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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

We conducted fast-photography of the ablation plume and mass analysis of generated clusters. Time-resolved observation of the 
ablation plumes showed that the behavior of the plume drastically changes depending on the background helium gas pressure. 
Particularly when the pressure was more than 100 Pa, a strong light emission from the front edge of the plume was observed, 
indicating that the strong compression of the plume vapor occurs and the kinetic energy of the drifting plume may be converted 
into the thermal energy of the compressed vapor. We found that this plume compression process could be enhanced by 
introducing an ellipsoidal cavity, which is due probably to converging waves in the background gas towards the focal point of the 
ellipsoid. A TOF mass spectroscopy indicated that clusters having a mass corresponding to Al, AlO, Al2, and Al2O were 
generated in the laser ablation cavity and transported downstream. However, large aluminum clusters consisting of more than a 
few tens of atoms were not observed in the present experimental condition. 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

Recently high-energy cluster ions have been attracting renewed attention as a powerful tool to generate extremely 
high-energy-density states in solid material since the acceleration of cluster ions to energies beyond ~100 keV/u 
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turned to be realistic after the invention of an induction synchrotron by Takayama et al.[1]. The induction 
synchrotron can accelerate ion species having any specific charge (q/m) in principle because of its large bandwidth 
of revolution frequency. Based on this novel technology, a circular induction accelerator called induction microtron, 
which is specialized in accelerating large cluster ions having small q/m, was recently proposed [2], and its design 
work is under way at KEK.  
The acceleration of cluster ions itself has been demonstrated over the last two decades. The first pioneering work 
was done by Dammak et al., where fullerene (C60 and C70) ions were accelerated up to several tens of MeV using a 
tandem electrostatic accelerator [3]. The velocity of the accelerated fullerene ions was, however, limited to several 
tens of keV/u, so they could interact only with the surface layer of solid material. The deep interaction of cluster ions 
with solid material has been achieved using smaller clusters consisting of a few atoms. Tomita et al. experimentally 
showed that the mutual coupling effects among neighboring constituents of a cluster, namely vicinity effects, can 
affect the stopping power and the secondary electron yield of the target material [4]. Energetic large cluster ions 
(> ~100 keV/u) composed of more than ten atoms are considered to induce more remarkable vicinity effects in the 
target, but it has not been explored because almost all previous experiments for cluster acceleration were carried out 
by electrostatic accelerators, where the achievable kinetic energies of cluster ions were restricted by the maximum 
terminal voltage of the accelerator (≤ ~20 MV).  

In contrast to the electrostatic linear accelerators, circular accelerators can achieve much higher beam energy 
owing to the principle of multiple acceleration. Thus, the induction microtron is expected to make a breakthrough in 
the field of cluster acceleration. On the other hand, an extremely high vacuum system must be employed for the 
circular cluster accelerator because beam loss due to collisions with residual gas atoms can be a serious problem. 
The beam loss issue also requires the ion source to supply a large amount of metal- or covalent-binding cluster ions. 
There has been, however, only a few works on the development of high-flux cluster ion sources.  

Laser ablation of solid material is often employed to generate metal- or covalent-binding clusters. In conventional 
laser-ablation cluster sources, ablated vapor is rapidly cooled down in a helium gas flow, which causes the 
condensation of atoms into clusters. Iwata et al. have been developed a new type of laser-ablation cluster source 
called spatiotemporal confined cluster source (SCCS), which adopts an ellipsoidal cavity to confine the ablation 
plume and control the condensation process [5]. They reported that silicon cluster super-lattice structure was formed 
on a substrate [6], showing that their cluster source is excel in size uniformity. The hydrodynamic and 
thermodynamic behaviors of the vapor plume in the ellipsoidal cavity strongly affect the properties of generated 
clusters (mean size, size uniformity, and yield). The purpose of this study is to investigate the correlation between 
vapor plume behavior and cluster properties in the laser-ablation cluster source. This paper presents results of the 
analysis of cluster size distribution using a time-of-flight mass spectrometer (TOFMS) and the temporally-resolved 
observation of the vapor plume with fast photography.  
 

2. Experimental setup 

A schematic of the experimental apparatus is shown in Fig. 1. An aluminum disk target was set for laser ablation 
in a small cavity, which was filled with helium gas continuously fed from a gas cylinder. The typical pressure of the 
cavity ranged from 1 to 350 Pa. The target was mounted on a 
rotational feedthrough so that the target could be rotated 
manually without breaking vacuum. A frequency-doubled 
Nd:YAG laser (~55 mJ, 5 ns) irradiated the target and generated 
a dense aluminum vapor plume. The laser spot on the target had 
an elliptical shape (~1.1×0.8π mm2) and the typical laser 
intensity was 4 W/cm2. To ensure the reproducibility of laser 
ablation, the target surface was refreshed every ~ten thousand 
shots by rotating the target. Cooling of the vapor plume by 
surrounding helium gas promoted cluster generation, and then 
the clusters were extracted through a long nozzle (4 mm in 
diameter, 80 mm long) into vacuum (≤ ~0.1 Pa) with the help of 

 
Fig. 1. Experimental setup of fast-photographing and 
TOFMS. 
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a helium gas flow. A skimmer (ø3 mm) 
collimated the extracted clusters to form a 
cluster beam. The skimmer worked also as an 
aperture for differential pumping. 

When the clusters reached the acceleration 
gap of the TOFMS located 40 cm downstream 
of the target, they were ionized by a KrF 
excimer laser (λ=248 nm, ~0.3 mJ, 20 ns) and 
accelerated perpendicularly to the primary beam 
axis by a voltage of 20 kV. The timing of the 
ionization laser with respect to the ablation laser 
was controlled by a pulse delay generator. The cluster ions were separated spatially depending on their masses in a 
drift tube (~0.8 m) and finally detected by a MCP at the tube end. TOF signals were repeatedly recorded by an 
oscilloscope (typically ~500 shots) for each experimental condition to obtain a clear TOF spectrum. The pressure of 
the TOF chamber ranged from 10–5 Pa to 10–3 Pa depending on the cavity pressure. Figure 2 shows two different 
configurations of the cluster generation cavity with and without an ellipsoidal wall attachment. The major and minor 
radii of the ellipsoid in Fig. 2(b) was 15 mm and 9 mm, respectively. The ellipsoidal attachment had a slit 
(4 mm×18 mm) for vapor plume observation.  

In addition to the mass spectrometry, we conducted fast-photographing for spontaneous light emission from the 
vapor plume in the cluster generation cavity. For the fast photography of the vapor plume, a streak camera 
(Hamamatsu C2830) was used in a framing mode. The light emission from the plume was focused on the entrance 
aperture of the streak camera by a camera lens (f=35 mm, F2.8). Typical exposure time was 1 µs. By changing the 
trigger timing of the imaging with respect to the irradiation of the ablation laser, we examined the time evolution of 
the vapor plume in the cavity and the effect of the wall shape on its hydrodynamic behavior.  

 

3. Result and discussion 

In order to investigate the behavior of the vapor plume in the cluster generation cavity, fast-photographing of 
spontaneous light emission from vapor plume was conducted. Figure 3 shows the result of the fast framing 
photography in the cavity configuration without an ellipsoidal wall attachment, where the cavity wall does not affect 
the behavior of vapor plume. Snapshots of vapor plumes taken 500 ns after laser irradiation under different 
background gas pressures are compared in Fig. 3(a). Note that each image contrast was independently normalized by 

 
Fig. 2. Configurations of cluster generation cavity (a) without and (b) with an 
ellipsoidal wall attachment.  
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Fig. 3. (a) Snapshot images of vapor plumes under various background gas pressures taken 450 ns after laser ablation 
with an exposure time of 100 ns. On-axis intensity profiles of the plume image under various background gas pressures 
of (b) 0-25 Pa and (c) 25-100 Pa. 
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