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TRASCO-ADS, the Italian acronym for Transmutation (TRASmutazione) of Nuclear 
Waste (SCOrie), is a national funded program in which INFN, ENEA and Italian industries 
work on the design of an accelerator-driven sub critical system (ADS) for nuclear waste 
transmutation. The interface between the UHV vacuum of the accelerator and the pressurized 
system of the spallation target is a challenging item for the realization of an ADS. Two 
interface concept designs have been evaluated. In the first case, a window physically separates 
the high pressure side of the subcritical reactor from the UHV of the accelerator beam line. 
This solution imposes tight constrains on the physical properties of the interface due to high 
thermo-mechanical stresses. In the second, or windowless, case, the linac and the spallation 
target are directly connected. The challenge, in this design, is the control and pumping of the 
target material evaporation, spallation generated vapor and gases by a suitable vacuum 
pumping system. Common to both solutions are radioprotection and safety issues.  

This paper reports on the activity done on a windowless interface, mainly from the vacuum 
system design point of view. 

1. Introduction  

One of the most critical aspects of an ADS is the interface between the UHV 
condition of the accelerator and the spallation target. In the case of the 
windowless solution the vacuum system has to ensure the progressive pumping 
effect in order to maintain the correct operative conditions both in the 
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accelerator and in the spallation target. Furthermore vacuum system 
characteristics must cope with hard environmental conditions.  

2. Vacuum system requirements and constrains 

The lack of a physical barrier between the accelerator and the target causes the 
fact that the two vacuum environments, with strong different conditions and 
requirements, are in connections. From the vacuum point of view the pressure at 
the linac entrance is the most critical parameter (UHV conditions) but the 
vacuum system must guarantee a reasonable low pressure also in the interaction 
point. Vacuum specs for the linac are well known; on the contrary for what 
concern the interaction point studies are under way. 
The relationship in between the equilibrium pressure Peq at a given position, the 
mass throughput Qs (the source term) is  
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where Seff is the effective local pumping speed. 
The main boundary for the estimation of the pressure in the system is the 
evaluation of the source term Qs that represent the mass throughput originated 
by LBE evaporation, diluted gas desorption, spallation products etc. 
The second boundary quantity is the effective pumping speed; this is related to 
the system geometry, to the kind of pump used (e.g. localized or distributed 
pumps), to the free space available for the pumping system and its dimensions. 
 

2.1. Vacuum system nuclear safety consideration 

The tight safety specifications and rules for nuclear plants force the vacuum 
system to respect other strong constrains. Whenever the correct vacuum system, 
able to generate the foreseen vacuum conditions for the linac – target interface 
will be identified, necessarily it must be compatible with all the nuclear plants 
specifications. This has to be true both for radioprotection and reliability point 
of views. 
It will be necessary to analyze the incidental event and its consequences on the 
system, for what concerns the procedure for restoring the operative conditions 
and the radioprotection issues. Therefore vacuum system reliability, its MTBF, 
its scheduled maintenance, etc. will be crucial parameters in the vacuum system 
design and choice. Moreover the vacuum system should able to handle the 



 

 
 

3 

radioactive spallation vapors in order to guarantee their progressive reduction of 
concentration all along the beam line. 

3. Vacuum system design 

The physical properties of the vapors released in the spallation target determine 
the vacuum system design, which in any case needs to cope with radioprotection 
issues and safety analysis. 
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Figure 1. The logic scheme used for the determination of the pumping system 
parameters. 
The logical course that we are following for the vacuum system design is 
summarized in figure 1.  
We decide to consider as non-condensable the vapors and the gases that have, at 
room temperature, a vapor pressure high enough that they are not trapped when 
sticks to a room temperature surface. 
The source term Q is composed by 

• Not condensable gases (spallation products, oxidation control gases etc). 
• LBE vapors 
• High specific activity vapors as Po, Hg. 

In the scheme the total source term will be divided in these three parts: for what 
concerns LBE, polonium and mercury the fractionating process and the dilution 
effects have to be carefully analyzed. 

3.1. Not condensable gases 

Not condensable gases come mainly from the spallation processes, from the 
process for the control of the steel oxidation for corrosion and from the material 
outgassing. 

The evaluation of the effective pumping speed available at the interaction 
zone and the design of the vacuum system for the beam pipe that connect the 
accelerator to the target can be done using the usual procedure for vacuum 
system calculation. 

 
Table 1. Estimation of the amount of non-condensable gases 

produced by spallation in the target for a 6 mAh proton 
beam and the relative partial pressure at the target  

(Sp=600 l/s) [1] 

Gas Throughput 
(mbar l/s) 

Partial Pressure 
(mbar) 

H2 
He 
Ar 
Kr 
Xe 

 

1.7e-3 
3.1e-4 
7.2e-7 
1.7e-5 
6.7e-6 

1.0e-4 
2.6e-5 
1.9e-7 
6.6e-6 
3.3e-6 

 
In particular the conductance of the beam pipe inside the target structure impose 
an upper limit to the maximum pumping speed available in the target. The 
conductance C of a pipe depends on gas temperature and molecular mass, on its 
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geometry (length and section) and the effective pumping speed Seff of a pump 
with Sp pumping speed connected thought a tube with conductance C can be 
calculated using the following expression [2]: 
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In the case of the windowless solution for the PDS XADS machine, the beam 
pipe length is about 10 m and has a partially tapered rectangular cross section. 
This geometry will ensure enough space in the tube for the beam sweeping and 
reduces the neutron back streaming from the target. Conductance calculations 
have been done for various gases with different geometries, taking into account 
the temperature distribution all along the beam pipe and the source temperature 
(400°C). The partial pressures estimation has been done with a pumping speed 
Sp of about 600 l/s. Data are summarized in Tab. 1. 

3.2. LBE vapors 

The evaluation of the source term for the LBE is more difficult: the source 
process is the evaporation of the LBE in vacuum. Data about partial pressure, 
vapor composition (the phase diagram in vacuum) are not available or not 
complete. Moreover is quite difficult to measure directly the saturation vapor 
pressure of a molten metal as LBE: usual vacuum manometers cannot be used. 
So a different approach has been used for the study of the vacuum system for 
the LBE vapor. Instead of using pressures we decide to use flows: starting from 
the Langmuir relation, the rate of evaporation W can be related to its vapor  
pressure Pv by the following equation:  
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where k is a constant (depending of the units used) [2], M is the molecular 
weight, T the absolute temperature and f is the sticking coefficient.  
First we made a series of weight loss measurements (gravimetric) at different 
temperatures: they directly give the value of the evaporation rate.  
Second, we set up an experimental apparatus for the determination of the mass 
flow leaving the LBE hot surface (using thickness monitors for deposition 
controls). The correct interpretation of these measurements has to take into 
account vapor condensation and gas dynamics. A suitable numerical approach, 
based on the angular coefficient method [3], [4], [5], [6], has been developed to 
keep into account these entire effects and it has been validated during the same 
measurement campaign. To study LBE evaporation rate and vapor dynamics, an 
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UHV oven able to reach 650 °C has been connected to a 3 m long 63 mm I.D. 
vacuum pipe whose temperature can be controlled up to 200 °C. Two 
microbalances can be inserted at about 600 mm and 1600 mm distance over the 
LBE. A detailed description of the apparatus is reported in the references [3] 
and [4]. 
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Figure 2. Vapor pressure data of LBE: comparison between Raoult law and the 
experimental data. The negative deviation from the Raoult law is evident. The 

measurement at 450°C is affected by a large uncertainty due to the difficulty in the 
measurement of such a low flow of vapor. Curves for Pb and Bi are shown too. 

 
Measurements on small samples exposed to LBE vapors at different position in 
the experimental apparatus have been used for a preliminary indication of the 
vapor composition. Chemical analysis performed on samples using an ICP 
(inductively-coupled plasma) apparatus indicate a partial fractionating of the 
LBE: the Bi concentration in the vapor phase goes from 55.5% to 66 % in good 
accordance with a modified Raoult law for vapor [7]. 
The same numerical tools validated and used for the evaluation of the LBE 
source term, will be used for the conductance calculation for the LBE vapors. 
This program can easy handle complex geometry using ANSYS for the view 
factor calculation. Moreover conductance calculation for LBE vapors need to 
know the sticking probability: using the same apparatus we have evaluated a 
sticking value of 0.24. 
This numerical tool will be used for the evaluation of the pressure distribution 
all along the beam pipe inside the target. Conductance calculation must take into 
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account the tapered tube temperature: in fact the source of vapors is moving far 
from the molten LBE up to the end of the beam pipe maintained at the same 
LBE temperature. In other words the beam pipe wall at the same temperature as 
LBE will became the source of LBE vapor; the area of the tube that will be used 
as a condensation pump for LBE pumping is only the part that will be 
maintained at a sufficient low temperature.  
The total amount per year of evaporated LBE foreseen from the target 
(calculated at a temperature of 500°C, higher then the operative one), is about 
600 g/y. The quantity estimated in the operative conditions will be certainly 
lower than this one. 

3.3. High specific activity vapors: polonium and mercury 

Mercury and polonium are produced by spallation in the target and are therefore 
produced in the mass of the LBE. The estimated amount of mercury is some 
tens of mg/h while polonium production is about 4 mg/h [1]. 
Besides the fact that mercury and polonium have a high vapor pressure at the 
operative condition of the target (Hg > 1000 mbar, Po about 2⋅10-1 mbar) [2], 
the small quantity generated in the target will produce negligible effects on the 
total pressure. 
The evaluation of the source term for mercury and polonium is on contrary of 
fundamental interest for safety and radioprotection consideration, due to the 
extremely high activity of these compounds. Moreover conductance calculation, 
that will be of negligible interest for the vacuum point of view, is a powerful 
resource for the estimation of the amount of isotopes that can leave the target. 
Data relative to the evaporation dynamic of polonium and mercury when mixed 
with LBE are missing in the literature. 
For the very preliminary evaluation of the throughput of Polonium that can 
leave the LBE, we have set up a dedicated experimental apparatus, using a small 
amount of tellurium, which is usually used as a simulator for polonium, diluted 
in LBE. The basis consideration from which we started are here illustrated: 
- tellurium chemical and physical behaviors are similar to the polonium 

one. 
- polonium vapor pressure is about one order of magnitude higher than 

tellurium one. 
- Te concentration in the test was 10 times higher than the one foreseen for 

polonium in the target. This assumption is supported by the fact that the 
phases diagram of Te-Bi and Te-Pb, do not change significantly if the Te 
concentration is increased of a factor 10 [8]. Moreover the larger amount 
of Te reduces the measure uncertainty. 
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The measurement of tellurium evaporation in vacuum from a compound of LBE 
with Te, was made using the gravimetric technique. A quantity of 100 mg of 
tellurium have been diluted in 1 kg of LBE and an evaporation test, performed 
in good vacuum, has indicated that only about 0.85% of the original quantity of 
Te has been evaporated. Measurement was done for 1.5 hours, at a temperature 
of 400 °C; the evaporating surface was about 30 cm2. 
The evaporation dynamics and the behavior of the vapors inside the pipes 
(condensation, absorption, reaction with the materials present on the pipe wall) 
will be a fundamental field of future investigations in order to evaluate the 
activity of the beam pipe due to volatile compounds as Hg and Po. 

4. Measurement under way, future developments and open questions. 

LBE characterization measurements are under way: we are investigating the 
LBE properties at lower temperatures (400°C, 450°C), closer to the operative 
condition in the reactor. Moreover these measurements will be used for the 
evaluation of the sticking probability of LBE vapors at low temperature. 
We want to confirm the preliminary data on Te evaporation from LBE: a new 
set of measurement is foreseen.  
We are also scheduling for the next future a gravimetric measurement for 
mercury in LBE.  
A market investigation must be started in order to find a possible pumping 
solution that will fulfill all the information obtained from the experimental test 
and respect the safety, reliability and radioprotection specifications. 

5. Conclusions 

We have investigated the general rules for the design of the vacuum system of a 
windowless interface for an ADS, both for the vacuum point of view and the 
radioprotection one.  
We have evaluated the behavior of the not condensable gases coming from the 
spallation source. The investigation of the behavior of the LBE vapors was 
carried out and data about its evaporation rate and vapor composition has been 
found in accordance with a modified Raoult law for vapor. A new method using 
angular coefficient has been set up and validated; it can be used for the 
calculation of conductance and vapor dynamics. For what concerns high activity 
isotopes as mercury and polonium a preliminary test using tellurium has 
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indicated that only a small fraction of the total amount is evaporated from the 
compound. 
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