m

∑
i,ξ

lαi,ξ Dξχ(rl)Ψi(rl). (12)

The coefficients lαi,ξ are however unknown. They can be determined by
solving the system given by the Eq. (14) by formally calculating the ma-
trix l A−1. Using the inverse, the expansion coefficients can be expressed
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in terms of the elements of the column lγ. The value of the differential
operator stated in Eq. (17) is then written as

Dξχ(rl)yχ(rl) ≈∑
k,χ

lγk,χ ∑
i,ζ

l A−1
ik,ζχDξζΨi(rl). (13)

Although this equation appears quite involved, it represents nothing but
multiplication of field values with weights in the same manner as it is usual
for the finite difference methods.

3.4. Time stepping
To discretize the time domain, the field values v, u and T are assembled

in a column Y

Y =

v
u
T

 . (14)

The set of governing equations becomes

Ẏ = G(Y, t). (15)

To propagate the system in time second order backward differentiation for-
mula is used [22]

Yn =
4
3

Yn−1 −
1
3

Yn−2 +
2
3

∆tG(Yn, tn), (16)

where t represents time and ∆t the step size. The implicit stepping given
by Eq. (21) is solved using Newton-Rhapson method using GMRES itera-
tions to solve the linearized system. The Jacobian matrix is estimated using
forward difference formulas. The first step is calculated using implicit mid-
point Euler method.

4. Results

The method was implemented in Fortran and compiled using Intel Vi-
sual Fortran 2014. The implementation of the GMRES (generalized mini-
mal residual method) from Intel MKL was used. The results shown were
obtained by the method using l N = 9 nodes per influence domain and the
shape parameter value ε = 10−3. The operator weights were calculated
in quadruple precision, while the rest of the calculations was performed in
double precision arithmetics.
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The results for two benchmark cases were compared. The first, when
only thermal shock is applied to the boundary at x1 = 0 and the second,
when the pressure shock is applied to the same side. For each of the cases
two different values of the thermomechanical coupling parameter C are
used: C = 0 and C = 0.1.

4.1. Thermal shock
In this case the boundary condition on the left side is Tl = 5t exp(−2t)

and fl = 0. The results for deformation û1 are shown in Fig. 2 and the
temperature in Fig. 3. We can see that the LRBFCM can accurately repro-
duce the results obtained by the MLPG method for the temperature field.
However, some differences appear when the deformation is considered, es-
pecially near the boundary at x1 = 0.

Figure 2: Deformation in x1 direction for the case of thermal shock at t̂ = 3. The lines show
the solution obtained by MLPG, while the dots represent the solution values obtained by
LRBFCM.

8



Figure 3: Temperature profile for the case of thermal shock at t̂ = 3. The lines show the solu-
tion obtained by MLPG, while the dots represent the solution values obtained by LRBFCM.

4.2. Pressure shock
The condition on the left boundary is Tl = 0 and fl = (5t exp(−2t), 0).

The results for deformation û1 are shown in Fig. 4 and for temperature in
Fig. 4. In this case the difference in the treatment of the boundary condi-
tions for û1 at x1 = 0 is even more pronounced, since, in this case, this is the
driving term. From Fig. 4 we can see that the deformation jump caused by
the thermal shock, which is calculated by the LRBFCM solution, does not
reach the same amplitude as the one calculated by the MLPG. This differ-
ence is then transferred also to the temperature profile shown in Fig. 5. The
lower amplitude of the jump in the deformation does not heat the material
as much as the jump reproduced with the MLPG method. The temperature
obtained by the LRBFCM is thus always lower than the one obtained by
MLPG.
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Figure 4: Deformation in x1 direction for the case of pressure shock at t̂ = 3. The lines show
the solution obtained by MLPG, while the dots represent the solution values obtained by
LRBFCM.

Figure 5: Temperature profile for the case of pressure shock at t̂ = 3. The lines show
the solution obtained by MLPG, while the dots represent the solution values obtained by
LRBFCM.

10



5. Conclusions

We can see that the current implementation of the LRBFCM and the
MLPG method show some discrepancies when treating the traction bound-
ary conditions. There are several possible reasons for this: the approaches
of the methods are slightly different as the MLPG solves the problem in
weak formulation while the LRBFCM solves the strong formulation prob-
lem. The problems with the treatment of some types of boundary condi-
tions are well known to be present in methods that use weak formulation
[23]. It is also possible that in the current LRBFCM code a bug dwells in the
part of code responsible for the treatment of the traction boundary condi-
tions.

Apart from the problem with traction boundary conditions, the LRBFCM
method performs quite well. The algorithm used for solution of Eq. (21)
is accurate and stable. The iterative nature of the GMRES also keeps the
time of the computation as a whole linearly proportional to the number of
discretization nodes and thus not prohibitively long for large node counts.

In the future we plan to find the reason for the discrepancies present
in the current results. The application of a solver capable of modeling vis-
coplastic materials to the same benchmark problem is also planned for the
future.
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Abstract

Waste management has a specific life cycle — one can not go without the
other; and in other words said, one has an impact to another. This research
is focused on how to make a new, efficient model which will bring lower
consumption of energy and lower costs in waste management, we created a
questionnaire, which will be sent to waste management municipality com-
panies in Slovenia and Croatia, in order to find current ways of handling
waste. Second questionnaire will to give us data which is going to help us
calculate lower costs for municipality companies, and also, for the residents
of these municipalities, with high energy savings. In the end this paper is
going to create (or redefine) our model in a way which will be acceptable
to the municipality and their residents. Also for the environment it must
be defined in framework of sustainable development.

Keywords: waste collecting, waste environment

1. Introduction

Municipal waste is waste that comes from households, cleaning public
areas and is similar in its content and characteristics to household waste.
Communal services take care of this kind of waste, since they are in charge
of regular collection and disposal of such waste. At present, several differ-
ent methods exist, regarding waste collection, that are closely related to the
efficiency of waste separation and to further management of waste. Waste
collection itself also causes quite high economical and ecological loads,
making the choice of a cost and separation effective method essential. Re-
use of waste is much easier if it is collected separately, thus reducing en-
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ergy consumption and costs. These facts are going to be closely explained
in further chapters. Our goal is to see how waste is transported in chosen
areas. Is it separated in the end (at waste landfills) or is it separated at the
beginning.

This paper presents ways of collecting waste in chosen municipalities
in Slovenia and Croatia, and the analysis of gathered data. The main differ-
ence in collecting waste in Slovenia and Croatia are similar to differences
among individual municipalities. One main difference in waste collect-
ing in Croatian households is that in Croatia there are still municipalities,
which do not separate waste – all is put in one container and that container
is emptied once a week by municipal collecting truck of that municipality.

Waste collection is the first phase of waste management and must be
made to include :

• reduction,

• re-use,

• recycling and

• recovery

and is adapted to the purpose of further treatment of waste.
The waste is collected in several ways. Systematic classification meth-

ods are possible according to the fraction (material composition) of waste
and transport (road, rail, water, hydraulic transport, pneumatic transport).

Road transport is in relation to: the level of care (distance from the
waste can, where is firstly collected, to the place where it’s going to be
put under treatment), the frequency removal (draining container for road
transport), the size of the tank (it depends on the amount of waste).

1.1. The purpose of the research
The purpose of this research is to study different domestic waste col-

lecting systems, its transportation and to compare economic and environ-
mental costs of these approaches.

We would like to determine which solution would bring lower costs,
for household and for municipality companies and which would cause the
lowest environmental impact.Environmental costs are evaluated through
energy accounting, ecological footprints and Life Cycle Assessment.

Our hypotheses are:
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1. Reducing the amount of produced domestic waste and increasing ef-
ficiency of waste separation, resulting in lower environmental and
economic costs.

2. Transportation of waste represents the highest environmental and
economic costs in the process of collecting domestic waste. Approaches
which require smaller transport distance are more sustainable.

3. Collection of mixed domestic waste (without separation at the source)
or systems with low efficiency of waste separation have lower eco-
nomic costs of waste collection but higher environmental costs.

4. Different approaches toward evaluation of environmental cost have
quite unique findings and level of complexity. The Life Cycle Assess-
ment approach will show the highest environmental loads.

5. People are generally willing to accept changes in the waste collecting
system as long as this does not mean higher costs, extra work and
extra traveling distances.

6. People have a positive attitude towards methods that promote a bet-
ter separation of waste and decrease in their environmental load.

2. Theoretical Background

The definition of waste is [12]: Waste are substances and objects that
the owner, or producer of waste (legal or physical person), has rejected or
disposed, or intends or must dispose.

Besides this legal definition of the term ”waste”, in practice a number
of definitions may be encountered.

1. Waste is the sum of produced and consumed remains.
2. Waste is a clear imprint of material life of people.
3. Waste is still not a well established source of raw materials and en-

ergy.
4. Waste is a variable sum of various substances and energy.

Waste is [2] an unnecessary product of human activities at a given time.
Another definition says that waste is the material which we cannot use or
do not want to use from economical reasons any longer.

Waste contains many useful materials which can be processed or used
for production of new products. If waste production can not be avoided,
it should be re-used and collected by types (waste separation) at the point
(place) of its production. This saves space on existing landfills.

The simplest example of separated collection is separation of paper and
cardboard, which makes one fifth of household waste, and can be recycled
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several times, thus saving water, energy and wood. Glass [3] can be fully
recycled several times, so can plastic and metal packaging.

Waste management is a set of activities, decisions and measures focused
on: waste prevention, waste reduction and/or its harmful environmental
impact, collection, transport, use, disposal and other activities related to
waste, as well as supervision over these activities, taking care of closed
landfills.

Waste management [22] must be implemented in a way which does not
bring human health in danger and without using procedure and/or meth-
ods that might harm the environment such as sea, water, soil and produce
air pollution, noise pollution, and so on.

Preserving the environment by separated collection and recycling of
waste brings the following benefits better use of waste products and cost
reduction (so-called, co-management of existing facilities), decrease of im-
port of secondary raw materials (e.g. glass, paper and metal waste) hiring
employees, decrease of treatment and disposal costs.

There are [6] two main determinants of waste collection:

• separation of usable waste (glass, paper, cardboard, metal, bio-waste,
plastic), with purpose of recycling and use,

• separation of problematic substances, i.e. dangerous waste (oil, chem-
icals, batteries, medicines, etc.), with purpose of detoxification and
recycling.

2.1. The waste management hierarchy
Our research will focus on waste collecting and not on waste manage-

ment after the waste is collected. However, as waste collection and further
waste management are interconnected, we have to briefly describe general
principles and priorities.

2.2. Ecological Footprint
The Ecological Footprint [6] is a resource accounting tool that measures

how much biologically productive land and sea is used by a given popula-
tion or activity, and compares this to how much land and sea is available.
Productive land and sea areas support human demands for food, fiber, tim-
ber, energy, and space for infrastructure. These areas also absorb the waste
products from the human economy.

The Ecological Footprint measures the sum of these areas, wherever
they physically occur on the planet and is widely used as a management
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and communication tool by governments, businesses, educational institu-
tions, and non-governmental organizations.

The ecological footprint can be seen or ”scanned” in given areas [7]:
energy, food production, forests, water and waste.

All given areas cannot be ”scanned”, or ecological footprint cannot be
calculated without deeper view on area of technology, because the way we
use technology has impact on our ecological footprint.

Ecological footprint (EF) [7] of some country can be calculated through

EF(c) = EF(p) + EF(i)− EF(e) (1)

where EF(c) is ecological footprint of consumption or total ecological
footprint, EF(p) is ecological footprint of production (total ecological foot-
print given by exploiting of all resources and bio-productive areas within
the boundaries of some country), EF(i) is ecological footprint of import (to-
tal ecological footprint which we import from other countries and spend
their resources, regardless whether we’re talking about energy, food or
merchandise) and EF(e) is ecological footprint of export (total ecological
footprint which we export to other countries and their inhabitants spend).

Waste disposing [10] has huge environmental impacts and can cause
serious problems. It’s a fact that waste (waste disposal) [9] can have nega-
tive environmental effects, such as: surface water contamination, soil con-
tamination, pollution and leachate (as water trickles through contaminated
ground, it causes liquid formation which is called leachate). From know-
ing the negative effects, we can conclude what would happen, if we reduce
waste or collect it and dispose it in a proper way, thus keeping our environ-
ment much ”healthier”. Proper ways of waste management can not only
reduce contamination of the environment, but also reduce the costs that
keep gathering from improper waste disposal.

On a global scale, education is key. Those who exercise [30] poor waste
management techniques may not fully understand the impact of their ac-
tions. Teaching identification of different types of waste and appropriate
disposal methods is one initiative that can be accomplished globally to
reduce improper waste management. Many, however, know the conse-
quences of their actions but have no other choice since their government
does not provide proper waste disposal methods. In such cases, we need
to help those governments implement the necessary waste management
infrastructure.
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2.3. Economy and energy in waste transportation
Transportation [31] plays a major role in sustainability of the Earth, but

it also must be sustained in order for all people to continue to afford ac-
cess to economic and social opportunities necessary for meaningful life.
According to that, there are two sides of energy use in transportation:

• large contribution made especially by highways transportation sources
to pollution problems,

• energy supply security for transportation sectors of each country.

Even though that article is about energy and energy efficiencies in the
Chinese transportation sector, we can relate to it in order to conclude:

• Energy and economy in waste transport are related – the bigger the
distance between container and landfill is, there is more energy in-
vested and cost more money. Therefore, high consumption of energy
and higher costs are not in accordance to sustainable development.

Sustainability [12] is an urban development priority. Thus, energy and
carbon dioxide emission reduction is becoming more significant in the sus-
tainability of urban transportation systems. Urban transportation systems
are complex and involve social, economic, and environmental aspects.

As the social economy continues its rapid development [13], the topic of
sustainable development is an important issue for the world. Sustainability
refers to meeting the needs of the present without compromising the ability
of future generations to meet their own needs. For humans, in particular,
sustainability corresponds to the long-term maintenance of responsibility
and has three dimensions: environmental sustainability, economic sustain-
ability, and social sustainability.

Practical use of sustainable development [14] areas which are impor-
tant in living by principles of sustainable development:

• We should consider three elements: impact on environment and cli-
mate, the feasibility in given time and economic costs.

• Transport is directly linked to energy, and today it entirely depends
on oil.

• Food production has alway shed great importance for humanity, be-
cause it is about production of energy which is necessary for survival.

• Waste production needs to be reduced to save energy. We have cre-
ated a civilization of waste.
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• Bio-capacity needs to be protected. For example, forests must be pre-
served because they produce oxygen that we need for breathing. In
other words, our life depends on it.

• Other levels: by changing ourselves as individuals, we can affect oth-
ers. Decisions we make are the first step in changing the environment
that we live in.

Energy independence [2], energy security, and sustainability are key
factors that drive every nation’s pursuits to achieve a stable and prosper-
ous economy. With the growing penetration of renewable power genera-
tion sources within the electric sector, the penetration of HSR within the
US national transportation portfolio seems highly promising to achieve the
goals of energy independence, security, efficiency and sustainability. The
presented model can be applied to other geographic regions, such as re-
gions with matured HSR markets like Europe.

Assessments of the energy use [15] and emissions from passenger trans-
portation modes are numerous, but rarely are life-cycle assessments (LCA)
presented for complete comparisons. In urban regions many transit options
may exist and it is not easy to assess each option’s energy use or emissions,
considering the many influencing variables (vehicle occupancy, fuel types,
vehicle age, emissions control devices, and vehicle speed among others).
Evaluating vehicle operation environmental factors ignores the life-cycle
components of the vehicles, infrastructure, and fuels which are necessary
requirements for any transit mode.

The first step [16] towards the widespread use of renewable energy
sources and preservation of our environment for the people of the future is
to adopt the ”green accounting” standards that translate socially and envi-
ronmentally responsible behavior into monetary terms, the only language
businesses understand.

2.4. Ways of waste collection in Slovenia and Croatia
Waste is collected in several ways. Considering the material composi-

tion of waste (fractions that are separated) and transport (road, rail, water,
hydraulic and pneumatic transport).

In Slovenia [17], there are collective centers in practice known as re-
cycling centers or recycling ”yards”, with waterproof surface, designed to
allow access for trucks and machines used for waste transport. 20 – 60 %
of the collective center area is usually covered by roofs or semi-enclosed
roofs. The official gazette of the Republic Slovenia [18], states in article 6
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from 2001, (in Resolution of waste management for separate collection of
fractions in the public service for waste collection), that every area with 500
residents should have regulated waste collection point – a collective center.

Every inhabitant of Slovenia [17] annually produces about 1.7 kg of mu-
nicipal waste per day. The amount of municipal waste places Slovenia be-
low the average of the European union.

As regards to the way of waste collection in Croatia, it is quite different
compared to Slovenia. In Croatia, specific household containers for waste
collection are still used. On the official sites of Ministry of Environment and
Nature Protection [19], it is possible to find various laws on waste manage-
ment, such as Law on sustainable waste management, Waste management
strategy for Republic of Croatia and Regulations on waste management.

Regulations on waste management [20] prescribe the procedures for
recovery and/or disposal of waste,categories, technical and technological
conditions for landfills, required qualifications of employees performing
storage, use and/or disposal of waste, and the methods of management
and delivery of data on waste management. Even though there are regu-
lations on waste management, Croatia has difficulties in supervision – it is
possible to say that the system itself is not regulated enough, so there are
”loopholes” in every part of the system.

2.5. Waste collection in other countries (Germany, Austria, Italy, Serbia)
2.5.1. Germany

Germany is a Federal Republic [21] consisting of sixteen Federal States
(Bundesländer). Responsibility for waste management and environmental
protection is shared between the national Government, the Federal States
and local authorities. Germany produces [22] 30 million tons of waste an-
nually. The Green Dot system has been one of the most successful recycling
initiatives, which has literally put packaging on a diet. The point is that
manufacturers and retailers have to pay for a ”Green Dot” on products: the
more packaging there is, the higher the fee. This clever system has led to
less paper, thinner glass and less metal being used, thus creating less waste
to be recycled. In Germany [23], it is common to divide waste into different
groups instead of throwing everything into the same container.

2.5.2. Austria
According to the Austrian constitution [24] the responsibility for mu-

nicipal waste management is split between the federal and provincial gov-
ernments. Austrian laws [25] relating to waste management emphasize the
sustainability, protection of people and the environments and protection of
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natural resources as an important guideline for waste management in Aus-
tria. Applying for regular waste removal service [25] from your property
(household waste) for the first time can vary according to city ordinances
in the Austrian province where you live.

2.5.3. Italy
The most important piece of Italian waste legislation [7] was issued in

1997 (Legislative Decree 22/97). It shaped the national waste management
system (defining the responsibilities of the actors involved), introduced tar-
gets about separate collection of municipal waste, established the National
Packaging Consortium and provided for the progressive replacement of
the old waste tax with a new waste tariff.

In 2015, the European Commission (EC) [26] announced that it was
launching legal action against Italy over the chronic waste crisis affecting
Naples and the rest of the Campania region. Thousands of tons of waste
have been left uncollected in the streets and waste has been disposed of at
illegal dump sites. The EC considers that the region’s waste disposal instal-
lations are inadequate and pose serious problems for human health and the
environment.

Even though, over the years [27], the amount of waste that is recycled
grows—Italy still needs a better approach in waste management. That is
why Italian government is setting a framework to foster more sustainable
waste management practices. Italian Environmental Code introduces the
concept of compaction – reducing the amount of waste at the source means
producing economical advantages for each link of the waste life cycle. At
industrial level [27], there are compactors used for different waste streams
– waste packaging. A compactor usable on a household level, the Eureka
compactor, reduces public dependence on street containers and helps to
educate families about waste handling.

2.5.4. Serbia
Serbia has a Waste management law [31], which was published in Of-

ficial Gazette of Republic Serbia, No 36 from 2009 and No 88 from 2010,
that directs: types and classification of waste, waste management plan-
ning, subjects of waste management, responsibilities and obligations in
waste management, organization of waste management, management of
specific waste streams, conditions and procedures for license publishing,
waste movement across the state boundaries, report about waste and its
databases, waste management funding, supervision and other important
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questions of waste management. Waste management is activity of general
interest.

As it emerges from the shadow of economic sanctions [31], and previ-
ous decades of communist rule, Serbia now faces an enormous challenge to
bring its aging waste management infrastructure up to date. Serbia’s tran-
sition to the market economy occurred much later than in other countries
(it has begun after 2001). The pursuit of sustainable development [14] re-
quires that attention be paid to the interactions between the environment,
society and economy. During the past several years, a set of environmental
laws have been discussed. Rapid industrial development has resulted in
an increased need to establish standard procedures in this field, and this
is also one of the preconditions Serbia must meet if it is to join European
Union.

To make up for lost time, Serbia must speed up the process of integra-
tion. Serbia is among the last European countries that do not have a market
for communal waste. According to official data, 40% of household waste
ends up on one of 4400 unlicensed and unregulated waste landfills, with a
little chance of recycling and waste separation. Even though, recycling and
waste separation is highly profitable, Serbia is in a position where waste
management and profit of it is still a completely new field.

General awareness [14] and knowledge of environmental issues is low.
Apart from improving the integration of environmental studies in curricu-
lum of the education system, there is also a need for advanced training in
the subject of environmental management for local inhabitants and for local
authorities, which can increase the capacity to address local environmental
issues at a strategic level.

3. Methods

The methods which are going to be used through our research are ques-
tionnaire and analysis of environmental costs, performed in Excel (MS Of-
fice). We will use two types of questionnaires: one for waste collecting
companies and the other for residents.

3.1. The sampling locations
The sample includes people from several municipalities, which were

selected by the following criteria – they are smaller to intermediate settle-
ments with different methods of waste collection and different waste sepa-
ration efficiency. Municipalities that have been chosen are:
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• municipalities from Slovenia: Nova Gorica, Vrhnika, Logatec, Kranj,
Ptuj, Celje, Kočevje and Domžale,

• municipalities from Croatia: Koprivnica, Kostrena and Kastav.

3.2. Variable pattern – data from questionnaire
At the very beginning, the questionnaire was sent to the above listed

areas (municipalities), to municipality companies, which provided or will
provide the desired data on waste (the current state of waste in these mu-
nicipalities). After that, a new (second) questionnaire will be created and
given to 100 people in 2 or 3 selected municipalities. The goal is to collect
this data from all municipalities, if possible. Its purpose will be divided in
two sections:

1. People will fill the second questionnaire with data that is known for
them in current state – we will focus on their opinion and their will-
ingness to accept changes.

2. We are going to show them the results from first questionnaire (in-
form them about economic and environmental costs of different steps
in waste collecting system, and what would individual changes mean
for their and environmental costs) and then we are going to ask them
to fill (the second) questionnaire.

The second questionnaire will be filled two times so that data which
is collected can be compared in order to see, if they have changed their
opinions about the waste. With this we will find out if their opinion is
based on real facts or is it based on their own ”attitude”, without any real
insight in facts.

3.3. Selection of data about exiting waste collection systems
The first selected municipality was Nova Gorica (Slovenia), where our

university is located. In the following, we selected municipalities with sim-
ilar type of settlement and with different method of waste collection or with
different efficiency of waste separation. We selected Vrhnika and Logatec,
that have reached very high efficiency of separation of domestic waste. Be-
sides these, we selected some more locations, in which they select domestic
waste in slightly different ways (they are collected by different municipal
companies) and which share similar settlement pattern and similar popu-
lation density: Kranj, Ptuj, Celje, Kočevje and Domžale.

Selected municipalities from Croatia are Koprivnica and two munici-
palities near the city of Rijeka, municipalities Kostrena and Kastav, with
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similar population density as for Nova Gorica. Settlements in Croatia were
selected in order to explore differences in waste collecting systems in com-
parison to Slovenia. The questionnaire for municipal companies covered
the following categories of questions :

• the number of people who pay waste disposal in a given municipal-
ity, amount of collected waste, fractions of waste that are collected,
number of containers, eco-islands and collection centers,

• frequency of emptying containers, number of kilometers and hours
for transportation of waste,

• price of a working hour, price of machinery and equipment mainte-
nance, other costs related to waste removal,

• monthly cost of waste removal per person or per household.

At the end of the first stage of research we will calculate the energetic
and economic price of each individual waste collecting system. Statistical
analysis will be done for each selected municipality and then for all munic-
ipalities together.

3.4. The alternative model
We are going to ask people if they could predict energetic and economic

costs for some of the existing methods of waste collection. For each pro-
posed scenario we will show them calculations, how much energy does it
spent and how may economical cost it is causes. For each of the methods
we are also going to calculate the ecological footprint. The results will be
compared. Among potential scenarios we will include also our (alterna-
tive) way of waste collection.

3.4.1. Introduction of alternative model
For faster and more evident comparisons of waste collecting scenar-

ios, we will prepare the model, which will help us calculate energetic and
economical cost. With its help, it will be easy to test the sensitivity of the
model. Its most important advantage will be the possibility for evident
demonstration of differences in energetic and economical costs and how
it affect the result (energetic and economical cargo) and how it affects or
decreases some of the parameters (number of kilometers, working hours,
change of number of the containers and the frequency of the discharge, em-
ployees payment, investing in different containers . . . ). Those parameters
were obtained in the first questionnaire.
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3.4.2. Model as an educational tool
The model will serve both, as a research and as an educational tool,

which will help people see the importance of some of the parameters for
final economical and energetic burden (generally, it can contain the envi-
ronmental impact). For that, we are going to use second questionnaire, to
get people’s opinion about different waste collecting methodologies and
their willingness to accept an alternative model.

4. Results from questionnaire- municipality waste management

After questionnaire has been sent to municipalities (by e-mail), answers
were reviewed. Results are formed into tables for easier interpretation. Ta-
ble 1 presents the population of each municipality and the monthly cost for
waste per person. Table 2 presents number of ecological islands, collective
centers and number of containers in each municipality. Table 3 presents
monthly collected packaging in kilograms (kg) in each municipality. Ta-
ble 4 presents working hours of communal services per month, number
of kilometers traveled by trucks for waste collection per month and the
average monthly cost for transport. In those tables VRH is Vrhnika (city
in Slovenia), KOČ is Koevje (city in Slovenia), DOM is Domale (city in
Slovenia), CE is Celje (city in Slovenia), KOP is Koprivnica (city in Croa-
tia), KOS is Kostrena (city in Croatia) and KAS is Kastav (city in Croatia).
It is possible to see, in all tables, that feedback is different (monthly cost for
waste per person, number of eco-islands, containers, working hours, cost
for transportation, monthly waste packaging in kilograms, traveled miles
and penalties), but all selected municipalities stated that their employees
perform supervision on waste separation during the collection. Each mu-
nicipality offered old and new ways of encouraging their residents to sep-
arate waste.

Among other answers in questionnaire, these stand out:

• All municipalities have stated that their employees perform supervi-
sion during waste collection (to see if waste is properly separated).

• Selected municipalities also offered these ways of encouraging resi-
dents for proper waste separation, and also advised some new ways:

– information fliers, door-to-door,

– websites,

– radio, local newspapers,
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– educational workshops in schools and kindergartens,

– days of open doors,

– free containers (paid by the municipality) or containers which
are given from municipality at half price,

– various booklets which contain allegations how to separate waste,

– banners,

– municipality companies painted vehicles/trucks,

– various magazines,

– various lectures, open to all residents from certain municipalities
(with sent invitations).

Table 1: Display of received data for given population of each municipality and the monthly
cost for waste (per person/ euro /month), number of residents (a) or households (b)

Municipality VRH KOČ DOM CE KOP KOS KAS
Population 23.500 16.700 34.634 48.000 27.053 1.057 3.441

(a) (a) (a) (a) (b) (b) (b)
Business 78 243
facilities
Cost for 2.06 3.36 13 13 1.58 4.41 4.41
collection, (a) (a) (a) (a) (b) (b) (b)
transportation
and waste
disposal
Cost for 3.77 4.98 7.27 12.50 - - -
collection
transportation
and bio-waste
disposal
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Table 2: Display of received data for given number of ecological islands, collective centers
and number of containers.

Municipality VRH KOČ DOM CE KOP KOS KAS
Number of 197 92 117 320 87 0 0
eco-islands
Number of 1 1 1 1 0 0 0
collective
centers
Number of 642 231 610 850 257 0 0
containers
on eco-islands

Table 3: Display of received data for monthly collected package in (a)kilograms and (b)
tons.

Municipality VRH KOČ DOM CE KOP KOS KAS
Glass 34.04 (b) 12.6 (b) 770.62 b) 50 (b) 793 (b) 80 (a) 150 (a)
Paper 72 (b) 226 (b) 133 (b) 65 (b) 357 (b) 534 (a) 890 (a)
and
cardboard
Bio-waste 296 (b) 43 (b) 519 (b) 161 (b) 573 (b) 500 (a) 2.3 (b)
Plastic 8,4 (b) - 231 (b) 20 (b) 7.7 (b) 100 (a) 180 (a)
package
Aluminium - - 96 (b) - 73 (b) - -
package
Mixed 139 (b) - 68 (b) - 519 (b) 90 (b) 81 (b)
package

Table 4: Display of received data for working hours of communal services per month, num-
ber of kilometers traveled by truck for waste collection per month and the average monthly
cost for transport (euro/month).

Municipality VRH KOČ DOM CE KOP KOS KAS
Average 64 657 156 - 640 192 192
communal
services
Average 47.841 8.700 6.750 - 23.000 1.440 1.440
numbers of
kilometers
traveled
by truck
The average 1.333.333 70.000 - - 469.528 - -
monthly
cost for
transport
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5. Expected results and contributions to the science

Our research will produce the following results:

• Insight into economical, energetic and environmental costs of differ-
ent waste collecting approaches.

• A model will enable further improvements in existing waste collect-
ing methodologies and simultaneous monitoring of the three types of
costs.

• Research on existing legislation and related possibilities for further
improvements.

• Insight into public opinion related to different waste collecting ap-
proaches and their willingness to participate in improved waste col-
lecting approaches.

• Effect of education on their willingness to accept new or changed
ways of collecting waste.
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Ab-initio modeling of peroxy bridge defect in
amorphous silica

Blaž Winkler

University of Nova Gorica, Vipavska 13, 5000-Nova Gorica, Slovenia.

Abstract

We have been investigating electronic and optical properties of peroxy link
defect (POL) in amorphous silica with first principle methods on 109 atom
model. Results show presence of defect induced electronic states within
band gap origin from POL with properties strongly depending on a de-
fect geometry. Very low oscillator strength indicates minimal probability
of experimental detection. Our calculations were able to reproduce the re-
sults of previous studies and give new detailed insight into effects of local
geometry to the electronic structure of the defects.

Keywords: silica, defects, numerical modeling

1. Introduction

Silica is an amorphous material widely used in microelectronic and op-
tical technologies. Most commonly it is used as the gate oxide in traditional
metal oxide semiconductor field effect transistor (MOSFET) and as the ba-
sic compound in optical fibers. Every real material contains imperfections
of various sizes which origin from impurities, manufacturing processes,
exposures to mechanical stress, chemicals, radiation and many other haz-
ardous environments [1]. With the continuous decrease of the overall tran-
sistor size (14nm for second generation tri-gate transistors [2]) and the need
for radiation tolerant optical fibers to be used in harsh environments (such
as future facilities devoted to fusion) [3, 4, 5], the interest in understanding
defects at the atomic scale has been renewed lately.

In general, the presence of defects modify the electric and optical prop-
erties of a material by trapping charges and adding absorption / lumines-
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Preprint submitted to UNG Communication in Science August 18, 2015



cence centers, thus increasing the electronic losses or the optical attenua-
tion. Depending on defect concentration dramatic changes to the dielectric
constant and refractive index of the material may occur consequently de-
grading the performance of the devices. In oxygen surplus silica peroxy
radicals can be produced by ionizing radiation or fiber-drawing. It was
suggested by [16] that the Peroxy Linkages or POL (≡Si-O-O-Si≡) were
the precursor species of peroxy radicals.

Current literature describes POL as common defect in oxygen surplus
silicates that can be formed through different chemical routes, including
Frenkel pairs formation and the trapping of a O2 molecule by an oxygen
vacancy. The diamagnetic nature of peroxy linkages make their direct iden-
tification very difficult from the experimental point of view, as correlations
have to be found between different optical techniques and treatments [6].
The properties of POL are uncertain and still under debate (for general re-
view, see [7]).

Experimentally [8] assigned a weak peak at 3.8 eV to POL presence as
they observed a significant decrease of the peak absorption intensity after
hydrogen treatment and an increase of the hydroxyl peak complemented
with the absence of any electronic paramagnetic resonance (EPR) signal. In
the later studies of [9, 10] the 3.8 eV band has been re-assigned to Cl2 impu-
rities . However, as the Cl2 model alone does not explain the hydroxyl peak
increase authors concluded that interstitial oxygen molecules should also
be present. In 2000 [11] studied correlation of photoluminescence band at
1.5 eV with optical absorption at 3.8 eV and concluded that their combined
origin is more likely POL than Cl2. In the [12] authors have attributed a
broad absorption feature between 6.5 and 7.8 eV to the presence of the POL
defect by analyzing UV absorption of various synthetic silica glasses, which
decreased after hydrogen treatment followed by increased value of infra
red (IR) OH absorption band, in accordance with [8]. In fair agreement,
[17] assigned the band at 7.1 eV (FWHM of 0.7eV, oscillator strength f ≈
0.01) by comparing absorption spectra of oxygen rich silica samples before
and after F2 laser treatment.

First ab-initio theoretical estimation was proposed by in the 80’s [14] us-
ing tight-binding Hamiltonian model on 243 α-quartz cluster. POL defect
used parameters of H2O2 molecule (1.49 Å O-O distance, 100◦dihedral an-
gle) and results show lowest pσ to empty pσ∗ excitation at 8.6 eV. In the
study [6] peroxy bridge defect in silica on Si2O8H6 cluster (1.43 Å O-O dis-
tance) using various configuration interaction (CI) calculations has been
studied. They predict the lowest transition at 6.5 ± 0.3 eV from occupied
π∗ orbital into conduction band with very low probability (approximately

2



10−4). Hydrogen peroxide molecule was used as simplified reference to
peroxy defect in silica. Their calculations show the first excitation at 6.2 ±
0.2 eV (oxygen π∗ into 3s). The study describe in reference [15] also used
CI calculations to model optical excitation of H2O2 and reports first excita-
tion at 6.24eV (f=0.0013) from σ → σ∗. In [13] even bigger cluster has been
used with more advanced approach (configuration interaction with double
excitations and coupled cluster methods). Results for largest used clus-
ter ((H3SiO)3Si-O-O-Si(OSiH3)3, O-O distance 1.49 Å, dihedral angle 133◦)
show first weak singlet-to-singlet transitions at 5.5 eV (valence to empty
σ∗ band, f=0.0001) This study also uses H2O2 as a simplified model of the
POL defect reporting first transition from π∗-type lone pair to anti bond-
ing σ∗ orbital at 5.95 eV with very low oscillator strength. [18] compared
properties of POL-formation in various calculated amorphous-silica mod-
els resulting in noticeable site-to-site difference. They proposed that proper
characterization of defects requires statistical approach. In related study
[19] simulated optics of larger 72-atom models using TD-DFT. They report
local defect geometry provides no significant variation of transition ener-
gies on the 7 different configurations. The lowest excitation is calculated
at 4.45±0.1 eV as a transition from occupied σ to anti-bonding σ with low
oscillator strengths in the 10−3 region.

Goal of our research is to model opto-electrical properties of silica con-
taining POL bridge defect using state of the art many body perturbation
theory (MBPT) method - GW approximation and solutions to the Bethe-
Salpeter equation on large system. This approach is known to provide
highest correlation between theory and experiments.

2. Methods

Ground state and mean-field electronic structure has been calculated
with the framework of density functional theory - DFT with local den-
sity approximation (LDA) and hybrid exchange functionals from Quantum
espresso software package [22]. Due to well known deficiency of DFT-
LDA for description of empty states the values of wave functions have
been corrected using GW approximation. This method is often refereed
as GW@DFT or G0W0. Optical properties were obtained by solving Bethe-
Salpeter equation (BSE) which also includes electron-hole interaction of ex-
cited particles and the overlap of electronic wave functions. Both steps
were performed using Self Energies and Excitations 2.0.2 (SAX) [27] soft-
ware. This method currently grants optimal ratio between accuracy and
computational costs. Both software packages are based on plane-waves,

3



Figure 1: 109 atom amorphous silica model with the lowest formation energy used in the
study (labeled as intO27 in table 1). Blue spheres represent silicon atoms and red oxygen
atoms. Size of the unit cell is approximately 1 nm. Peroxy bridge defect site is marked with
black ellipse

pseudo potentials and periodic boundary conditions. All calculations were
performed using Perdew-Zunger-LDA pseudo-potentials [24] available from
the Quantum espresso library [22]. Plane-wave energy cut-off was set at
appx. 1100 eV to insure dense enough sampling and thus accurate results
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even in low energy regime. Similar to previous studies we have considered
H2O2 as simplified model for peroxyl bridge defect. Simulations were per-
formed on unoptimized structure with O-O distance of 1.474 Å and dihe-
dral angle 111.5◦. 160 total electronic states were considered in calculations
of simplified model - H2O2 molecule and 800 for SiO2 model. 108 atom
silica model was obtained with meld-quench method using semi-empirical
molecular dynamics calculations with effective quench rate of 2.6 x 1013

Ks−1. An additional oxygen atom was inserted into every oxygen spot in
the cell creating 72 different POL defect sites. Detailed description of silica
model creation and POL defect formation is provided in [21]. Simulated
configurations were systematically selected with respect to their formation
energy. Proper statistics of the problem would require simulations of many
different systems but due to extreme computational demands of method
used in this research only five configurations and reference pure silica were
modeled. This approach follows the discussion of [18] stating multiple ge-
ometries should be used when modeling amorphous silica.

3. Results and discussion

On the first look our results for hydrogen peroxide molecule are in
good agreement with previous studies [13, 6], highest occupied molecu-
lar orbitals (HOMO) are π∗ type lone pairs on oxygen atoms followed by
σ shaped lowest unoccupied molecular orbitals (LUMO). First absorption
occurs at 2.74 eV with very low oscillator strength (f=0.0008) and transition
is from HOMO to LUMO.

While nature of transition agrees well with previous studies [13, 6], en-
ergy difference is significant as their work show no absorption peaks below

Table 1: Formation energy variations and geometrical properties of all the configurations. ∆
angle is provided with respect to 111.5◦from hydrogen peroxide molecule while the inter-
atomic distance is expressed with respect to the average length between oxygen atoms in
defect

Name δ E[eV] D. angle [◦] ∆ angle [◦] O-O dist.[Å] ∆ dist. [Å]
intO27 0 106.9 -4.6 1.496 0.022
intO42 0.5503 148.1 36.6 1.498 0.024
intO67 0.6497 164.0 52.5 1.482 0.008
intO41 1.0991 157.2 45.7 1.505 0.031
intO15 1.3812 143.0 31.5 1.515 0.041
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6.0 eV. Optical absorption has been measured experimentally in this region
for H2O2 molecules adsorbed on SiO2/TiO2 sol gel substrate [25]. Further
analysis of our results indicates that the excitations appear to be complex
transitions between many different states. This leads to the presence of
delocalized (scattering) states between the LUMO and the vacuum level.
No experimental data exists for the Electron Affinity (EA) of hydrogen per-
oxide. Only theoretical calculations place the EA at -2.5 eV [23]. Vertical
ionization potential (VIP) was measured experimentally at 11.6 eV [28, 29].
The difference between our calculated energies and nature of transitions
with respect to results reported in literature [13, 6] exists due to the different
methods used. Generally Hartree-Fock (HF) and configuration interaction
(CI) methods, used in older studies, are based on localized basis sets which
provide good accuracy for molecular orbitals but fail completely in the de-
scription of delocalized states. On the contrary of the spatial dependent ac-
curacy, precision of plane-waves based methods is energy based thus any
electronic state can be accurately described with condition that energy cut-
off is large enough [30]. As it can be seen in next paragraphs of this paper,
only HOMO-LUMO transition is comparable between simplified and real
POL model from which we can conclude that hydrogen peroxide molecule
is not good model for optical properties of real POL defect.

Figure 2: Spatial expectation values of molecular states on peroxy bridge defect: Left - π∗

HOMO- Right - σ∗ like LUMO

Table 1 summaries formation and geometrical properties of different sil-
ica configurations used in this study. All the structures were fully relaxed
with variable-cell geometry optimization from QE software [22]. Mean dis-
tance between oxygen atoms in relaxed peroxy defect is 1.499 Å. This value
provides excellent comparison with some previous studies of [13]. Dihe-
dral angle varies with different configurations and has the average value of
143.8◦. The configuration with lowest formation energy (labeled as intO27
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Table 2: Average values of the first four possible electronic transitions in silica model con-
taining POL defect.

From To Weight Osc. Str. Energy[eV]
HOMO LUMO 0.94±0.01 6.9 · 10−4 ± 4.4 · 10−4 3.3 ± 0.4
Valence LUMO 0.12±0.03 1.6 · 10−3 ± 6.7 · 10−4 5.3 ± 0.5
HOMO Cond. 0.93±0.01 4.3 · 10−4 ± 3.4 · 10−4 6.9 ± 0.02
Valence Cond. 0.91±0.02 3.6 · 104 ± 2.1 · 10−4 7.6 ± 0.1

in table 1) has dihedral angle of 106.9◦. As this configuration is closest
to energetically favorable H2O2 molecule structure it has lowest formation
energy. In other configurations it varies from 143◦to 164◦.

Figure 3: Theoretical spectra of different configurations containing POL defect and refer-
ence pure silica spectra. Graphs are oriented by formation energy from lowest at the bottom
to highest on the top (formation energies are provided in table 1). Black arrows are used to
indicate peaks with lower intensities for the sake of clarification.

Average values of transitions are shown in table 2. Errors are calculated
as standard deviation between all configurations. First excitation occurs
around 3 eV as a transition from occupied π∗ (HOMO) to empty σ∗ orbital
(LUMO) with oscillator strength in 10−4 region. Both are localized on de-
fect oxygen atoms. Second excitation in 5.3 eV region goes from valence
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band to empty defect state (LUMO) with a higher probability (10−3). Third
transition assigned to POL defect occurs just under 7.00 eV from occupied
π∗ orbital into conduction and has again very small osc. strength (≈ 10−4).
Last excitation noted in the table describes transition from valence to the
oxygen 3s orbital in 7.5 eV region. It is known from the literature that this
state dominates lower conduction band in amorphous silica [26]. Optical

Table 3: Table of first five excitations for the POL configuration with lowest formation en-
ergy.

From To Weight Osc. Str. Energy
HOMO LUMO 0.935 0.0009 3.95 eV

HOMO-1 LUMO 0.845 0.005 4.65 eV
HOMO Conduction 0.922 0.0009 7.00 eV

HOMO-1 Conduction 0.918 0.0007 7.45 eV
Valence Conduction 0.922 0.0002 7.67 eV

properties of configuration with lowest dihedral angle (table 1 - intO27)
display different behavior which can be seen in table 3. Because this ta-
ble describes only one particular case there is no statistical errors. In this
configuration first excitation occurs just under 4 eV as a transition from
π∗ HOMO to σ∗ LUMO followed by second transition at approximately
5.5 eV. This is transition from another molecular π∗ like state on defect
oxygen atoms, positioned on top of valence band, to LUMO, and not va-
lence band to LUMO transition as described in previous paragraph. With
this state existing on top of the valence band it creates another absorption
related to POL defect due to HOMO-1 transition into conduction before
valence→conduction band transition in 7.5 eV region. Again all of the
excitations except the second one have oscillator strength in 10−4 region.
Figure 3 shows the theoretical absorption spectra of all configurations. The
spectrum bottom represents pure silica reference and the others are sorted
by the formation energy with lowest on bottom. Unlike other studies [6, 13]
all of the described transitions have very low oscillator strength. In our
opinion it would be very difficult to detect the calculated transitions exper-
imentally and their signal would most probably be covered by signature of
other, more active, defects.

Results presented in reference [13] contribute majority of the difference
in transition energy to the change of -O-O- inter-atomic distance while our
results show no clear correlation in this aspect as seen by comparing the
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Figure 4: Energy variation of HOMO and HOMO-1 energies of hydrogen peroxide molecule
with respect to dihedral angle

table 1 and figure 3. Results for intO27 configuration and results of simpler
yet similar hydrogen peroxide model clearly indicate that low dihedral an-
gle tends to pull occupied defect state on top of the valence band.

To clarify how the variation of dihedral angle affects electronic proper-
ties, we have performed additional calculations on series of rotated hydro-
gen peroxide molecules (molecule was rotated around O-O axis). Since the
HOMO and HOMO-1 states are very similar their relative lowest energy
configuration occurs when states are placed orthogonally with respect to
each other as seen in the figure 4. This confirms the dominating effect of
defect’s dihedral angle to the electronic transitions from π orbitals which
dominate the top of the valence band. Inter-atomic distance is obviously
more important in properties of empty σ bond, but was not extensively
studied in present work as the HOMO-LUMO transitions show no depen-
dence on the inter-atomic distance and dihedral angles (figure 3, intO42-
intO15). Because the dihedral angle of lowest formation energy model
(intO27) is much smaller compared to other configurations, the energy dif-
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Table 4: Energy levels from GW method. On the left average values of the energies for all
the systems. Right - energy levels of lowest formation energy (LFE) configuration with the
addition of HOMO-1 state

GW state Energy [eV] GW LFE state Energy [eV]
HOMO 0.85±0.20 HOMO-1 0.312

Conduction 9.45±0.03 HOMO 0.762
LUMO 10.32±0.13 Conduction 9.4688

LUMO 10.266

ference of HOMO/HOMO-1 is smaller so HOMO-1 state resides on top of
valence band and not inside of it. This allows additional transitions from
this state into empty defect states. Table 4 shows GW corrected energy
levels for silica models confirming this effect is also present in silica and
not only in simplified model. Neither of those parameters affects bottom of
conduction as it is purely described by the symmetrical 3s orbital of oxygen
[26].

Older studies based on CI only predict either transitions from HOMO
positioned on defect to 3s of oxygen embedded in the conduction band [6]
or valence to empty σ transition [13]. Our results predict the former exci-
tation just bellow 7 eV providing decent match with 6.5 eV of [6]. Valence-
LUMO transition presented in this work occurs at 5.27 eV which again
agrees well with 5.5eV of [13]. In configuration with lowest formation en-
ergy this excitation occurs even lower at 4.65 eV. This study again shows
no presence of empty σ band inside the valence gap as suggested by [14]
and place it into conduction (table 4) in agreement with [6].

4. Conclusions

We have modeled peroxy link defect in amorphous silica using state of
the art GW@DFT method. Our results show presence of the following de-
fect induced transitions within band gap: transition from π∗ HOMO to σ∗

LUMO near 4 eV has not been previously reported while our result of va-
lence→ LUMO around 5.3 eV and HOMO→ conduction near 7 eV excita-
tions agree well with previous studies. Because of low oscillator strengths
we believe these transitions would be very difficult to detect experimen-
tally and would be covered by other, more active absorptions from other
defects and impurities. Detailed study shows dominating effect of local
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geometry is dihedral angle which effects low-lying electronic excitations.
It promotes π HOMO-1 state on top of valence band creating additional
transition options that origin from this state.
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