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Abstract 

TRASCO – ADS is a program aiming at the design of an accelerator driven subcritical system in 
which INFN, ENEA and Italian firms work on preliminary studies and design of the high intensity 
proton linac accelerator and on the windowless interface between the accelerator and the reactor. 

The accelerator UHV and the spallation target vacuum are divided only by a suitable pumping 
and trapping system for the gases and the vapors outcoming from the molten LBE. In order to design 
a pumping system for interface accelerator-reactor region, vacuum gas dynamics theoretical 
considerations and experimental evaluations are needed to understand the vapors and gases behavior 
in the target region. For the same purpose the literature data and experimental results on the 
radioactive gases and vapors, produced by the spallation process, must be investigated.  

From the vacuum gas dynamics point of view, a numerical method, based on angular coefficients, 
has been validated to estimate the net flux of the LBE vapors and the gases coming from the 
spallation process, the oxidation control and the tube outgassing.  

From the safety point of view, preliminary experiments are under way, for an estimation of net 
flux of high activity gases as mercury and polonium (using tellurium as polonium simulator) with the 
purpose to evaluate the radioactivity in the beam tube. 

All these data, compared with the literature ones and the experimental results, give an 
improvement towards a suitable design of the pumping system for an ADS windowless interface 
according to technological and nuclear safety constrains.  

Introduction  
The vacuum system specifications and performances for the windowless interface of an ADS are 

critical due to many factors. The vacuum system has to ensure the proper vacuum conditions both in 
the linac and in the interface region. Moreover it absolutely must ensure the proper control of the 
radioactive compounds that are produced inside the target during the machine operation. Vacuum 
system characteristics must cope with the hard environmental conditions, together with the safety and 
reliability rules typical for nuclear plants. 

During the analysis of these factors, we have investigated, both from theoretical and experimental 
point of view, the vacuum dynamics of vapors and gases, the chemistry and physics of evaporation 
and some radioactivity aspects. 

Further preliminary considerations on technological and engineering issues are also discussed. 
Specific results are related to the Ansaldo XADS reactor layout (80 MWth, LBE cooled) [1, 2] but 
they are valid for different configurations through appropriate scale laws. 

The windowless interface vacuum system design 
The evaluation of the source terms is an essential requirement for the definition of the vacuum 

system. They depend on different parameters such as the beam current, the physical properties of the 
target (composition, temperature, vapor pressure), the properties of the other materials exposed to 
vacuum, the amount of leaks, the throughput of gases used for the control of the oxidation of steels, 
etc. 



The conductance of the beam pipe is the other boundary condition which is a function of the 
temperature and molecular mass of the gas or vapor considered. The conductance C gives the upper 
limit for the pumping speed available in the interaction region. 

The well known relationship between the equilibrium pressure Peq and the mass throughput Qs 
(the source term) is  

eff

s
eq S

QP =  

in which the term Seff,, the effective pumping speed, has to include the conductance C and the 
presence of a distributed pumping surfaces. 

We can individuate three different species of gases and vapors that represent the source terms. 
• LBE vapors. 
• Hydrogen and its isotopes and inert gases coming from spallation process. 
• High activity vapors as mercury and polonium. 

 
 
LBE vapors 

LBE is the main component in the target loop exposed to vacuum. We have studied in depth the 
LBE evaporation phenomena in vacuum, the vapor condensation on cold surfaces, the vapor phase 
composition and the vapor dynamics. [3, 4] 

A direct measure of the LBE vapor pressure is not practical due to condensation processes that 
may affect the manometer operation. For this reason, we made flux measurements to validate a proper 
numerical model that allows to estimate both the LBE evaporation rate at different temperatures and 
the sticking probability of LBE vapors on a stainless steel surface [4, 5]. 
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Fig. 1 - Measured and calculated LBE evaporation rate as a function of 1/T. 

 
Data relative to our measured specific evaporation rates at different temperatures are shown in  

fig. 1 (compared with Raoult Law), where “new data” have been measured under Knudsen 
conditions, in a new experimental apparatus. 



Actually, once the beam pipe geometry and the temperature of the LBE surface are fixed, using 
the numerical model and the measured data (evaporation rate and sticking probability), we are now 
able to describe the vapors fluxes of LBE inside the beam line. This allows evaluating, for instance, 
the amount of outcoming LBE from the target and the evaporation/condensation distribution along the 
beam tube.  

Concerning the Ansaldo design of the XADS, the LBE evaporating surface is 60 cm2  
(12 cm x 5 cm). The first 7 m of the beam tube, starting from the LBE surface, is tapered and operates 
at about 400°C. Its cross section varies from 12 cm x 5 cm at the source to 4 cm x 5 cm at the end.  
The remaining part of the beam tube has a constant rectangular cross section (4 cm x 5 cm) with a 
temperature gradient going from 400°C to room temperature at the vessel roof. This means that 
condensation phenomena of LBE vapors take place in this second section of the beamline.  

The LBE surface temperature, foreseen in the Ansaldo design, is about 435°C. The temperature 
of the tapered part of the beam line is determined by the primary LBE temperature. For a conservative 
approach, our evaluation has been made assuming a LBE target temperature of 460°C. Data relative 
to LBE evaporation are shown in tab.1. These results highlight that both in the interaction point and at 
the reactor exit the LBE amount and flux should not influence the proton beam.  

An estimation of the partial pressure of the LBE vapors can be obtained using our numerical 
model. Data are listed for different temperatures in the tab. 1. The partial pressure of the LBE vapor 
does not constitute a serious problem from the point of view of the vacuum technology due to the 
“condensation” pump effect of the tube walls. 

 
Tab. 1 

 
LBE 

Temperature 
(°C) 

Evaporation 
Rate 

(g⋅cm-2s-1) 

Mass evap. at the 
tapered tube inlet 

(g/y) 

Massive Flux at 
the beam tube 
outlet (reactor 
exit) (mg/y) 

Estimated pressure 
at the interaction 

point  
(mbar) 

435 4.7⋅10-8 89 8.5 1.3 ⋅10-6 
460 1.1⋅10-7 212 20 3.3 ⋅10-6 

550 * 4.7 ⋅10-6 8890 845 1.6 ⋅10-4 
 

Tab. 1 - LBE evaporation data. (*)Data at 550 °C are relative to the fault condition with only one 
propeller pump working. [1, 2] 

 
We have also examined the vapor phase composition of LBE and found a different composition 

with respect to the liquid one. In fact, the vapor phase is enriched by bismuth that is the more volatile 
element: its concentration goes from 55% of the liquid LBE to a percentage between 65% and 80% in 
the vapors, depending on the LBE temperature. This fact has no strong vacuum implication but may 
play a significant role for the nuclear safety: radioactive isotope 210 of Bi will decay to Po that will 
be then distributed all along the beam pipe. 

 
 

Hydrogen isotopes and inert gases coming from spallation process 
In this paragraph we will discuss about the source terms relative to the “so called” not 
condensable gases. 
 

Hydrogen and its isotopes 
 

Hydrogen and its isotopes are mainly produced in ADS by spallation process. Further hydrogen 
source (not tritium) comes from thermal desorption: hydrogen is diluted in metal as LBE and stainless 
steel (for instance 316LN may contain hydrogen up to 0.12 normal l/kg) [6].  
Nevertheless the contribution of the thermal desorption from metals does not increase significantly 
the source terms and it will contribute only during the start up operation of the reactor.[7]  



Tab 2 shows the source data for hydrogen isotopes, generated only by spallation process, related to a 
proton beam of 5 mA, 600 MeV [8, 9] and the production yield, the total activity, the beam pipe 
conductance and calculated equilibrium pressure.  

 
Tab. 2 

 
Isotope Yield: 

atoms/proton 
Production 
in 1 year 

G (normal l) 

Q 
(mbar⋅l/s) 

Beam pipe 
Conductance 

(l/s) 

Pressure 
Spump= ∞ 
(mbar) 

Activity in 3 
years 
(Bq) 

H2 1.75 64.2 2.0⋅10-3 16.0 1.3⋅10-4  
D2 3.2⋅10-1 11.6 3.7⋅10-4 11.4 3.2⋅10-5  
T2 9.6⋅10-2 3.5 1.1⋅10-4 9.3 1.2⋅10-5 5.2⋅1015 

       
Total  79.3 2.5⋅10-3  1.7⋅10-4 5.2⋅1015 

 
Tab. 2 - Amount of gases produced with a 5 mA beam, EP=600 MeV 

 
For hydrogen isotopes eq.1 can be applied and conductance calculation, also for complex vacuum 

systems, can be easily done using a standard approach. The pressure indicated in the tab.2 is the 
minimum achievable partial pressure for hydrogen isotopes in the interaction region. 
 
Noble gases coming from spallation process 
 
Spallation process produces also noble gases for which it is possible to apply eq. 1 for the equilibrium 
pressure calculation. Tab. 3 shows the source terms and conductances as in Tab. 2. 
 

Tab. 3 
 

Isotope Production in 
1 year G(normal 

l) 

Q 
(mbar⋅l/s) 

Conductance 
(l/s) 

Pressure 
Spump= ∞ 
(mbar) 

Activity in 3 
years 
(Bq) * 

He 9.6 3.1⋅10-4 11.4 2.7⋅10-5 0 
Ar 0.023 7.2⋅10-7 3.8 1.9⋅10-7 3.2⋅1012 
Kr 0.53 1.7⋅10-5 2.6 6.6⋅10-6 7.7⋅1013 
Xe 0.21 6.7⋅10-6 2.1 3.3⋅10-6 2.6⋅1013 

      
Total 10.4 3.4⋅10-4  3.6⋅10-5 1.1⋅1014 

 
Tab. 3 - Amount of noble gases produced with a 6 mA beam EP = 600 MeV [1, 2] . 

(*)Activities data are relative to a 5 mA beam [8, 9]. 
 

The calculations show that contribution of noble gases to the equilibrium pressure is at least one order 
of magnitude lower than the hydrogen isotopes ones.  
 
 
The vacuum pumps for not condensable gases 

For not condensable gases, we have analyzed different pumping solutions: cryogenic, ion getter, 
turbomolecular, diffusion and Not Evaporable Getter (NEG) pumps.  
Tab. 4 shows the compatibility and efficiency of the different pumps relative to the gas to be pumped. 

 
 
 



Tab. 4 
 

Gas to be 
pumped 

Refrigerator 
cooled 

cryopump 

L He 
cooled 

cryopump 

Ion 
getter 
pump 

Turbo 
molecular 

pump 

Diffusion 
pump 

Not Evaporable 
Getter pump 

NEG 
H2,D2, T2 Y Y Y Y Y Y 

He P Y P Y Y N 
Noble gases Y Y P Y Y N 

 
Tab. 4 - Compatibility and efficiency of the different pumping system relative to the gases to be 

pumped. Y: satisfactory, N: can not be used, P: poor pumping efficiency. 
 
• Refrigerator cooled cryopump: they use a closed cycle refrigerator with a typical power of few W 

at 10 K. They can pump all the gases but He (it can be pumped in small quantities with bad 
equilibrium pressure). The pump capacity is large but not infinite (it is a sorption pump: the 
hydrogen capacity is of the order of tens of normal liters). If the pump stops, all the condensed 
and confined gases are released in the system. Typical lifetime is some tens of thousands of hours 
in a non radioactive area. The pumping of radioactive compounds forces to evaluate both the 
lifetime reduction, due to radiation damage, and the heat induced by the radioactive decay that 
can overload the refrigerator. They are commercial products. 

• Liquid helium cooled cryopump: they are not commercial products and the use of LHe may 
overcome some limitations in pumping and sorption capacity with respect to other cryopumps. In 
any case, if the pump is warmed up, all the sorbed gases will be released. This choice force the 
use of cryogenic transfer line, cryogenic storage system and helium liquefier. 

• Ion pump. All the reactive gases can be efficiently pumped, while noble gases can be confined 
with low efficiency and with very low sorption capacity. In case of power failure these pumps do 
not release any gases. The sorption capacity is limited. Operating life at 10-6 mbar is about  
50.000 h and the pump can properly works also in radioactive environment. The pump has no 
mechanical moving parts. The typical application is UHV systems where the pump lifetime and 
efficiency is high. This is the pump that usually is used all along the accelerator beam lines. 

• Turbomolecular pump: they are transfer pumps and their capacity is infinite They use a high 
speed turbine (typ. 60.000 rpm) and they can pump all gases. Reliability is high (typ. MTBF is 
20.000 h) in a non radioactive environment. There are some experiences for the use of these 
pumps for tritium [10] but, for what we know, not for pumping other highly radioactive gases. 
They need a forevacuum pump running all the time. They are commercial products. 

• Diffusion pumps: they use a high speed oil vapor jet for transferring gas molecules to the 
forevacuum pump. The pumping efficiency is high for all the gases. Drawbacks come from the 
presence of oils in the pump that may contaminate the vacuum system. The pumping of high 
activity gases and tritium should be investigated. They are commercial products. 

• Not evaporable getter pumps: they are based on chemisorption and physisorption properties of 
particular alloys. They pump only reactive gases: hydrogen isotopes are temporarily diluted in the 
alloy and they can be released by heating the getter at high temperature. Other gases, as oxygen 
and carbon monoxide, are permanently confined. The sorption capacity for hydrogen is high 
(about 20 scc for each gram of gettering alloy) and the equilibrium pressure is very low. For 
instance a pump with 1 kg of alloy may adsorb about 30 normal liter of hydrogen before 
saturation. They do not have any pumping capacity for noble gases. The pumps have no moving 
parts and do not need, after the first activation, any power supply for hydrogen pumping. They 
are available as commercial products and can be designed in dedicated configuration for special 
applications. 
 
These analyses give the opportunity to make a first preliminary evaluation on the compatibility of 

different pumping techniques with the ADS interface application. 



 NEG pumps appear to be the best choice for hydrogen isotopes pumping (also for tritium) 
that are strongly confined in the metal alloy.[11] The large hydrogen throughput forces the 
use of large amount of NEG. 

 For high activity gases, that can not be pumped using NEG, a possible choice is 
turbomolecular pumps: they are reliable but the use in nuclear and radioactive environment 
must be carefully tested. 

 The use of cryogenic pumps, at least the refrigerator cooled, appears to be critical due to the 
handling of the large thermal power coming from the decay of the pumped radioactive 
products.  

 Ion getter pumps are the best choice for the beam line, where, the contribution of not 
condensable gases has been reduced by many orders of magnitude. 

 Diffusion pump appears to be critical due to the presence of oil. 

High activity vapors: polonium and mercury 
Among the radioactive spallation products, it is necessary to investigate the evaporating behavior 

of Hg and Po. While the vacuum performances are not affected since the amount of these vapors is 
negligible related to the LBE mass, it is relevant their contribution to the total activity in the 
vapor/condensed phase along the beamline.  
 
Polonium  

210Po is an α emitter with T1/2 = 138.4 d and specific activity of 1.67·1014 Bq / g.  
Elemental Polonium exhibits a vapor pressure many order of magnitude higher than the LBE one. 

[ ] [ ] 2345.78.5377log +−=
KT

torrPPo  [12, 13] 

In addition some discordance about vapor pressure trends of this element can be found in 
literature. [14]  

Literature data about the composition of the vapor phase of LBE with Po impurities can be found 
only in ref. 15. This paper indicates that, for what concern polonium only, the vapor phase is mainly 
composed by PbPo (99.8%) and only by 0.2% of pure polonium. These data are not relative to an 
evaporation process in vacuum where, in our opinion, the behavior of the evaporation process can be 
very different.  As a consequence, this estimation of the evaporation rate can not be directly used for 
an extrapolation to the XADS project. 

Difficulties to produce, handle and measure polonium properties force us to find a polonium 
simulator. We have chosen tellurium as polonium simulator for the following reasons: 

• they are both in chalcogens group; 
• similar elemental vaporization enthalpies (103 kJ / mol for Po [13] 104.6 kJ / mol for Te ); 
• similar oxidation states (+4 main state); 
• similar electronic affinities. 
Analogous vaporization enthalpies are confirmed by small variations of the ratio between the 

vapor pressure of the two elements in a wide temperature range (400°C - 600°C).[12, 13, 16, 17, 18] 
Therefore we set up a suitable apparatus to measure the evaporation rate of Te impurities diluted 

in LBE under vacuum condition. 
 

Tellurium experiments 
Fig. 2 shows a sketch of the apparatus used for our evaporation experiments. In all our 

experiments, we have diluted, in 1 kg of LBE, 100 mg of Te (100 ppm in mass). 
Two different techniques have been applied: the first one (see fig 2.a) foresees a cold finger that 

condensates the vapors, whose composition and mass are determined using chemical analysis (ICP, 
Inductive Coupled Plasma). The second technique foresees the use of a quartz thickness monitor (see 
fig. 2 b) and a diaphragm that allows measuring both the instantaneous evaporation rate vs. time and 
the integral amount of evaporated material (using ICP analysis of the deposited film) in Knudsen 
conditions.  



Results have been analyzed with the same numerical approach used for determination of the LBE 
evaporation rate. In first run we used the setup with the cold finger. The chemical analysis of the 
condensed material, after 1 hour at 400°C, is shown in Tab 3.  

 
Tab. 3 

 
Temp. = 400°C Pb (μg) Bi (μg) Te (μg) 

Deposited material 192 216 852 
 
Tab. 3 - Chemical analysis of the first deposited layer. Source temperature is 400°C. 
 
In the first hour, less than 1% of Te is evaporated from the melt, while LBE vapor phase has a 

composition similar to the one described in section 2.2. 

 
Fig. 2. - Experimental apparatus for the measure of the evaporation rate of Te impurities in LBE. 
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Fig. 3: Measure of the tellurium impurities evaporation from LBE in steady state. 

LBE temperature is 400°C, Te concentration is 100 ppm. 



Further investigations have been done to characterize the evaporation process using the second 
experimental set up, with the vapor source in Knudsen flow condition (see fig. 2.b) and using the 
microbalance to record the thickness of the deposited layer. Fig. 3 shows the data measured with the 
melt at 400°C. 
The amount of Te, evaporated from the melt, is calculated subtracting the known pure LBE data 
(estimated before) from the total measured deposition (LBE+Te). 

Analyzing the data relative to tellurium, its behavior can be fitted with an exponential function 
 

s   τ.)  ;  de(dd t/τ 4
00 105911 ⋅==−= −  

 
where d is the thickness of the deposited layer, d0 is the asymptotic thickness and τ is the time 
constant. This corresponds to a source term, calculated with a simplified view factor method as 
discussed below, whose integral is less than 1 mg of Te (assuming a Te sticking probability similar to 
LBE). The tellurium evaporation is then limited to a few mg. Further heating at 500°C, in the same 
run, shows no more tellurium buildup on the microbalance. This confirms the hypothesis of diffusion 
limited behavior or a possible chemical interaction between Te and LBE. At 500 °C we observed a 
linear deposition rate lower than the theoretical one for pure LBE. This can be explained by residual 
oxides or tellurium compounds (PbTe and Bi2Te3 are lighter than LBE) floating on the surface. If 
substantially all Te would react with LBE, the new compounds (PbTe or Bi2Te3) could generate some 
tens of μm thick film on melt surface acting as diffusion and evaporation barrier. 

Fig. 3 refers to the apparatus working at the final constant temperature. Fig. 4 instead shows the 
tellurium deposition during transient towards the final temperature. The net Te deposition suggests 
that there were a few tellurium grains floating on the melt, which evaporated independently from 
LBE. We estimate this quantity of tellurium to be about 1 mg. 
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Fig. 4 - Tellurium deposition during temperature ramp. 

  
The comparison of the results obtained with the cold finger (Tab. 3) and microbalance setup 

(Fig.3) shows that in the first case the contribution from the transient part during the temperature 
ramping, as discussed above, is the main term hiding the effective evaporation once the final 
temperature is reached. 

It must be remarked that surface cleanliness of melt, even in Knudsen flow state, is a critical 
factor because the initial hydrogen diluted in the LBE and in the steel of the vacuum tubes helps only 



once to keep clean the melt surface. Experiments done with not controlled surface conditions, say re-
heating of the same melt after cooling down, even maintaining the vacuum, gave contradictory and 
useless results.  

Experiment at 450°C with “fresh” melt in the Knudsen experimental setup borrows substantially 
similar results (fig. 5).  
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Fig. 5. - Tellurium deposition at constant temperature of 450°C. 

 
For the estimation of amount of tellurium that left the melt during these experiments we use the 

view factor model, to correlate the thickness of the deposed layer with the source term by means of a 
factor. These data are in reasonable accordance with the chemical analysis performed on the 
microbalance quartz at the end of the measure. In this case the asymptotic deposition value of 2 ÷ 2.1 
nm corresponds to about 0.8 μg of Te to be compared with 0.65 μg (ICP analysis on the microbalance 
quartz). 

It is interesting to note that measured time constant τ and asymptotic deposition d0 do not vary 
significantly in dependence of the melt temperature (see fig. 3 and 5) 

 
If we now apply the results so far obtained with tellurium to polonium, in the target operative 

conditions (i.e. 435°C) we could say that no more than 1 ÷1.5 % of total amount of generated 
polonium will leave the target. The total amount of Po [8, 9] that evaporates during tree years of 
continuous running is about 1 g.  

To validate our assumptions of similar behavior between Te and Po, further experiments are 
needed. In particular, the use of Po as tracer impurity would allow validating the results so far 
obtained and set proper scaling laws. 

 
 

Mercury 
The other highly volatile spallation product that can cause problems similar to the polonium ones 

is mercury that exhibits isotopes with short half-lives and extremely high specific activity (1018 Bq/g). 
Experiments to analyze vacuum dynamics of mercury vapors are planned in the near future. 
 



Conclusions 
In this paper, we have investigated the general rules for a preliminary evaluation of the vacuum 

system of a windowless interface for an ADS.  
The vapor and gas source terms have been discussed and data have been applied to a given beam 

line geometry. 
Concerning LBE vapors we are able to describe vapor distribution and fluxes in the beam tube. 

Our model can be transferred to every other geometry, also complex. Net flux at the reactor exit and 
LBE partial pressures are negligible. 

Not condensable gases as hydrogen isotopes and helium are the main problem for the vacuum 
point of view: simplified calculations and indications about the different pumping technologies that 
can be used have been discussed. 

The evaporation process and the gas dynamics of high activity vapors as Hg and Po, not 
problematic for the vacuum point of view, are crucial for the radioprotection and nuclear issues. 
Evaporation experiments using LBE with Te traces, as polonium simulator, have been done and 
extrapolated results would indicate that only 1 % of the Te diluted in the LBE will evaporate. 
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