EXPERIMENTAL MODELLING OF PROTON BEAM HEATING OF THE MUON COLLIDER TARGET

(Ahmed Hassanein and Kirk McDonald)

Introduction.


One of the main concerns in the Muon collider device is associated with the proton beam deposition in the target to produce the pions which then decay to produce the required muons.  The resulting effects of the proton beam heating of the target is still unresolved due to the potential destruction of a solid or a liquid target.   Different types of liquid targets are being considered because of the lifetime issues of solid targets.  Low-melting temperature metals such as Ga are considered as possible primary targets for the Muon collider.


A number of questions, however, are still unresolved such as the motion of liquid metal jet in a strong nonhomogeneous magnetic field of 20 T, the hydrodynamic stability of the liquid jet, thermal stresses, and shock wave effects due to the sudden deposition of the proton energy in the liquid target.  It will actually  be very expensive to conduct real beam-on-target experiments to study target behavior under similar conditions to those expected in the Muon collider device.  In this work we propose a much cheaper and a very conveniant way to simulate the effect of sudden heat deposition on the liquid jet by using wire explosion techniques.  Below is a brief summary of the actual parameters of the Muon collider as well as a brief description of the proposed experiments to simulate beam heating effects.

1. Beam parameters.


Energy of protons Ep = 16 GeV,


Frequency of bunches  f = 15 Hz,


Number of particles in one bunch= N1 = 5* 1013

The rms bunch-time length (b = 1 ns.


Particles flux Sb = 1.5 * 1015 


Average power Wb =Sb Eb = 4 MW 


Average energy in one pulse Qb = 266 kJ


Beam radius R   = 1 - 4 mm


Target radius Ro = 10 mm

Target length L  = 20 cm.

Below considerations are given in terms of these parameters.  For other parameters, however, results can be scaled by substitution of Eb, f, N1, (b, R, and L values.

2. Target heating.


Only a small part of the total energy Qb is deposited in the target and is spent in heating the target.  The stopping power for the range of Eb can be estimated from the Bethe formula:




In table 1 the stopping range,l, of 16 GeV protons are given for different materials.

Table 1.

Element
range l, cm
(
(Q kJ
qL kJ / cm

C
1500
0.013
3.4
0.17

H2O
2700
0.0074
1.92
0.096

Al
1260
0.016
4.2
0.21

Cu
490
0.04
10.4
0.52

Ga
650
0.03
7.9
0.394

where ( is the part of the proton energy spent in target heating, qL is the energy absorbed in the target per unit length.


In the analysis below only Gallium target is considered with length L = 20 cm and beam size R = 1 mm.  However, different parameters can be easily scaled in these equations.  The absorbed energy per cm3 is
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Therefore, the interaction area is heated to 
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The properties of Ga used in this analysis are the following:
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Therefore, since the initial target temperature is close to
[image: image5.wmf], it means that the target core is heated up to
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Let us use
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The deposition time (p =1 ns is much less than both the heat propagation time (( and the sound propagation time (s.











where R0 is the target radius, ( is the temperature diffusivity, and cs is the sound velocity;
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Since the repetition time (F =1/f = 0.067 sec, therefore, for time (F the deposited heat does not propagate across the target as well as along the target ((k >(R).  However, the sound wave can reach the target surface ((s « (F).  In addition, since the sound time (s is much larger than the energy deposition time, (s » (p , therefore, one can consider that the energy is deposited instantly.

2.1 Shock wave formation. 

Therefore, for a short time, (p ≈1 ns, the liquid gallium is heated up to a few thousands K, resulting in an increase of pressure P0 , which is given by

P0= P((() + PTi + PTe ,

Where P((() is the cold compression pressure, PTi  and PTe  are the thermal pressures of ions and electrons, respectively.  Under instant heating, t ( (p, one can neglect the cold pressure P((() due to the lack of target motion.  Also for T< 104 K, one can neglect PTe because of the small fraction of the resulting excited electrons ((e( T / EFermi « 1).

Therefore, the resulting pressure can be estimated as
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(Hereafter R is in mm). 


At this pressure the liquid Gallium is compressed to only about 2%, and during the rms deposition time, (p, the sound wave does not cross the heated area (R), since
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Therefore, after the interaction and beam deposition, the pressure profile resembles that of the power profile, i.e.,
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where r is the radial distance from the center of the jet.

Let us consider how the energy is propagated through the target after heating to time t ≥ (p.  We are interested in time t ≤ L/V0 , where V0 is the velocity of the jet.  This value V0 can be determined from the condition of the thermal energy removal due to the jet motion.  Minimum V0 means that the heated liquid is removed from the interaction area and this area is again refilled by a fresh and colder liquid just in time for the next beam interaction. 


The resulting shock wave reaches the target surface at distance R0 after a time (R given by



[image: image16.wmf],

where Vsk is the shock wave velocity which is about the sound speed 

 since the shock wave with pressure Po close to the cold pressure at the normal density is a “weak” shock, i.e., the shock wave speed is close to that of the sound speed, Vsk ( cs .  After a time duration of (R ( Ro / cs = 3.5 10-6 s, the shock wave reaches the target surface and the rarefied wave starts from the target surface back to the central axis of the jet.  The liquid velocity behind the shock wave at time t((R can be estimated from energy conservation law: 
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After the reflection of the shock wave at the target surface and the formation of the rarefied wave, the liquid velocity at the surface doubles, i.e, 


ur = 2u ( 1.64  km/s ,

which is comparable to the sound speed. The average pressure can then be given by 
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Thus, the deposited energy is transformed into energy of oscillation as well as a pressure energy in the liquid cylinder target.

2.2. Target instability. 


The oscillating liquid column in a strong and nonhomogeneous magnetic field of 

B ( 20 T (
[image: image20.wmf]) could be unstable relative  to MHD instabilities with azimuthal disturbances.  This could also be studied experimetally in conjunction with wire explosion experiments.  This can be studied in more details with state of the art numerical simulation codes that are being developed at Argonne National Laboratory.

3. Simulation  experiments

To model and simulate the processes of target sudden heating and jet stability, one needs experiments with intense heating of the central zone of a cylindrical liquid jet column with the following necessary conditions:

1) the heating time (p is less than the hydrodynamic time (R ,

2) the length of the liquid column,L, must be much large than the column radius R , i.e., L>> R, to exclude  two-dimensional effects, and

3) the properties of the liquid media (if not the same liquid of the Muon Collider target is used) must be as identical as possible to the candidate liquid metals in terms of heat conduction and sound velocity properties.


The best plan is to use the same candidate liquid metals (Ga, Sn, ...) with the same geometrical parameters, i.e., Ro=1 cm, L = 20 cm, with the same deposited energy, Qo= 266 kJ/cm3. The problem of the required intense heat source can be resolved in a similar way to that of simulating nuclear weapons effect by underwater explosion, i.e., by using a wire heated by an electric current  to a high temperature (pressure) up to immediate vaporization (explosion).   Deposition of Qo ≈ 10 kJ requires that the energy of the capacitor bank, Qbank, to be of the order ≈ 30 kJ. 


A schematic illustration  of the suggested facility is given in Fig.1.  The liquid can be pumped from the chamber bottom to chamber top and falls freely in the from of a jet.  The wire is displaced in the center of the falling liquid jet and is heated by the electric current which is supplied by a condensor battery for a time duration of (bank ( 1 microsecond.  Facilities with similar parameters  exist in many Institutions, for example, particularly at the TRINITI (Troitsk, Russia) or at the Kurchatov Institute (Russia). The power of discharge is given by 


Wbank  = Qbank / (bank ( 104/10-6 = 1010  Watt,

which is much less than the proton beam power 


Wp  = Qp / (p ( 2. 105/10-9 = 2. 1014  Watt.

However, the energy deposited is about the same and the time duration required does satisfy the simulation conditions, i.e., (bank ( (R ≈ 3 (s. 


Let us estimate the electric parameters, i.e., the current, I, and the voltage, U, needed for this simulation. The Ohmic heating is given by
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where Rj is the resistance and (m is the wire resistivity.  This Ohmic heating should equal to the one-bunch deposited energy, i.e., Qo ≈ 8 kJ; therefore



[image: image22.wmf]  q = 12.7 kJ/cm3.      (again for R = 1 mm)
The current is therefore 
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where again R is in mm, (bank is in µs, and L is in 20 cm length units.

The bank voltage is then given by 
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Therefore, a facility with an electric current of a few hundreds of kA and a voltage of few tens of kV with discharge time of about 1 µs is enough for accurate simulation of proton beam deposition in the muon target system.  This is also sufficient for the study of various processes during proton interaction with the liquid jet.  Experiments are proposed be performed in three stages: 

First stage. 


In the first stage the physical processes of the shock wave formation and its influence on the liquid target stability can be studied. For this purpose a dielectric liquid such as a purified water or organic compounds such as the Castor oil can be used. By using a transparent chamber it is possible to investigate the shock wave formation, propagation and deformations of the target surface can be studied. It will also be possible to elaborate and refine physical models and verify the computer codes. 

Second stage. 


In the second stage experiments that fully model real situations with liquid metals can be used.  For this case the insulation of the conducting liquid jet from the heated wire is necessary. The wire can be insulated by a very thin film of a material with good dielectric properties such as, for example, Mylar with a thickness of a few microns.  If the thickness of this insulating film is in the order of (R = 3 (m thus for a time duration (bank ( 1 (s, this film will be heated by thermal conduction to T ( 3000 K.  The shock wave crosses this film in a short time (t = R/cs ( 3 ns.  Therefore, the existence of this thin film does not significantly influence the physical phenomena needed to be studied. 

Third stage. 


In this stage experiments from the second stage can be done in a strong magnetic field to study the effect of such field on jet stability during the heating of the jet.  However, the generated pressure due to the shock wave significantly exceeds that of the magnetic pressure at least for the smaller beam sizes.  



Table 2.

Comparison of Muon Collider and Wire Explosion simulation Parameters

Parameters


Muon Collider
Wire Explosion

Target Material
Ga
Ga or Oil

Target or Jet Size
10 mm
10 mm

Heated Zone Size
1 - 4 mm
1 - 4 mm

Target Length
20 cm
20 cm

Deposition Time
1 ns
100 ns – 1 µs

Power Deposited
1013 – 1012
1010 – 109

Energy Density Deposited
10 – 1 kJ/ cm3
10 – 1 kJ/cm3

Magnetic field
20 T
Can be included

4. Diagnostics


Diagnostics for the wire explosion simulation, as existing in the Russian facilities include measurements for the electric parameters, pressure sensors to measure the shock wave parameters, and high-speed streak and frame cameras to monitor the liquid behavior during and after the wire explosion.  The pressure sensors can be placed in the liquid jet at different distances without disturbing the flowing jet.  Such diagnostics have been extensively used during high-energy deposition on target materials to simulate plasma disruption in future fusion reactors.


Summary and Conclusions


Simulating the effects of a sudden deposition of an intense energy in a flowing liquid jet using wire explosion is a very realistic and accurate representation of the conditions encountered in the Muon Collider target.  This is also indicated in Table 2 where a comparison of various parameters of the Muon Collider versus the wire explosion simulation.  Such experiments can be done in a simple and controlled laboratory setup with sufficient diagnostics to monitor the liquid jet behavior due to the resulting shock wave.  The estimated cost to do the initial set of these experiments is about $100K.  This is much cheaper (orders-of-magnitudes) than having an energetic beam deposited in a flying liquid jet target.  Valuable information  can be obtained about the potential success and reliability of the current target design of the Muon Collider project.

Model Experiment and Parameters of Electrical Circuit

Required to Simulate Shock Heating of Liquid Targets

Requirements:

Energy (in pressure) 


~10 kJ

Time of increasing pressure wave 
~1.5 µs

Length of exploding part of wire
~10 cm

Schematic of a Model Experiment









Switch

Exploding wire [image: image1.wmf]
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Oil or Liq-M






    
C



With or without

a protection tube

1. For ensuring a necessary energy in the channel of pressure ~10 kJ, energy in capacitor 

battery must be > 40 kJ (efficiency ~ 25%).

2. When using the capacitors (3 µF, 50 kV) it is necessary to have 10 banks.  Each bank has an inductance ( 40 nH. 

Total inductance of capacitors 


~ 4 nH.

3.  
Inductance solid switch 



~ 10 nH.

4. 
Inductance of Load ~2(L(ln(D/d) 

~ 40 nH.

5. 
Lead cables 




~ 10 nH.

Total

~ 64 nH.

Time of increasing the current in such a scheme is in the order of 1-2 µs.  This time can also be reduced by using a plasma swith rather than the conventional switches.

As far as the process of increasing the pressure it occurs approximately 4-5 times faster (peaking due to the increase of resistance). This scheme will ensure the required parameters for the pulsed pressure wave.
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