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Abstract 

The source and transport system of the Karlsruhe Tritium Neutrino experiment (KATRIN) must 

provide a significant reduction of tritium flow and gas density. It comprises a 10 m long 

windowless source tube, where the tritium gas is injected, followed by a differential pumping 

system and a cryogenic pumping system. The primary challenge of the analysis is given by the 

fact that the gas flow changes from viscous flow regime inside the source tube to transitional 

flow regime at the first pumping stages, and to molecular flow regime at the remaining stages of 

the differential pumping system and further downstream. A strong molecular beaming effect 

must be considered. This paper presents the results of calculations of gas density and flow for the 

complete source and differential pumping system. It is shown that a total flow rate reduction 

factor of 1.4·10-8 can be attained, which is one of the prerequisites to achieve XHV conditions in 

the spectrometers used in the downstream end of the experiment. 

 

Keywords: Viscous, Transitional and Molecular flow regime; Monte Carlo simulation; 
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1. INTRODUCTION 

The Karlsruhe Tritium Neutrino experiment (KATRIN) is a large vacuum system and aims to 

measure the mass of the electron antineutrino from the β-decay of tritium with unprecedented 

sensitivity.1,2 To achieve this purpose, the injected tritium gas flow has to be significantly 

reduced along the beamline by means of a modular differential pumping system. An 

international collaboration will construct and operate the experiment in the European Tritium 

Laboratory on the site of Forschungszentrum Karlsruhe. A detailed description of the KATRIN 

vacuum system, its requirements and challenges can be found in Ref. [2].  

The KATRIN vacuum system has an overall length of about 70 m, comprising four main 

parts: a gaseous tritium source, a transport section, a system of two electrostatic filters (pre- and 

main spectrometer) and the electron detector; Figure 1 shows an overall layout of KATRIN. In 

the centre there is the windowless gaseous tritium source (WGTS) which has to provide a given 

strength of the decay signal. To achieve that, a cross-section related molecular column density of 

N=0.5 2210×  m-2 at the temperature T=27 K must be maintained in the 10 m long source tube. 

This is achieved by a continuous tritium inlet gas flow in the middle and by continuous tritium 

pumping at its ends. The required column density corresponds to a continuous tritium throughput 

of approximately 1.8 mbar⋅l/s (referred to the temperature 273.15 K) at an injection pressure of 

about 3·10-3 mbar. This density defines the production rate of the electrons and antineutrinos, 

which is given by the number of tritium molecules contained in the source tube volume. The 

WGTS is symmetric and features two identical differential pumping systems (DPS), one at each 

side. The one in the rear direction (see Figure 2) will reduce the tritium flow to a rear system 

containing an electron gun used for system calibration. In the other, forward, direction, two 

differential pumping systems DPS1-F and DPS2-F (see Figure 1 and Figure 2) and a cryogenic 

pumping system (CPS) are designed to reduce significantly the tritium flow. These pumping 

systems are surrounded by sophisticated superconducting magnets to transport adiabatically the 
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decay electrons (ß-particles) to the spectrometers [3]. To achieve the unprecedented sensitivity of 

0.2 eV, a pressure below 10-11 mbar will be required in the electrostatic tandem spectrometer, 

with a negligible tritium partial pressure (of the order of 10-20 mbar).  

2. FLOW RATE REDUCTION FACTOR REQUIREMENTS 

The prime objective of the KATRIN beamline vacuum pumping system is to provide a 

significant reduction of the tritium flow rate. On the other hand, the beamline has to be kept as 

short as possible due to operational constraints; as the beamline is operated under cryogenic 

conditions and the ß-particles are guided via superconducting magnets, this has major cost 

implications. In order to come up with an optimised design, one has to develop a model of the 

gas flow dynamics through the source and transport system, such that the number of pumping 

stages, the number of pumps, their pumping speed etc can be varied and its influence on the 

overall flow rate reduction can be studied. This paper therefore presents a complete description 

of the beamline in terms of flow rates and density. 

Based on the symmetry of the WGTS (see Figure 1), it can be assumed that 50% of the 

injected gas throughput is directed into the forward direction of the beamline, about 1 mbar⋅l/s. 

Then there are two downstream limitations to meet:  

1. The maximum allowed tritium flow into CPS is 1 Ci/60 days, due to safety regulation 

reasons, equal to 8·10-8 mbar⋅l/s. This leads to the required flow rate reduction factor K 

greater than 1.4 ·10-8 for the complete differential pumping section (DPS1-F&DPS2-F).  

2. It is crucial for the KATRIN experiment that the spectrometers are kept essentially free of 

tritium. The maximum allowed tritium flow rate into the main spectrometer is defined by 

the experimental background caused by the decay of tritium molecules in the main 

spectrometer and shall be maximum 10-3 counts/s (which gives a residual tritium partial 

pressure in the main spectrometer of PMS < 10-20 mbar). It has been estimated that a 

tritium flow rate of ~10-14 mbar⋅l/s into the pre-spectrometer will ensure an acceptably 
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low background increase in the main spectrometer.2 This leads to the required flow rate 

reduction factor K from source to spectrometer inlet of approx. 10-14.  

 

 

 

Figure 1. KATRIN layout.  

 

 

 

Figure 2. DPS1-F and DPS2-F layout.  
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3. MODELING OF WGTS AND DIFFERENTIAL PUMPING SYSTEM  

The difficulty of the analysis is that the gas flow changes from viscous flow regime inside 

WGTS to transitional flow regime at the first pumping stage, and finally to molecular flow 

regime throughout the remaining part of the transport system. The flow regime of rarefied gases 

is described by the Knudsen number Kn, which is defined as the ratio of the molecular mean free 

path and the tube radius, or the rarefaction parameter δ, which is proportional to the inverse 

Knudsen number. The transitional regime is characterized by values of Kn~1, or δ~1 

respectively. At the injection point of the WGTS source tube (tritium, 27 K, d = 90 mm) a 

rarefaction parameter is δ = 20, which clearly indicates viscous regime. At the exit point the 

rarefaction parameter is small (δ<<1), i.e. the gas flow is free molecular.  

For simple geometries like the source tube, the kinetic Boltzmann equation can be solved 

for the whole range of gas rarefaction. However, outside of the tube the geometry of the system 

is very complicated so that another method must be used. One of the most often chosen methods 

is the diffusion model. But preliminary analyses have shown that in the case of the molecular gas 

flow regime there is a strong molecular beaming effect, therefore diffusion 1D models lead to 

significant errors and should not be used, and 3D modelling must be applied instead. This is why 

we are using the test particle Monte Carlo method which is quite appropriate for free molecular 

flows through complicated geometrical systems. 

Another problem comes with the use of numerical methods: the calculations should be 

completed within reasonable time, but the calculation time increases with the number of test 

particles, the complexity of the model, and the ratio between largest and smallest size of the 

model. In addition, for the KATRIN transport system, characterized by a required flow rate 

reduction factor in the order of K≈10-14, one needs to generate at least a factor 100 more 

molecules to obtain the modelling result with reasonable good statistics. This will require 

unacceptably long computing time.  
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To overcome these difficulties the transport system was analysed firstly element by 

element. For that purpose, the KATRIN gas flow model was divided according to the real 

KATRIN hardware sections: WGTS tube, DPS1-F, DPS2-F and CPS (see Figure 1and Figure 

2). In a second step additional analysis was performed to merge the individual results.  

3.1 WGTS source tube  

The WGTS source is a tube having a length L = 10 m and radius R = 45 mm. Tritium is injected 

in the middle cross section of the tube through many small holes and then it flows to the tube 

ends where it is pumped by the vacuum systems. The main difficulty of this calculation is that 

the regime of flow is hydrodynamic in the injection point and it is transitional or practically free 

molecular at the source ends. Under such condition the problem can be solved only on the basis 

of the kinetic Boltzmann equation.  

To characterize the gas rarefaction, the following parameter δ is introduced, 
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where P  is the pressure, µ  is the gaseous shear viscosity, mv  is the most probable molecular 

speed, gR is the gaseous constant, and m is the molecular mass. The throughput q is expressed 

via the reduced flow rate GP as 
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where 15.2730 =T  K and x is the longitudinal coordinate with the origin at the middle tube 

section. The reduced flow rate PG  is the function of the local rarefaction parameter δ. The 

technique of calculation of PG  based on the kinetic equation is described in details in Refs. 

[4,5,6], where the tube length is assumed to be significantly larger than its radius. In the problem 
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in question the length-to-radius ratio L/R is about 200, i.e. the above mentioned assumption is 

fulfilled.   

Once the function )(δPG  is known Equation (2) can be integrated along the tube from 

the middle section (x = 0) to the tube end (x = L / 2). As a result we obtain: 
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where the quantity ),( inexG δδ  is determined by the rarefaction parameter at the source exit 

exδ and by that at the injection point inδ . It is calculated via the flow rate GP as 
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To obtain Equations (3) and (4) the relation (1) of the rarefaction parameter to the 

pressure has been used. In Ref. [4] it was shown that the relation  
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approximates very well the exact integration (4).  

Our principal aim is to calculate the throughput q and the injection pressure Pin for a 

given column density N of the WGTS source tube, defined as 

 
/2

/2

( )
L

L

N n x dx
−

= ∫  (6) 

where n(x) is the local number density of tritium, which can be calculated from Eq. (2). If one 

integrates this equation from the middle section (x=0) to an arbitrary cross section with the 

coordinate x, one obtains 
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Combining this equation with Eq. (3) we obtain 
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So, in practice one calculates the function x = x(n). Then this function is inverted and the column 

density is calculated by Eq. (6). Thus, it is necessary to fit Pin so that the column density would 

be equal to its required value, i.e. N = 0.5 2210×  m-2. Then, the throughput is calculated from Eq. 

(3). 

To calculate the rarefaction parameter δ  some experimental data on the viscosity of 

tritium are necessary. Unfortunately, no data on the viscosity at a low temperature are available 

in the open literature. Some data on the viscosity of hydrogen and deuterium at a low 

temperature are reported in Refs. [7,8,9]. So, the viscosity of tritium Tµ  can be calculated via the 

viscosity of deuterium Dµ  assuming that both molecules have the same cross sections. In this 

case we obtain DT µµ 2/3= . This relation works very well for a high temperature when the 

rotations of both molecules T2 and D2 are classical. At a low temperature every molecule has its 

own spectrum of the rotational energy, which affects the cross section. An analysis of the 

experimental data on hydrogen [7] and deuterium [8] showed that the analogous expression  

HD µµ 2=  provides an overstated value of the viscosity Dµ  for 7%. So, it is expected that such 

a relation provides the slightly overstated values of Tµ . The discrepancy should be within 5%. 

Finally, using the experimental value of 610084.2 −×=Dµ Pa s at T = 30 K reported in Ref. [8] 

we obtain the viscosity of tritium as 610425.22/395.0 −×== DT µµ  Pa s. This value was used 

in our numerical calculations. 
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First, the calculations were carried out for the gas flow into vacuum, i.e. when exδ = 0. 

The density distribution in this case is shown on Figure 3. However, in practice the exit pressure 

Pex is not so low to assume exδ = 0. Thus, additional calculations were carried out to study the 

influence of Pex on the column density and throughput. The results of these calculations are 

presented in Table 1, which show that the influence is significant. In the future, when the 

pressure Pex is measured other calculations will be carried out for the measured values.   

 

Table 1. Table A:  Column density N and throughput q vs exit pressure Pex at Pin=3.006 bar. 

Pex/Pin 2210/N  q 

0 0.5 1.853 

0.005 0.5007 1.851 

0.01 0.5014 1.848 

0.05 0.5007 1.824 

0.1 0.5167 1.788 

 

        The present calculations were carried out assuming the complete accommodation of tritium 

on the tube wall. No data can be found about the accommodation coefficient of this gas at a low 

temperature. In the work [14] the accommodation coefficient of hydrogen on a glass surface at 

the room temperature was calculated from the experimental data on the slip coefficient. The 

obtained value is 0.952. It is difficult to say if tritium has a lower or higher accommodation 

coefficient at the low temperature, i.e. at T = 27 K. It just can be said that it can vary in the range 

from 0.8 to 1. On the other hand, its influence on the flow rate is significant only in the free 

molecular regime. To evaluate the influence of the accommodation coefficient on the column 

density N some additional calculations were carried out for its value equal to 0.8, which showed 
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that the uncertainty of the accommodation coefficient of 20% causes the uncertainty of the 

column density N within 1.6%. Thus, the calculations based on the diffuse gas-surface 

interaction are quite reliable. 

 

 

Figure 3. Tritium gas density ratio along WGTS source tube. 

 

3.2 Modelling of DPS2-F 

In the assessment of the KATRIN vacuum pumping system, the model of DPS2-F was the one to 

start with, as it was clear that the gas flow regime is molecular and the available Test Particle 

Monte-Carlo (TPMC) codes can be used without worry about intermolecular collisions. The 

detailed description of the model, assumptions and the analysis of results of the modelling were 

published in Ref. [10]. It has been shown that by using the candidate turbo-molecular pump 

(TMP), characterised by an effective capture probability at the pumping port of αTMP=0.3, a 
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tritium flow rate reduction factor of the complete DPS2-F system of about 

( )5 61 1.3 10 7.7 10IIK −= ⋅ = ⋅  can be achieved. Under these conditions, the calculated gas density 

ratio over the complete DPS2-F system was ( )6 71 6.6 10 1.5 10IIR −= ⋅ = ⋅ .  

It is necessary to mention that an accident case was also modelled: if one out of four 

TMPs connected to DPS2-F is failed, the tritium flow rate reduction factor KII
* of the complete 

DPS2-F system will be about 30 times larger: * 52.3 10IIK −= ⋅ . 

3.3 Modelling of DPS1-F 

From the modelling aspect, DPS1-F is the most challenging part of the transport section. There 

are transitional flow conditions at the inlet and free molecular flow conditions in the outlet. 

Unfortunately, there exist no solutions of the kinetic equation for such a complex geometry of 

the pumping ports. 

 To have an accurate representation of the flow situation, the Direct Simulation Monte 

Carlo-approach would be most appropriate. However, such a work would be a very major effort 

and is not reasonable to do within an ongoing design process. This is why it was decided to use 

the conventional TPMC method, being aware that the final results might  be  leading to lower 

reduction factors, because the intermolecular collisions which neglected in TPMC will reduce 

the molecular beaming effect, so that introduces some additional safety margin in the overall 

design and  does not play any negative role.  

Two DPS1 Monte-Carlo models were built based on the ACCEL design. The core model 

includes the following elements (see Figure 4):  

- An inlet surface with sticking probability α1 (Ring 1 in Figure 4). 

- A part of WGTS (a 0.9-m long tube with a diameter of 90 mm which begins at x = 4 m in 

respect to x = 0 at the middle of WGTS), the tube ended by a cone (x is the axial 

coordinate). 
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- Pumping port 1 with four ducts leading to TMP, four pumping surfaces (Ring 2 to Ring 5) 

with a capture probability αTMP. The pumping port is of cubical shape with dimensions of 

374 × 374 × 250 mm³; the pumping ducts are 656 mm in length in 250 mm in diameter.  

- A tube between two pumping ports with cones at either side (1060 mm long, 90 mm 

diameter); 

- Pumping port 2 (of the same dimension as above) with two ducts leading to TMP, two 

pumping surfaces Ring 6 and Ring 7 with a capture probability αTMP; (the pumping ducts are 

406 mm in length and 250 mm in diameter) 

- A tube between the pumping port 2 and the gate valve in front of DPS2 with cones at either 

side (1060 mm long, 90 mm diameter).  

- An outlet surface Ring 8 with sticking probability αN; 

- In addition, the Monte Carlo Codes allow setting the few transparent test facets for gas 

density profiles calculations. The test facets were set along and the main axes and along one 

pumping duct at each pumping port. 

The model contains one inlet surface (i=1), and seven outlet surfaces (the 4 pumps in the first 

port, the 2 pumps in the second port, and the outlet surface; i =  2…8). Two different Monte 

Carlo codes have been used,11,12 and no particular deviations have been found. 

The Monte-Carlo simulations have been performed the same way as described in [10] 

when the pumping surfaces (inlet, outlet and pumping surface in pumping ducks) have a sticking 

probability of 1 and the particles were generated from one of the pumping surfaces, this was 

repeated four times: i.e. for the inlet, pumping port 1, pumping port 2 and the outlet. Number of 

generated particles was 107 for each run. Results of the modelling were: 

− The transmission probability matrix W; 

− A number of particles mj passed trough each of 200 elements along the test facets.  
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Figure 4. Layout of the core model for DPS1.  

 

3.3.1 Flow rate reduction factor and gas density ratio as a function of the pump 

capture probability 

Following the procedure described in [10] a vector f of the incoming flow fi to each pumping 

surface can be found by solving the matrix equation with the transmission probability matrix W 

for a vector f: 

 ( )1diag− ⋅ − ⋅ = ⋅  E W a f W d  (9) 

where E is a unit matrix; W is the transmission probability matrix; diag(1-α) is the diagonal 

matrix of vector (1-α), where α a vector of capture probability, d is the gas desorption (or 

injection) vector. In the case of DPS1, tritium comes from the inlet surface only: d1>0 and di=0 

for i=2…7. The sticking probability vector was defined as the following: α1 = 0 (inlet surface), 
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αi = 0.3 for i = 2…7 (TMPs), the capture probability of the outlet surface αN was evaluated with 

formula (15) from the Monte-Carlo results for DPS2-F [10]: αN DPS1-F = χDPS2-F = 0.078,  

Having the solutions for f, the gas flows Q at every boundary surfaces can be calculated 

from Equation (5).The overall efficiency of DPS1-F is characterized by the flow rate reduction 

factor KI as the ratio of fluxes at the outlet and inlet of DPS1-F. The efficiency of the differential 

pumping at the first pumping port with four TMPs and at the second pumping port with two 

TMPs can be characterized by the individual flow rate reduction factors  KIa and KIb, i.e. the ratio 

of fluxes after and before the pumping ports, as following:  
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Figure 7 presents the individual pump port flow rate reduction factors together with the overall 

value KI. One can see that assuming the pump capture probability of 0.3, based on the results in 

[4], the gas flow is reduced ~30 times after the pumping port 1 and ~10 times after the pumping 

port 2, the total flow rate reduction factor is 0.003IK ≈ .  

The gas density ratio Ri which is defined as the ratio of the gas density at inlet surface 

and surface i can be estimated as:  
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where the Ai are the cross sectional areas of corresponding boundary surfaces.  

In fact, these two ratios (Ki and Ri) do not depend on α1, because by changing α1 one 

changes the injected flow Q1, but does not change the transmission probabilities between 

surfaces; therefore the fraction of injected flow pumped by each pump does not depend on the 

absolute value of this flow (remaining within molecular flow regime). The same considerations 
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are valid for the gas density rate. Meanwhile both ratios depend on the sticking probability of 

outlet surface. 

The overall gas density ratio RI (the ratio of the gas density at the DPS1 outlet and intlet) 

is shown on Figure 6 together with the Gas Flow Rate Reduction Factor. One can see that both the 

gas density and flow ratios are quite sensitive to the pump capture probability less then 0.2-0.3, 

for the higher capture probability this dependence is quite small, that means that the conductance 

(or transmission probability) of the pumping ducts is a limiting factor for the gas density and 

flow ratios.  

3.3.2 Gas density ratio along the DPS1 

The MOLFLOW code allows setting a transparent test strips consisting of 100 pieces to count a 

number of particles passing it through, this can be converted into the gas density profile. In 

general, this can be done with an approximate formula:  

 
2

 for 1...100;k
k

k

Q m
n k

N A v
= =  (12) 

where nk is the gas density near the k-th element with surface Ak corresponding an injected flux 

Q; v is the mean molecular velocity; other parameters are from Monte-Carlo calculations: N is a 

number of generated test particles and mk is a number of particles passed through the k-th 

element. The approximate nature is coming from uncertainty in the molecular velocity and its 

non-uniform field.  
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Figure 5. DPS1 Gas Flow Rate Reduction Factor as a function of turbo molecular pump capture 

probability. 
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Figure 6. DPS 1 Gas flow rate reduction factor and gas density factor as a function of turbo 

molecular pump capture probability.  
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In the DPS1 model, the molecules which reached the entrance to TMP and were not 

pumped are included (as they were generated at this surface) in the gas density according to the 

following expression:  

 ( )
7

,

0

2
1 for 1...100, 0...7;k i

k i i
i k

mQ
n f k i

N v A
α

=

 
= − = = 
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here index i corresponds to the results and parameters for the pumping surface i, mk,i  is a number 

of particles passed through the k-th element  when desorption in the TPMC modelling were from 

i-th pumping surface. 

The test strips were set along the main axis of the DPS1 (2 serial strips: 200 elements). 

The results of calculations with pump capture probability of 0.3 are shown by a green line on 

Figure 7. The result are normalised to 1 at z = 4 m (the entrance to the model).  

The test facets were also set across the vacuum chamber (violet triangles on Figure 7). 

These facets count particles arriving from one side only. Most of the facets were faces to the inlet 

and only two facets (with coordinates z = 5.37 m and 7.53 m) were faces to outlet. At the 

coordinate z = 5.37 m there were two test facets with different orientation; one can clearly see 

that facets faced to the inlet gives 20% higher impingement rate than one faced to the outlet. The 

impingement rate of the facets faced to the inlet is always higher than one for the longitudinal 

one. This all indicates the molecular beaming effect. 

Another interesting effect is that although there is only one source of gas at the inlet the 

gas density profile shows a pronounced increase after each pumping port which can be explained 

that some number of particles travel through the pumping port without collisions with its walls 

and collide with walls of the next tube, after that these particles can diffuse to either end.  
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Figure 7. Gas density along DPS1 and at the pumping ports. 

 

4. GAS FLOW AND DENSITY RATIO OVER ALL TRANPORT LINE 

Consider three serial elements with entrances a1, a2 and a3 and exits b1, b2 and b3. When it is 

necessary to model the flow rate reduction and the gas density rate, the boundary conditions are 

defined by the following gas flow balance (in dimensionless form, related to the overall inlet gas 

flow):  

 ( ) ( ) ( ) ( ) ( )1 2 1 3 21; ;Q a Q a Q b Q a Q b= = − = −      . (14) 

For continuity reasons, the condition ( ) ( )2 1Q a Q b= −  is fulfilled when 12 ba fd =  and 21 ab fd =  

(see Figure 8), where f is a gas flux to the surface and d is the desorption flux from the surface 

(in the same terms as used for analysis in [10]). Section 2 can be characterised by its capture 

probability which is defined as: 

 2 2
2

2 1

1 1a a
Sec

a b

f f
d f

χ = − = −        . (15) 
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Then the flow db1 from section 2 to section 1 is equal to: 

 ( )1 2 2 11b a Sec bd f fχ= = −        . (16) 

This illustrates that the results for the downstream section 2 are needed to model the upstream 

Section 1 for obtaining the Section 2 capture probability.  

 

Figure 8. Boundary conditions between two sections. 

 

This method is correct in assumption that the velocity field is the same in either side of 

the boundary between two sections. In practice, the TPMC code used for this work 

allows to generate either uniform or cosine low molecular distribution of desorbed 

molecules which is not the same as for the molecules hitting the boundary between two 

sections from another side. This introduces the deviation of the results. A separate 

TPMC model was build by splitting the DPS1-F in two half. Comparing the results of 

this modelling to one for a fool DPS1-F model has shown that the difference between 

two models is insignificant (less than 2%) when cosine low molecular distribution of 

desorbed molecules used.  

Section 1                   Section 2 

fb1 da2 = fb1 

db1 = fa2 
 

fa2 
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4.1 Merging the results for the WGTS source tube and DPS1-F 

It is necessary to mention here that including the 1-m long part of the WGTS source tube in the 

DPS1 model plays very important role in the model. The molecular velocity distribution formed 

during passing this 1-m tube builds up a molecular beam which goes directly to the exit without 

any collisions with walls. The number of these molecules is significant. The model without the 

1-m tubular part of the WGTS gives flow ratio reduction factor is about 600 against about 300 in 

the case with such a tube, i.e. underestimate the molecular beaming effect by factor 2. If were all 

WGTS and DPS it the molecular flow regime the model must have been build from the middle 

of the WFTS and the molecular beaming effect would be even stronger.  Meanwhile it should not 

be forgotten that the gas flow regime there is viscous in the middle and transitional at the end of 

WGTS, therefore the number of intermolecular collision is growing towards the centre of 

WGTS, and the beaming effect is demolished.  

The conditions to find the correct point of joining of two solutions: WGTS source tube 

and DPS1 were following:   

 ( ) ( )1 1 1W G T S D P S FQ x Q x−=  (17) 

 ( ) ( )1 1 1WGTS DPS Fn x n x−=  (18) 

 
( ) ( )1 1 1WGTS DPS Fdn x dn x

dx dx
−=  (19) 

In both models: for the WGTS source tube and DPS1, Q is sufficient to find by n(x) and (dn/dx), 

the conditions (18) and (19) are important to check that there is an overlapping interval where 

two solutions match each other. If the centre of the WGTS corresponds to x = 0, then the 

entrance to the DPS1-F model is at x = 4 m. It was found that the conditions (17) are fulfilled for 

the source calculation with 0.04ex inP P =  at the interval 4.7 m < x1 < 5 m as it is shown on 

Figure 9.  
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Figure 9. Merging solutions for WGTS source tube and the complete DPS. 

 

4.2 Merging the results for the DPS1-F and DPS2-F 

The entrance boundary conditions for DPS2-F are: 

 
( ) ( )
( ) ( )

1 2

1 2

DPS F DPS F

DPS F DPS F

Q outlet Q inlet

n outlet n inlet
− −

− −

=

=
 (20) 

Now it is possible to plot the flux rate and the gas density ratio along the transport line. The 

result for the flux rate and the gas density rate shown in Figure 10 and Figure 11 for the turbo 

pump capture probability α = 0.3 which was estimated in [10]. The overall gas density ratio 

along WGTS, DPS1-F and DPS2-F is 102.0 10R −= ⋅  and Gas Flow Rate Reduction Factor is 

81.4 10K −= ⋅ .The most important conclusion from the diagrams above is, that the requirement to 

have a flow rate reduction factor of 1.4 ·10-8 can be met. However, we have to have in mind that 

there is transitional flow at around the first pumping port of DPS1, which means that the flow 
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rate reduction factors as calculated with TPMC method may be not very accurate. Moreover, 

there is the influence of temperature gradients etc., so that we have to conclude that there is no 

safety margin included in the design of DPS1 and DPS2, with respect to the flow rate reduction. 

Consequently, the design of the downstream sections of the transport system must account for 

the additional contingency needed. This will be discussed in detail in the following section.   

5. CONCLUSIONS FOR THE REMAINING DOWNSTREAM TRANSPORT 

SYSTEM 

As it was explained in the beginning of this paper, the required flow rate reduction 

factor K from source to spectrometer inlet of approx. 10-14. The flow rate reduction factor 

from source to the outlet of DPS2F is 8
1 2 1.4 10DPS DPSK −
+ = ⋅ . Therefore, the remaining part 

of the transport system comprising the cryogenic pumping system (CPS) and the pre-

spectrometer (PS) should provide a minimum additional flow rate reduction of about 

7⋅10-7, it should also preferably have some safety margin: 1/30 for an accident with one 

failed TMP and about factor ½ for some differences between the model and a real 

design; hence there is a need of 810CPS PSK −
+ ≈  .  

6. CONCLUSIONS. 

A numerical model results for the WGTS source tube as well as the TPMC model results for 

DPS1-F are presented. It was shown that the strong molecular beaming effect limiting the DPS1-

F Gas Flow Rate Reduction Factor to 33 10IK −≈ ⋅ . These results were analysed together with 

results published earlier for other part of KATRIN: DPS2-F. The calculated gas density ratio 

along WGTS source tube, DPS1-F and DPS2-F is 102.0 10R −= ⋅  and Gas Flow Rate Reduction 

Factor is 81.4 10K −= ⋅ . The remaining part of the transport system comprising CPS and PS 

should provide an additional flow rate reduction 10-8.  



24 

 

Pump 1

Point A

Pump 2

Pump 1

Pump 3

Pump 4

end of 
DPS2-F

Entrance 
to DPS2-F

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

0.0001

0.001

0.01

0.1

1

0 2 4 6 8 10 12 14

x (m)

G
as

 d
en

si
ty

 r
at

io
 

Source DPS1-F pumps

DPS2-F pumps & outlet DPS1-F beamtube

 

 

 

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

0 2 4 6 8 10 12 14

x (m)

F
lo

w
 R

at
e 

R
ed

u
ct

io
n

 F
ac

to
r 

 

Source

DPS1-F

DPS2-F

 

 
Figure 11. The flow rate reduction factor for the complete differential 
pumping system. 

Figure 10. The gas density ratio for the complete differential pumping system 
(values for DPS2-F from [4]. 
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