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Introduction

A water-cooled aluminum coil structure is built for use as a beam absorber for HINS operations in the beam energy range of 2.5-3.5 MeV. 
This note describes the design of the absorber and the results of simulations that model the heating and temperature rise that the structure will experience when exposed to the HINS beam.
Beam Absorber Mechanical Design

The absorber is constructed of a closely wound coil of 3/8 inch diameter, 1/32 inch wall aluminum alloy 3003-0 tubing mounted in a vacuum chamber. The aluminum coil is sufficiently large to occupy the complete field of view for any particle transported through the 2.5” beam tube into the chamber. The coil mounts at an angle to obscure cracks between turns of the coil along the beam line axis.  The tubing ends pass through the end flange of the absorber chamber to accommodate connections for cooling water.  A glass window covers one port of the absorber chamber, transverse to the beam direction, to provide a view of the absorber coil. Figure 1 shows photographs of the absorber. Figure 2 depicts the absorber configuration relative to the beam line.
The system design calls for ~95° F cooling water flowing at one gallon per minute. Redundant water flow interlock switches provide a signal to inhibit beam in the event of low water flow.
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Figure 1. Photos of beam absorber
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Figure 2. 2.5 MeV Transport/Diagnostic Line and Beam Absorber Design Layout

Beam Energy Deposition

Protons or H- ions at 2.5 MeV will deposit nearly all their energy in a thin surface layer of the absorber. The range of 2.5 MeV protons in aluminum is just 0.016 gm/cm2 or 0.06 mm (See, for example, the NIST PSTAR calculator at http://physics.nist.gov/PhysRefData/Star/Text/PSTAR.html). At 3.5 MeV the range is 0.028 gm/cm2 or 0.10 mm. Since all the energy is deposited in a thin layer of the material, high surface temperatures are possible even if average power dissipation is easy.

For thermal calculations, the beam at the absorber is modeled as symmetric 2-dimensional Gaussian charge distribution.  The peak current density at the center of such a distribution is Ib/2πσ2. 

Figure 3 shows results of the TRACK particle tracking code for a 45 mA HINS beam through the 2.5 MeV transport/diagnostics line depicted in Figure 2. The rms beam size at the absorber (right-hand end of the plot) is about 15 mm. For initial thermal calculations, values of Ib = 50 mA and σx = σy = 12 mm are used. These values, higher current and smaller beam size than in the TRACK model, yield a conservative estimate of peak beam current density. 
At 50 mA and 12 mm, the peak current density is 0.055 mA/ mm2 and the peak particle flux density is 3.454E14/sec/mm2. The corresponding peak spatial power density for 2.5 MeV protons is 138 W/mm2. 
Calculations assume a three-millisecond pulse at 1% duty factor to model the pulsed nature of the beam. A single three-millisecond, 50 mA pulse contains 9.375E14 particles with a total energy of 375 joules and presents a peak spatial energy deposition of 0.414 joule/mm2.  Average power of 50 mA and 2.5 MeV at 1% duty cycle is 1.25 kW.
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Figure 3. Simulated Size of 45mA Beam as Function of Distance from RFQ Entrance

Thermal Calculations and Results

 For steady state conditions, the temperature rise across a flowing water circuit carrying heat away from a source is 3.8° C/(kW/gpm). At one gallon per minute flow and 1.25 kW, the water inlet-to-outlet temperature rise is 4.75° C. This temperature rise across the absorber water circuit is not a concern and simulations described below ignore the effect. 
ANSYS models are used to calculate temperatures of the aluminum absorber. To simulate energy deposition by the beam, the models introduce heat uniformly into a     surface layer of thickness corresponding to the proton range. 

Figures 4-6 show results of a one-dimensional (1-D) ANSYS model of the 2.5 MeV case with heat deposition of 138 W/mm2 in uniformly spaced three-millisecond pulses at 1% duty factor. Each figure shows temperature as a function of time at three depths in the 3/8” thick aluminum absorber wall: the outer (beam intercepting) surface, the internal edge of the energy deposition layer, and the inner (water-cooled) wall surface. Only the time scales differ between the figures: ten seconds full scale in Figure 4, two seconds in Figure 5, and 10 milliseconds in Figure 6. 

The simulation shows the outer surface temperature rising to a high value during each pulse and then cooling significantly before the next pulse. Figures 4 and 5 show that steady state is reached after only four pulses. Figure 6 shows that the temperature rise at the outer surface of the tube is not linear during the pulse. This indicates that conductive cooling of the surface into the bulk material on the millisecond time-scale is an important and beneficial factor. 
The 1-D simulations show the material reaching unacceptable temperatures at a power deposition density of 138 W/mm2. 
A two-dimensional (2-D) ANSYS model that is more representative of the actual absorber configuration was developed and run for cases of 2.5 MeV and 3.5 MeV beam energy. In each case, beam parameters used were Ib = 12.5 mA, σx = σy = 12 mm, and three-millisecond pulses at 1% duty factor. The corresponding energy density deposition during a pulse is 34.5 W/mm2 into a 60-micron layer for the 2.5 MeV case and 48.3 W/mm2 into a 100-micron layer for the 3.5 MeV case.  Note that the beam current in these cases is 25% of that assumed in the previous 1-D simulation. 
Figures 7-11 show the results for the 2.5 MeV beam energy case. Figure 7 shows temperature as a function of time at three locations in the aluminum absorber tube: the outer (beam intercepting) surface on beam axis, the internal edge of the energy deposition layer, and the inner (water-cooled) wall surface on beam axis. Figure 8 shows the same data as Figure 7 with the time scale expanded around the first pulse. Figure 9 displays the spatial temperature distribution within the absorber tube wall at the end of a pulse in the steady state condition. The figure shows just one-half of a tube since the model geometry is symmetric about the beam axis. Beam impinges from center left. Figure 10 similarly shows the equivalent stress created in the absorber tube due to the temperature gradients. Figure 11 is a plot of the tangential stress in the tube wall; it shows compression near the outer wall where the peak temperature is highest and tension at the inner wall where the peak temperature is lower. 
Figures 12-15 are the corresponding plots, except for tangential stress, for the 3.5 MeV beam energy case.  

Analysis and Conclusions

Thermal calculations for the aluminum beam absorber show that the peak temperature reached at the end of a beam pulse is the primary concern. A 2.5 MeV, 50mA, 3 ms pulsed beam at 1% duty factor with a Gaussian distribution of σ = 12 mm corresponds to a peak pulsed current density of 0.055 mA/mm2 and a maximum average power deposition of 138 W/mm2.  At this rate, the outer surface of the tubing could reach a temperature of 480° C. Reducing the 2.5 MeV beam current to 12.5mA, with all other parameters constant, lowers the peak temperature to about 130° C. 
Surface cooling by conduction of heat to the bulk aluminum is an important factor during a three-millisecond pulse; therefore, peak temperature as a function of pulse length will change more slowly than in inverse proportion. For an isolated pulse, the temperature rise of a one-millisecond pulse is approximately half that of a three-millisecond pulse.
For a given beam energy and pulse length, the magnitude of Ib/σ2 drives the temperature. In practice, simply reducing beam current may not result in correspondingly reduced temperatures since space-charge forces in the beam couple the beam current and the beam size. Actual beam size must be measured, for example using beam profile monitors, for each operating condition. There should be no concern for absorber damage if done with short beam pulses (~100 microseconds). 
A 3.5 Mev beam with the same beam current and same beam size as a 2.5 MeV beam deposits 40% more energy into a material layer that is 66% thicker. The specific energy deposition, and therefore the surface temperature rise during a pulse, is 16% less. The average bulk temperature must rise by about 40% to eliminate the increased power. Since the peak rise is 2-3 times the bulk rise, the effects partially cancel. As shown in Figures 8 and 13, the steady state peak temperature above ambient for the two beam energies is just in the 3.5:2.5 ratio of the average power. The temperature rise during a single pulse is in a lower ratio reflecting the opposing effects. Therefore, over this range, it is the average power, not the peak pulse power, that primarily drives the peak temperature. 
Peak temperature as a function of pulse duration and pulse repetition rate will scale roughly as follows. Figure 6 shows that the temperature rise is approximately twice as large for a three-millisecond pulse as for a one-millisecond pulse. Modeling this with a single-pole time constant and fitting to these values gives the relationship: 
ΔT ( 1-exp(-plen/1.8) 

where ΔT is temperature rise and plen is the pulse length in milliseconds. This sets the scaling of peak temperature rise as a function of pulse length. 
Figures 4, 7, and 12 indicate that the time constant for transferring heat from the bulk tubing to the water is about 0.3 seconds. The same figures allow an estimate of the average thermal impedance from aluminum to water. From Figure 4, an average temperature differential of about 165° C (200° C average aluminum temperature to 35° C water) for an average power transfer of 1.38 watt/mm2 (138 watt/mm2 at 1% duty factor) gives ~120° C per watt/mm2.  The time constant and thermal impedance provide the basis for scaling temperatures with pulse repetition rate and average power.
Figure 16 offers a reference for aluminum material strength vs. temperature highlighting the parameters of the 3003-O material used in the absorber coil. In the temperature range of interest, the yield strength is between 5 and 5.5 ksi (34.5-38 MPa). Figure 11 shows the heat-induced stress in the tubing at the time of peak temperature for the 2.5 MeV, 12.5 mA equivalent simulation case. The radial outside of the tube is in compression to 4.6 MPa; the radial inside experiences 3.5 MPa in tension. These values are just within design guidelines of 90% for compression and 60% for tension relative to material yield strength. 
Summary

In summary, these analyses and considerations suggest limiting the maximum peak operating temperature in the absorber to 150° C. For 2.5 MeV beam, this temperature is reached with 12.5 mA pulsed current in three-millisecond pulses with σx = σy = 12 mm at a 1% duty factor. With all other conditions being equal, the equivalent safe beam current is 9 mA. Since beam size and current are correlated, beam size at the operational current should be measured to assure staying within acceptable beam current density limits. For a three-millisecond pulse at 1% duty cycle, the corresponding safe pulsed current density is 0.013mA/mm2. Scaling algorithms for pulse length and pulse repetition rate are presented. Between 2.5 and 3.5 MeV, it is the beam power density, not the particle kinetic energy alone, that is the relevant factor for driving absorber peak temperature.
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Figure 4. 1-D model absorber temperature (°C) vs. time (10 sec full scale) at outer surface (light blue), at internal edge of energy deposition layer (violet), and at inner aluminum wall surface (red) for 138 W/mm2 heat deposition by 2.5 MeV protons in three-millisecond pulses at 1% duty factor
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Figure 5. 1-D model absorber temperature (°C) vs. time for same conditions as Figure 4 with expanded time axis (2 sec full scale)
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Figure 6. 1-D absorber model temperature (°C) vs. time for same conditions as Figure 4 with expanded time axis around first pulse (10 millisec full scale)
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Figure 7. 2-D absorber model temperature (°C) vs. time (4 sec full scale) at outer surface (light blue), at internal edge of energy deposition layer (red), and at inner aluminum wall surface (violet); heat input is 34.5 W/mm2 by 2.5 MeV protons in three-millisecond pulses at 1% duty factor
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Figure 8. Same as Fig. 7 with time axis expanded around first pulse (10 ms full scale)
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Figure 9. 2-D absorber model spatial temperature distribution (°C) at end of 12th pulse with conditions as Figure 7
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Figure 10. 2-D absorber model equivalent stresses (MPa) at end of 12th pulse with conditions as Figure 7
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Figure 11. 2-D absorber model tangential stresses at end of 12th pulse with conditions as Figure 7
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Figure 12. 2-D absorber model temperature (°C) vs. time (4 sec full scale) at outer surface (light blue), at internal edge of energy deposition layer (red), and at inner aluminum wall surface (violet); heat deposition of 48.3 W/mm2 by 3.5 MeV protons in three-millisecond pulse at 1% duty factor
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Figure 13. Same as Fig. 12 with time axis expanded around 12th pulse (10 ms full scale)
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Figure 14. 2-D absorber model spatial temperature distribution (°C) at end of 12th pulse with conditions as Figure 12
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Figure 15. 2-D absorber model equivalent stresses (MPa) at end of 12th pulse with conditions as Figure 12
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Figure 16. Aluminum Company of America table of tensile properties of aluminum alloys as a function of temperature. Absorber material is 3003-O.
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Figure 7. Two-dimensional model absorber temperature vs. time at outer surface on beam axis (light blue), at inner wall surface on beam axis (violet), and off-axis (red) for 34.5 W/mm2 heat deposition in three-millisecond pulses at 1% duty factor

[image: image18.png]ToDAL SoLuTION

sTER-23
SUB -9
TIUE-3.67
eI (ave)
Ro¥E-0

s -29.407
i 136,678

Thrl2D Results at Cooling Tube(ed_max=34.5w/mm2, 3Hz, tv

AN

uAY 14 2009
14:26:06
PloT 0. 1

25 125

50 100 150
.003, tine=4g, Alu)





Figure 8. Two-dimensional model absorber spatial temperature distribution at time immediately before end of beam pulse in steady state condition 

(34.5 W/mm2 heat deposition in three-millisecond pulses at 1% duty factor)
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2.5 relative stress
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Figure 9. Charts of allowable tubing pressure.
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