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Conceptual Design of Target Enclosure and Window
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INTRODUCTION

The current concept of the of the envelope target system is described below by addressing the overall system configuration, as well as the various interfacing sub-systems, their special functions, their conceptual design, and the technical issues associated with their function.

The envelope system consists of the following:

· Target enclosure vessel 

· Proton Beam Window

· Mercury jet including its supply line within the enclosure vessel and the jet nozzle

· Magnet coils

· Internal shielding

· Mercury jet baffle

· Mercury collection pool/dump

· Downstream Window

In the sections that follow, the conceptual design of the different sub-systems will be addressed separately accompanied by the results of the various analyses that were performed in addressing technical issues.

Finally, a summary of the identified issues and technical challenges is presented.

Proton Beam Window Design:

This proton beam window will see the full beam upstream of the target.  In order to maximize the life of the window material an optimal location will be selected on the basis of the beam spot size (or its rms sigma). The proton beam on target is of the order of 1.5mm rms sigma. The need on the other hand to have the entrance window as integral part of the target containment, limits the distance upstream of the target that such a window can be placed. Thus, the type of material used must perform well when subjected to beams spots comparable to those on target. 

Candidate materials are Beryllium and Stainless Steel, since both are known to be compatible with mercury. Extensive beam window/proton beam interaction analyses have been performed and showed that while a number of other material candidates (such as Inconel-718, Ti-Al-V alloy) have superior strength, their compatibility to Hg is questionable. 

The proton beam window envisioned is a double wall structure with a gap between the two walls that allows for active cooling. Since the lifetime of the window is expected to be limited (because it intercepts the full beam), provisions for its periodic replacement will be integrated into its overall design.

In order to optimize the window material and its location, a detailed parametric finite element analysis for both the thermal aspect of the beam/window interaction and the resulting thermal shock was performed. The energy deposition in the window material was computed using the MARS neutronic code. 

Results are shown below for a 1mm-thick Beryllium window intercepting a 16 TP/24 GeV proton beam with a 1mm sigma (rms) that is less than that on target, and for a 1mm-thick 316L Stainless intercepting a similar beam but with a 2mm sigma (rms).

Figure 1 depicts the temperature response of one of the walls of the Beryllium window to the six (6) micro-pulses that arrive 20ms apart. Bunches of these six micro-pulses arrive at a frequency of 2.5 Hz. The temperature rise per micro-pulse, at the center of the beam, is approximately 10 oC. In the steady-state condition (where the system will stabilize after a while), the temperature in the window will rise by approximately 116 oC as a result of the acting cooling flowing between the walls with a heat removal (film coefficient) of 100 W/m2-C.

Figure 2 and 3 depict the response of the Beryllium window to each micro-pulse in terms of vonMises and radial stress respectively. The peak stress of interest (vonMises) is about 90 MPa while the yield strength of Beryllium is between 186 and 262 MPa. Given that the assumed beam spot (rms σ  = 1mm) is smaller than what will be seen by the actual window (rms σ > 1.5 mm), the shock stress is expected to be below the strength limits of the material. From the beam optics, the actual σ (rms) at the closest location to the target the window could be placed (drift tube and target vessel interface) will be slightly larger than than that on target. Using the relations below, an optimal location for the proton beam window (Lwindow) can be found based on the window material mechanical properties.
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where, σtarget  = 1.5 mm,  ε = 17 mm mrad and γ = 24.

If stainless steel is considered for a window in the closest location to the target, the strength limits of the material for a 1mm-thick window will be exceeded by a significant margin. To estimate how such window will respond with a larger beam spot size that can be achieved by moving the window location further upstream, preliminary calculations for bigger beam spot sizes were performed.

Figures 4 and 5 show the response of a 1mm-thick stainless steel window to a 2-mm sigma beam. Given that peak vonMises stresses are of the order of 640 MPa, a stainless steel window with the specified thickness of 1 mm will not survive. If stainless steel is to be the material, the option of moving the window to the optimal location (where the desired spot can be achieved) according to the relations above will be exercised.

The important thing to consider for the design of the window, however, is the steady state in which the window will be allowed to operate at. This operating temperature strongly depends on the heat removal capacity of the active coolant. 

The preliminary steady-state thermal analysis of a double wall Be (1mm thickness in each wall) beam window intercepting a 16TP/24 GeV proton beam (note that the beam spot has no effect) revealed that the operating temperatures as function of the heat transfer film coefficient are the following:

Heat Transfer Coefficient (W/m2-oC)
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As result of the operating temperature and pressure in the coolant fluid or lack of on the outer surfaces due to vacuum environment, the stresses at the window edge and the potential for buckling become the design parameters. Specifically, the combination of active cooling with heat transfer coefficient of 100 W/m2-oC, 1 Atm fluid pressure, and vacuum on both sides of the window, will result in 405 MPa of vonMises stresses at the edge of a 4.7 cm diameter Beryllium window. Such mechanical stress is, however, far above its strength limits. The design options will be the increase in heat transfer capacity (which will result in higher operating coolant pressures) and/or increase in window material thickness.

In achieving optimal heat transfer coefficients, gas and light water cooling are being considered.. Clearly, an active gas coolant option will require higher operating pressures that in turn will require thicker window walls. It is possible, however, to achieve an optimal steady state with gas cooling for the proton beam window. This issue will be explored further in the next phase of the design. The active edge cooling has also been explored. However, with an option in which the edge window temperature is maintained at 23 degrees C, the steady state operational temperature rise of the Beryllium window will be over 100 degrees C.
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Figure 1:  Transient thermal response of a 1mm-thick Beryllium window induced by a train of six micro-pulses  (6 TP/24 Gev/0.5mm RMS sigma)
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Figure 2:  vonMises stresses induced by a single micro-pulse (16 TP/24 GeV/1.0mm -sigma) in a 1mm-thick Beryllium proton beam window
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Figure 3:  Radial shock stresses at the rear surface of a 1mm-thick Be proton beam window induced by a single micro-pulse (16 TP/24 GeV/1mm- sigma)
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Figure 4: vonMises shock stresses in a 1mm-thick Stainless Steel beam window nduced by a 16 TP/24 GeV/2mm-sigma micro-pulse
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Figure 5: Radial stresses in a 1mm-thick Stainless Steel window induced by a 16 TP/24 GeV/2mm-sigma micro-pulse

Downstream Window Design:

The downstream window will interact will all forward particles in a manner that is not expected to be axisymmetric. The size of this window is approximately 36 cm in diameter. Candidate materials are Beryllium and 316L Stainless. Preliminary energy depositions on a 2mm-thick Beryllium window that is based on the latest orientation of the proton beam and Hg jet (67 mrad and 100 mrad respectively) have been estimated from a MARS analysis. The double window concept with active cooling between the surfaces is considered as the baseline design. Light water and gas active cooling will be considered during the design optimization. As mentioned in the previous section, in order to achieve a desired heat transfer capacity for the given geometry using gas coolant, the operating pressure in the fluid gap increases significantly and thus impacting on the structural capacity of the window system.

Material degradation due to irradiation is being evaluated to determine the projected lifetime of the assembly. Results of the MARS analysis on dose at the downstream window location are being considered in the selection of the best material candidate. It is anticipated that any window structure will have a finite life. In conceptualizing the design of the window, again provisions for periodic replacement are being incorporated to account for the possibility the window will have a lifetime less than the rest of the subsystems in the target enclosure. Specifically, the replacement philosophy is for a quick remote operation with reliable leak-tightness. It is not expected that the window will need active cooling during the replacement procedure. However, provisions for the placement of a shielding plug in the space of the window during replacement are being considered.

In addressing the design of the downstream window, the energy deposition estimated by a MARS analysis was used. Figure 6 shows the energy deposition at the window location in a 2mm-thick Beryllium plate in a steady-state mode. Energy depositions on stainless steel windows have been estimated for the current evaluation from those shown in Figure 6 for Beryllium using the Nz relation (a factor of 5 will be applied to estimate depositions in stainless steel).
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Figure 6: Energy deposition in a 2mm-thick Beryllium window (MARS)
The conceptual design of the downstream window is governed by the following key design parameters:

· Large window diameter (36 cm) that may lead to large deformations and high stresses at the window edge

· Buckling failure potential 

· Pressurized active coolant in the gap of the double wall

· Vacuum environment on the downstream side and possibly on the upstream also

Three variations of the basic design concept are being considered and shown in Figure 7a, 7b and 7c. Figure 7a shows the most promising candidate design in which the window consists of two double-curvature surfaces that form the minimum coolant gap at the center where the most energy deposition occurs. The double-curvature concept will help reduce the stresses at the window edge where most of the bending is felt. The curvature is optimized such that the capacity of the thin window against the pressure in the gap along with the operating temperature is highest. While in small diameter windows (such as the proton beam window) temperature drives the design, in the large-diameter window is the pressure that dominates the design. This makes the selection of the operating pressure a very challenging task. The operating pressure will in turn be a function of the active coolant fluid and the design of the cooling gap. Preliminary analyses on the design shown in Figure 7c (double wall flat plate) show that the yield in the both materials (Beryllium and Stainless steel) is exceeded with just 1 Atm pressure in the gap and a 2.0-mm wall thickness.

To address the technical issues, the three models have been analyzed using finite element procedures. While both materials are considered for the window structure, the target enclosure vessel that the window interfaces with is stainless steel.

Based on the energy deposition of Figure 6, the thermal analysis with heat transfer coefficient of 300 W/m2-oC in the cooling gap revealed that the temperature increase in a Beryllium window will be approximately 30 oC and in a stainless steel approximately 590 oC. This preliminary analysis also assumed that the heat sink around the target vessel is such at to maintain the vessel temperature at the edge of flat head at about 60 oC. The option of edge cooling the window at the flange level by maintaining a temperature of 50-60 degrees C at the flange location and no coolant in the gap space, led to temperature rises of over 250 C. These temperatures combined with vacuum pressures make conditions unfavorable for the window materials indicating that the edge cooling option at this location is difficult to achieve.
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Figure 7: Schematic of the three double window designs

In addition to the structural issues of the windows, the fabrication of a Beryllium window with such design specifications may be a limiting factor in its selection as the baseline window material. Such issues will be addressed in the next design phase.

Shock Wave Considerations and Nozzle Impact:

A challenging design issue within the target space is the possibility of shock wave impact and potential damage on the jet nozzle. These pressure waves are generated in the Hg jet from its interaction with the intense proton beam and travel back toward the nozzle along the continuous jet. 

Based on energy depositions in the Hg jet by the 16 TP/24 GeV proton beam, the use of SESAME Library for Mercury, and the solution of the wave equation through a finite element analysis, the generation and propagation of pressure in the jet is studied.

The initial pressures that are generated in the interaction zone of the jet are approaching 3800 MPa. While the interaction zone of the jet may be broken up a few microseconds after the proton beam arrival, the upstream section of the jet is still intact and will allow for the propagation of pressure waves toward the nozzle. At issue is the amplitude of the pressure wave front when it arrives at the nozzle and impacts on the walls. The estimated time of the arrival of the front is approximately 100 micro-secs based on a 15 cm distance between the beginning of the interaction zone and the nozzle. Figure 8 shows the schematic of the model that was used. 
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Figure 8: Schematic of the Hg Jet/Proton Beam Interaction implemented in the pressure wave analysis

Figures 9-11 below show snapshots of the pressure profile along the Hg jet in a cut through the long axis. While pressures start out as positive as a result of the rapid energy deposition and the inability of the Hg to accommodate the thermal expansion, it quickly turns negative in the center of the interaction zone as a result of the wave reflections and sign reversal from the free surface of the jet. As mentioned above, while part of the interaction region may be destroyed, the pressure front will advance toward the nozzle.

As expected, the pressure wave will attenuate as it travels through the undisturbed part of the jet. Figures 12 and 13 depict the pressure wave fluctuation and amplitude at different locations between the start of the interaction zone and the nozzle. The amplitude of the pressure wave when it arrives at the nozzle is approximately 100 MPa. While such a pressure may result in nozzle and jet channel stresses that are below the strength limits, a large number of such impacts will accumulate during the operation of the machine that may lead to fatigue failure. The latter becomes more of an issue considering the high irradiation doses the structural materials will receive because of their proximity to the target.
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Figure 9: Initial Pressure in the Hg Jet Induced by the Proton Beam
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Figure 10: Pressure profile in the Hg Jet 5 micro-secs after beam arrival
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Figure 11: Pressure profile in the Hg jet upon arrival of the front to nozzle location

[image: image17.png]



Figure 12: Pressure wave fluctuations upstream of the Hg Jet interaction zone
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Figure 13: Amplitude of the pressure wave near the nozzle location

Hg Jet capture and diffusion: 

The latest orientation of the jet and proton beam calls for the Hg jet dipping at 100 mrad and entering the Hg pool further upstream than the proton beam as shown in Figure 14. Given the velocity of the jet (30 m/s) a jet-capturing device is being conceptualized that will collect the disturbed or un-disturbed jet, diffuse it and allow it to enter the Hg pool near its bottom. A funnel like device is partially submerged in the Hg pool and it has an integral stainless steel mesh at its entrance and exit cross sections. Between the mesh there is a particle bed (preferably made of tungsten) that is prevented from escaping by the mesh at both ends. The jet is captured by the funnel, is directed through the entrance mesh and through the particle bed which helps diffuse it, and enters the Hg pool below the surface. 

Such components that do not see the proton beam directly are expected to last for the lifetime of the target containment. On going calculations using the neutronic codes MCNPX and MARS will provide the necessary information regarding the irradiation exposure at the location.
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Figure 14: Schematic of the Hg Jet diffusion concept and the Hg pool baffle

Proton Beam Dump and Hg Pool surface baffle:

The proton beam is entering the Hg pool downstream of the jet playing the additional role of beam dump. At issue is the interaction of the proton beam with the pool of mercury and the potential for violent response at the surface. 

The most serious scenario is the one in which the proton beam arrives and the jet is not there. The undisturbed beam will enter the Hg pool. Given that the line of action of the proton beam is fixed for such condition, a concept of baffle mesh is being considered to stop the ejection of mercury droplets that may result from the full beam entering the Hg pool. Figure 14 shows a two-level overlapping mesh concept with a “window” between them that allows for the beam to go through. Such arrangement will prevent or slow down ejected droplets while will allow for a dispersed jet or Hg condensation to reach the Hg pool.

Shielding Considerations and Conceptual Design:

Energy depositions in the 70%W-30%-water shielding that surrounds the target and the drift-space within the target vessel are being estimated through various neutronic calculations (MARS and MCNPX). Based on the finalized results of these analyses the requirements for cooling of the shielding volume will be estimated. Preliminary results for heat deposition and coolant activation are in the MCNPX section.

Enclosure Vessel Material Selection:

Based on the results of the ongoing studies of activation in the systems surrounding the target (MCNPX and MARS) the vessel structure will be selected with a projected lifetime of 40 years. 

Also, experience data on material irradiation shown in a later section will guide the selection of the material and project its lifetime. 

According to the current containment concept, the vessel provides the loading path of all the internal components (shielding, coils, Hg pool, etc.) to the supporting system and the interfaces with the window(s) and the Hg supply system. Candidate material is stainless steel (SS 316L) that provides for good structural strength and compatibility with the Hg environment. The vessel wall thickness will be determined on the basis of the load demand that will be influenced by the type of environment within its volume (e.g. vacuum).

Mercury Active Supply System:

Energy deposition calculations from the on-going analyses directly on the mercury and in the surrounding enclosure will provide estimates of temperatures in the mercury pool. Preliminary estimates of energy deposition and activation in the Hg pool volume are given in the MCNPX section. These estimates in conjunction with the need to maintain a continuous jet during operation will determine the needed capacity of the supply system. Heat removal scenarios in the event of elevated Hg temperatures are conceptualized to take place outside the target enclosure.

Experience Data and Component Lifetime Estimation:

Given the activation levels anticipated in the vicinity of the proton beam/Hg target interaction, the design goal for all components enclosed by the target containment will be for the lifetime of the project (40 years).  While this may hold true for all passive systems, active systems (such as beam windows that involve acting cooling) must be addressed and designed in a way that will allow replacement in the event of malfunctioning or failure, or even periodic replacement by design. 

Figures 15-18 below represent experience data collected at various accelerator and reactor facilities and they will be used to guide the material selection and lifetime projection of the components. Figure 19 presents the results of MARS dose calculations on a Beryllium downstream window.
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Figure 15: Displacements per atom (dpa), hydrogen and helium concentrations vs. service time in stainless steel windows
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Figure 16: Criteria for structural material selection in a liquid Hg system
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Figure 17: Yield stress and ductility vs. dpa and fracture toughness vs. temperature for 316L stainless steel
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Figure 18:Fracture energy of ferritic/martensitic steel and DBTT as function of irradiation dose
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Figure 19: Absorbed dose estimation in a 2mm thick downstream Beryllium window

MCNPX Analysis:

Introduction

In this section the heat deposition, activation, and radiation leakage from the target module will be estimated. An appropriate model of the target module, which includes the primary mercury jet, three surrounding magnets, the downstream shield structure, and a mercury beam stop, has been created. Two sections through this model are shown in Figs. 20 and 21. The beam stop takes the shape of a trough located in the surrounding shielding. The results generated in this section will be used to determine the cooling requirements (flow rates, temperature and pressure of coolants and primary liquids), design of heat removal equipment (shielding requirements for exposed fluids and primary heat exchangers), and handling and maintenance requirements. It will be possible to investigate various material combinations in the beam dump. Materials with high atomic number and charge are efficient at stopping the proton beam, and most of the secondary particles; but result in more activation (higher spallation product yield), higher decay heat, and more secondary particles. Materials with low values of atomic numbers and charge are not as efficient at stopping the proton beam, but will result in lower values of decay heat and activation, and fewer secondary particles. A balance between these two attributes needs to be found.   

In the following sections the method of analysis and preliminary results will be presented.

Analysis method

The nuclear analysis mentioned above will be based on the Monte Carlo code MCNPX, that is a combination of the particle transport code MCNP-4B and the high-energy transport code LAHET-2.8. This code employs a combinatorial surface/cell specification of the geometry, which permits modeling of the problem configuration with minimal approximations. At the lowest energies (below 150 MeV) the MCNPX code uses nuclear data from the ENDF/B files in essentially un-aproximated point-wise form which avoids the complications associated with generating group cross sections and an a priori knowledge of the space-energy dependent spectra in the system of interest. As the energy of the projectile increases particles with a higher energy than the above limit are generated and appropriate nuclear models are used to determine the nuclear data. Briefly these models are based on the intra-nuclear cascade model up to energies of approximately 5 GeV, and beyond this energy the dual parton model in the FLUKA code is used. 

In order to make estimates of the target activation during and following machine operation it will be necessary to estimate the production and build up of the spallation products resulting from the nuclear reactions. This step will be carried out by a burn-up code adapted for the purpose at BNL using data created by the MCNPX code (neutron fluxes and mass distributions of spallation products), and a knowledge of the machine operating cycle (power as a function of time) as input. The basis of this code is the ORIGEN code originally created to follow nuclear reactor fission product build-up during operations.  In the current application the ORIGEN code is linked to the CINDER-90 data library (several thousand nuclides), and is thus able to follow the build-up of spallation products during operation, and their decay following machine shutdown. 

Codes with similar capabilities to the one’s described above exist (MARS), but there are subtle differences between these codes and MCNPX; in the way the geometry is represented, nuclear data models are linked together, and the manner in which the activation and energy deposition analyses are carried out.  It is thus felt that these codes could act as calculational checks on each other. 

An MCNPX input model for the proposed muon collider target has been created. In this model a mercury beam dump is located in the direction of the beam and is in the form of a trench filled with mercury. This trench is embedded in the shielding surrounding the downstream beam transport. 

In carrying out the MCNPX calculations protons, neutrons, photons, and pions are transported. It is assumed that energy deposition and activation will be small for muons and the heavier particles (alpha’s, tritons, deuterons etc.) in comparison to the above four. Pions are important to consider since they contribute to the gamma-ray source.

Results

Figures 22 and 23 show two sections through the target module in which the various cells of interest are identified. It is seen that the mercury pool, which acts as a beam stop, is divided into eleven cells. In this way any change in the character of the impinging radiation can be accounted for. The energy deposition, activation, and radial leakage will be discussed in the following sections.

Energy deposition

The energy deposition will be determined in all the identified cells resulting from protons, neutrons, and photons. In the following table energy deposition will be presented as MeV/gm-p, and is then modified to yield a power density (W/cc), assuming the machine operates at 1 MW and the primary proton has an energy of 24 GeV. 

Table 1 – Energy deposition by cell

Cell number and description


Energy Deposition



Mev/gm-p
W/cc
kW

8 – Surrounding shield

3.1077(-4)
0.164
589.703

12 – Primary mercury target

2.625191
1.48(3)
53.123

2 – Co-axial shield around target

1.5518(-3)
0.818
40.397

3 – Iron plug behind target

1.2090(-3)
0.394
0.996  81 – First co-axial magnet 

2.6115(-4)
0.083
3.539

82 – Second co-axial magnet

1.0379(-4)
0.031
4.434

83 – Third co-axial magnet

2.378(-5)
0.008
1.696

91 – Mercury beam stop

6.0380(-4)
0.340
1.072

92 – Mercury beam stop

8.6368(-4)
0.487
2.547

93 – Mercury beam stop

1.1307(-3)
0.638
4.016

94 – Mercury beam stop

4.8007(-4)
0.271
1.205

95 – Mercury beam stop

4.4186(-4)
0.249
1.569

96 – Mercury beam stop

4.8953(-4)
0.276
1.739

97 – Mercury beam stop

5.3436(-4)
0.301
1.898

98 – Mercury beam stop

6.870(-4)
0.387
2.44

99 – Mercury beam stop

6.609(-4)
0.373
2.347

100 – Mercury beam stop

4.8589(-4)
0.274
1.726

101 – Mercury beam stop

3.6503(-4)
0.206
0.926

The above results indicate that the bulk of the beam power is deposited in the surrounding co-axial shield, the primary mercury target, and the co-axial shield surrounding the primary target (683.223 MW). The two shield volumes are actively cooled by flowing water, and the above heat input will be used to set the flow rate and the size of the heat exchanger. The iron plug immediately behind the primary target will also require active cooling, since it has a relatively high heat input. It is assumed that the magnets will be cooled actively. Finally, the mercury will be a flowing system, and the heat input will determine the flow rate in order to maintain an acceptable temperature rise while it passes through the target module. The total power deposited in the target module in the cells considered is 715.373 MW. This value is close to the absolute total, since the remaining cells are shielded from the primary source, and are thus not expected to contribute greatly to this total. The difference between this value and 1 MW is primarily due to radiation leakage.

Activation analysis 

The same geometric model of the target module will be used to determine the residual activity of the various cells. This series of calculations starts with an MCNPX calculation, except in this case the neutron fluxes and spallation product mass estimates are edited out for each of the cells of interest. The neutron fluxes are used to determine cell dependent activation cross sections, and the spallation mass distributions are used to determine the distribution of possible isotopes produced during the spallation reactions. The mass distributions are a function of the cell type and its position within the target module, since cells with the same composition in different positions are subject to different particle fluxes. In carrying out these estimates assumptions must be made regarding the power, primary proton energy, and duration of operation at full power. These assumptions are used to set the proton current and the time to allow for the build-up and destruction of spallation products. The assumed values will be 1 MW of full power for 100 days, and with primary proton energy of 24 GeV. This implies a proton current of 2.589583(14) p/s. In order to estimate the activation under different conditions, the results to be presented below can be scaled by the number of MW-days. The above example is carried out for 100MW-days. Following operation of the machine for 100 days the activity after selected periods of cooling will be determined; these are 4 hrs, 1 day, 7 days, and 30 days. In addition, the total gamma-ray source in each cell will be presented, these could be used as input to a secondary calculation to determine the leakage of photons, and thus dose outside of the target module. This second step will not be presented here, but will be carried out in the next phase of the design effort. In the following tables the total neutron flux, activation, and gamma-ray source for the various sources are shown.

Table 2 – Neutron flux for the various cell

Cell number

Total neutron flux assuming 1 MW of operating power

8 1.2736(12)

12 8.6444(13)

2 8.0176(12)

3 9.3243(12)

81 3.2698(12)

82 1.2974(12)

83 2.6122(11)

91 4.0697(12)

92 3.5148(12)

93 3.1201(12)

94 2.8845(12)

95 3.2818(12)

96 4.6268(12)

97 6.4313(12)

98 8.9838(12)

99 1.0063(13)

100 7.5563(12)

101 6.4973(12)

The above values are the volume averaged total neutron fluxes, the actual energy spectrum for each volume is used to determine the activation cross sections, and the above values only give an indication of the variation of the neutron flux in the various cells. Using the above fluxes and the spallation mass distributions the activation for each volume can be determined. The table shows the activation following 100 days of operation and for selected time frames following machine shutdown.

Table 3 – Activation in Curies for selected cells

Cell number


Time after shutdown

Shutdown
4 hrs
1 day
7 days
30 days

8
1.592(6)
2.627(5)
2.010(5)
1.367(5)
8.921(4)

12
7.667(3)
4.124(3)
2.584(3)
1.163(3)
5.446(2)

2
1.345(5)
2.112(4)
1.622(4)
1.108(4)
7.347(3)

3
6.258(2)
4.088(2)
2.947(2)
2.510(2)
1.871(2)

81
5.083(4)
3.321(4)
1.124(4)
2.125(2)
1.675(2)

82
7.849(4)
5.154(4)
1.737(4)
2.061(2)
1.592(2)

83
2.834(4)
1.855(4)
6.252(3)
8.527(1)
6.864(1)

91
1.242(3)
7.769(2)
5.079(2)
2.026(2)
8.934(1)

92
2.360(3)
1.457(3)
9.575(2)
3.867(2)
1.614(2)

93
2.442(3)
1.524(3)
9.995(2)
3.995(2)
1.623(2)

94
1.783(3)
1.147(3)
7.492(2)
2.987(2)
1.256(2)

95
1.753(3)
1.125(3)
7.408(2)
2.990(2)
1.254(2)

96
2.392(3)
1.522(3)
1.027(3)
4.054(2)
1.658(2)

97
2.777(3)
1.827(3)
1.236(3)
4.880(2)
1.987(2)

98
3.252(3)
2.155(3)
1.439(3)
5.401(2)
2.235(2)

99
2.983(3)
1.997(3)
1.351(3)
4.936(2)
1.962(2)

100
1.825(3)
1.251(3)
8.552(2)
3.001(2)
1.168(2)

101
9.933(2)
7.183(2)
5.043(2)
1.914(2)
7.547(1)

The above results are integral activation values for each of the cells. Each value is composed of contributions from hundred’s of radioactive isotopes, which decay at different rates. Immediately following shutdown the number of contributing isotopes is extremely large. However, following 30 days of decay time only the longest lived isotopes contribute, and generally there are only a limited number of isotopes at that stage. Four examples will be presented below, which will list the major contributors to the activity after 30 days of decay time. These examples will include a mercury containing cell (number 92), a shield cell (number 8), a magnet (number 81), and the iron plug behind the primary jet (number 3).

Table 4 – Activation for cell 92 (mercury) 30 day after shutdown

(Contributors with more than one Curie per element)

Isotope

Activation (Curies)

Hg-203

41.09

Au-196

0.8727

Au-195

33.09

Pt-188

3.488

Ir-190

0.5057

Ir-189

9.888

Ir-188

4.203

Os-185

10.71

Re-183

7.992

W-181

5.744

Ta-179

0.5378

Ta-178

3.086

Hf-175

2.642

Lu-173

0.3531

Lu-172

1.191

Lu-171

0.4842

Yb-169

6.815

Cs-131

1.777

Xe-127

1.358

I-125

1.38

Te-121

1.605

Te-118

0.1313

Sr-85

1.338

Rb-84

0.6535

Rb83

0.6253

Total

141.6
Table 3 total  161.4

From the above list it can be seen that the major contributions come from those isotopes closest to the target nucleus (mercury). The dominant contributor being an isotope of mercury, but there are significant contributions from lighter isotopes. Of particular interest are those that could potentially be volatile under operating conditions (Xe, Cs, Rb etc), and in addition attention should be payed to those elements which could pose material compatibility concerns when they come in contact with the structural materials of the cooling loop.   

Table 5 – Activation for cell 8 (tungsten-light water) 30 after shutdown

(Contributors with more than hundred Curies per element)

Isotope

Activation (Curies)

Re-183

305.7

Re-184

171.6

W-181

40850.0

W-185

5779.0

W-178

9075.0

Ta-183

147.7

Ta-182

3122.0

Ta-179

3958.0

Ta-178

9077.0

Hf-175

5666.0

Hf-172

616.1

Lu-174

23.48

Lu-173

1104.0

Lu-172

660.3

Lu-171

576.6

Yb-169

2090.0

Tm-170

9.611

Tm-168

27.28

Tm-167

274.0

Dy-159

335.8

Gd-153

157.9

Gd-151

219.3

Gd-149

55.88

Gd-146

215.9

Eu-149

276.5

Eu-148

42.67

Eu-147

256.9

Eu-146

240.1

Eu-145

15.43

Sm-145

115.2

Pm-143

111.9

Ce-139

174.0

Cs-131

187.1

Xe-131

202.0

I-127

175.3

Te-121

94.47

Te-118

9.849

Sn-113

101.3

Ag-109m

47.96

Ag-105

190.1

Pd-103

105.4

Rh-103m

113.1

Rh-101

25.71

Rh-99

72.91

Be-7

1038.0

H-3

0.001408

Total

88114.0
Table 3 total  89210.0

As in the previous case the major contribution to the activation comes from isotopes closest in mass to the target nucleus (primarily tungsten in this case). The distribution of major radioactive isotopes is different from the first case, although the tungsten and mercury nuclii are relatively close in mass. The reason for this difference is primarily due to the difference in proton energy of the spallating projectile particle and the fact that in the shield case (tungsten) there is significant amount of water present which softens the neutron spectrum. Finally, it should be noted that a significant amount of Be-7 is generated in this cell (all cells containing water will have Be-7 as part of their radioactive inventory). This could be significant for operating the machine, and maintaining the coolant loop. Tritium is also generated, and although it is not a major contributor to the overall inventory, its presence needs to be noted. Comments made about material compatibility for the first case apply to this case as well.

Table 6 – Activation for cell 81 (Magnet) following 30 days after shutdown

(Contributors with more than one Curie per element)

Isotope

Activation (Curies)

Ni-63

2.243

Co-60

6.116

Co-58

75.4

Co-57

21.47

Co-56

16.49

Fe-59

4.85

Fe-55

4.605

Mn-54

9.405

Mn-52

0.2718

Cr-51

6.679

V-49

3.175

Be-7

3.449

H-3

0.00004925

Total

154.15
Table 3 total 167.5

Activation of magnets is initially dominated by the activation of copper. However, the radioactive copper isotopes (Cu-66, Cu-64, Cu-62, Cu-61, and Cu-60) decay within 4 hours to insignificant values, thus after 30 days magnet activation is significantly lower, and is dominated by cobalt isotopes. A significant amount of Be-7 is also produced in this case. 

Table 7 – Activation for cell 3 (Iron plug behind primary target) 30 days after shutdown

(Contributors with more than one Curie per element)

Isotope

Activation (Curies)

Fe-55

53.69

Mn-54

81.77

Cr-51

30.26

V-49

3.907

V-48

8.271

Sc-46

5.534

Total

183.4
Table3 total  187.1

This cell was assumed to be solid iron and thus, the activity is dominated by isotopes close in mass to iron. The addition of coolant will change this distribution, reflecting the additional activation introduced by the coolant nuclii. 

The above radioactive nuclii decay primarily by emitting a beta- or gamma-ray. Beta decays are generally not a problem (unless they are ingested), since they are essentially totally self shielded by a component. However, the presence of gamma-ray poses a problem, and thus it is necessary to determine the gamma-ray source associated with each of the above cells. This source (as a function of gamma-ray energy) can then be used (in a separate calculation) to determine the flux of gamma-rays leaving the target module, and the directional variation of the emitted radiation. This last step has not been carried out yet, and thus it is not possible to quantify the dose as a function of distance and direction from the target module following operation at 1 MW and for 100 days. The integrated source in protons/second for each volume as a function of time following shutdown is given in the table below.

Table 8 – Gamma-ray source (p/s) in selected cells following machine shutdown

Cell number

Time after shutdown


Shutdown
4 hrs.
1 day
30 days

8
1.308(17)
1.492(16)
9.765(15)
3.580(15)

12
1.010(15)
6.323(14)
2.981(14)
4.103(13)

2
1.111(16)
1.223(15)
8.129(14)
2.994(14)

3
4.349(13)
2.457(13)
1.440(13)
5.713(12)

81
1.537(15)
7.091(14)
2.432(14)
9.046(12)

82
2.261(15)
1.092(15)
3.707(14)
8.585(12)

83
8.264(14)
3.443(14)
1.337(14)
3.741(12)

91
2.046(14)
1.443(14)
6.492(13)
7.390(12)

92
2.953(14)
1.999(14)
1.069(14)
1.524(13)


93
4.290(14)
3.080(14)
1.397(14)
1.552(13)

94
3.019(14)
2.212(14)
1.032(14)
1.228(13)

95
2.449(14)
1.709(14)
8.854(13)
1.198(13)

96
3.479(14)
2.452(14)
1.227(14)
1.538(13)

97
4.362(14)
3.141(14)
1.571(14)
1.990(13)

98
5.104(14)
3.877(14)
1.890(14)
2.284(13)

99
4.863(14)
3.657(14)
1.698(14)
1.802(13)

100
2.865(14)
2.173(14)
1.017(14)
1.012(13)

101
1.472(14)
1.160(14)
5.498(13)
5.865(12)

The above gamma-ray source is roughly proportional to the neutron flux in the various cells, since many of the radioactive isotopes are generated by neutron capture. However, it is clear that this proportionality breaks down when detail comparisons are made. By comparing cells 91 and 97 (both with the same volume and contain the same material) it is seen that the source (Table 8) more than doubles, but the neutron flux (Table 2) increases by approximately 60 %. Thus the presence of a proton flux and the changing character of the neutron flux play a role in the inventory of radioactive nuclides. 

Radial leakage of radiation from the target module

The primary mercury target is positioned in such a manner that it points downward at 115.5 mrad, and the primary proton beam points down at 82.5 mrad. Thus, the emerging shower of particles starts off by travelling in a downward direction. The charged particles are under the influence of the surrounding magnetic field, but the neutral particles carry on, and one would expect, be largely stopped in the beam stop volume. Any leakage flux from the target module will be expected to mirror this overall pattern. In this section the flux of neutrons and gamma-ray leaking out of the radial surface co-axial with the beam stop position will be estimated. Fig. 23 shows the azymuthaly located cells in which the flux was determined. Table below shows the integrated neutron and gamma-ray fluxes per source particle leaking in the respective cells.

Table 9 – Integrated neutron and gamma-ray flux in radially outside target module per source proton

Cell number

neutron flux

gamma-ray flux

204

1.7181(-4)

4.0988(-5)

205

1.2876(-4)

3.1385(-5)

206

1.6941(-4)

4.2405(-5)

207

3.9361(-4)

1.1118(-5)

The above results show the azymuthal variation, with more leakage in the direction of the source and less in the opposing direction. Furthermore, the gamma-ray leakage is approximately an order of magnitude below that of the neutron leakage. The energy spectrum of the neutron leakage was also determined, and is given below.

Table 10 – Neutron energy spectrum for cell 207

Energy bin (MeV)

Flux spectrum

0.0 – 0.01


6.403(-5)

0.01 – 0.1


6.013(-5)

0.1 – 1.0


1.314(-4)

1.0 – 5.0


5.890(-5)

5.0 – 10.0


1.490(-5)

10.0 – 100.0


5.055(-5)

100.0 – 1000.0


1.367(-5)

1000.0 – 24000.0


2.237(-8)

Total


3.936(-4)

It is seen that there is a significant neutron flux beyond the MeV energy range, and these should be accounted for in deciding on the potential life of components beyond this boundary. 
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Figure 20: Longitudinal Section Through Target Module
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Figure 21: Radial Section through Target Module
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Figure 22: Cell numbers in Target module
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Figure 23: Cell numbers in target module

Technical Issues

The following technical issues should be addressed in a more complete study:

1) Particle beam stop

A study of various materials in the particle beam stop should be carried out. In particular a comparison of high and relatively low atomic mass materials will be considered. This study would contrast the efficient capture and stopping power of high mass materials against the possibility of generating more intense secondary particle showers, higher residual activation, higher decay heat, and the implied problems of removing a more radioactive component at the end of life

2) Component cooling

Activation of component coolants (primarily light water, implying Be-7 and H-3), require care in designing the heat removal system. Furthermore, the effect of cooling iron components of magnets, and the effect on magnet performance needs to be quantified.

3) Radiation damage

Effect of radiation damage of the iron core of the magnet immediately behind the primary target, and its effect on magnet performance needs to be quantified

4) Material compatibility

Effect of long-term exposure of components, and coolants to the intense radiation field needs to be quantified. This effect will affect the strength, elastic properties, and corrosion product build-up of all the components being considered 

5) Window material selection and lifetime projection

Technical challenges are associated with the material and design of the downstream window. The large window diameter is of primary concern. The fabrication of any complex window shape out a material like Beryllium is an issue especially if it is to maintain structural strength after long exposure to radiation

6) Remote replacement and handling 

 Under the assumption that both windows (proton beam and downstream) will need periodic replacement, remote handling capability and choreography of removal and replacement in the vicinity of such highly activated volume need to be integrated in the design

7) Potential Fatigue damage of jet nozzle

The potential of failure due to pressure shock arriving at the jet nozzle and further upstream needs to be looked at in further detail and options of diffusing the generated shock need to be explored in the next design phase. Preferably, a verification experiment of the shock potential will help to address the issue in a more realistic manner
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