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Introduction

One purpose of the SNS Machine Protection System (MPS) is to shut down the beam in order to prevent damage to accelerator components. At low beam energies, 2.5 MeV<E<86 MeV, the energy transfer rate (dE/dx) from the beam to Rf structure components is much higher than for minimum ionizing particles.. The energy transfer rate is even higher at the end of the proton range (Bragg peak). The purpose of this note is to estimate the MPS time response required to prevent permanent damage to copper accelerator components.

There are two thermal limits to the capability of components to absorb beam energy. The average power limit (in watts, or in watts per gram) is an average over many beam pulses, and is limited by the thermal conductivity of copper to the heat sink. The instantaneous peak power limit (energy in joules, or in joules per gram) is an instantaneous energy transfer, and is limited by the specific heat of copper. Both heating sources can lead to permanent damage (melting or yielding). The latter can occur in a few microseconds. Using a copper specific heat of 0.385 joules per gram-ºC, energy deposition of 100 joules per gram can cause a temperature rise of 260 ºC. If this is in a very small volume, differential thermal expansion will produce excessive thermal stresses.

A typical beam loss scenario might be the following. Between SNS beam pulses, a failure occurs in a dipole steering magnet that could steer the next beam pulse into a copper RF structure, for example a CCL cavity iris or a DTL drift tube. The risk is especially true for commissioning when the pulse repetition rate is very low (say 1 Hz), and a steering element is under manual control (“knobbing”). Although some steering magnet failures can be detected prior to the beam pulse, some cannot, and the MPS then must rely on the beam loss monitor (BLM) or beam current transformer (BCT) system to shut the beam down before permanent damage can occur. The purpose of this note is to estimate the required response time for the MPS.

It is noteworthy that the possibility of significant damage is much higher in a low-duty-cycle pulsed accelerator such as SNS than in a CW accelerator or ring, where the evolution of the beam loss signal (either BLM or BCT) is continuous. In a CW machine, failure time constants of several milliseconds or more create a rapidly rising beam loss signal that can be used to shut down the beam. This beam loss is not detectable in a pulsed machine, because there is no beam loss signal between pulses.

Energy deposition limit

The energy deposition required to permanently damage copper is far below the melting point. Permanent damage can occur when the thermal stresses from the beam heating exceed the tensile elastic limit of copper. Experiments by Marc Ross et al. (SLAC) show that for electron beams, this limit is about 62 joules per gram [1]. Simulations of a 7.5-MeV proton beam stopping in copper give similar results [2]. Although the energy deposition for electrons and protons is very different (electromagnetic showers vs. dE/dx), the energy transfer rate (joules per gram) to the copper can be calculated for both.

Calculation

We assume here that the energy deposition is instantaneous; i.e., there is no thermal diffusion during the beam pulse [3]. Using proton dE/dx as the measure of energy deposition rate, the energy density deposited by a proton beam current I amps for a pulse length t seconds with a rms beam cross section x and y is:
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For minimum ionizing particles (MIPs), dE/dx is given approximately by 
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Note that the numerical value of dE/dx is the same in both sets of units. For protons below 1 GeV, dE/dx rises approximately as 1/2, so it is much higher at a few MeV..

We can rewrite the above equation where the time t is the dependent parameter
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The time to reach the thermal stress limit at the front surface (column 3) is shown as a function of beam energy in Table 1, using j = 62 joules/gram, x = y  = 0.2 cm, I = .036 amps (chopped), and dE/dx from the NIST web site [4].

This response time is the total time that the beam is on, including the beam loss detection circuit, the Fast protect circuit, the beam stored in the RFQ,MEBT, and DTL, and the time to shut down the Front End (ion source, LEBT, and RFQ).

The energy transfer rate ratio (Bragg peak to dE/dx) in column 4 is estimated from the dE/dx ionization vs. range curves, available from the IBM TRIM code [5]. The estimated time to reach the thermal stress limit at the Bragg peak (column 5) is column 3 divided by column 4. The range, in gm/cm2 and in cm, is from the NIST table. Figure 1 shows an example of the TRIM dE/dx vs. range curve at 7.5 MeV.

The calculations are based on a constant chopped 36 mA beam current for the duration of the pulse. If the beam current is linearly ramped up to 36 mA from zero in 20 s, the calculated times will be much longer. The required MPS response time can be estimated by equating the total joules in the beam pulse to the joules and response times in the table.  These calculations use a 0.2 cm by 0.2 cm rms beam size. For different beam sizes, the required response time should be scaled appropriately.

Range straggling is included in the TRIM code. Transverse broadening of the Bragg peak by multiple scattering is significant only above 100 MeV, and has not been included. As mentioned above, thermal diffusion for longer beam pulses has not been included either.

Table 1. Estimated maximum response times for MPS as a function of beam energy, assuming that the beam current is 36 mA, and the rms beam size is 0.2 cm by 0.2 cm. If the beam current is ramped, the response times are much longer (see main text).

	Energy
	dE/dx
	time
	Bragg ratio
	time 
	----------Range----------

	(MeV)
	MeV-cm2/gm
	dE/dxs
	
	(Bragg) s
	gm/cm2
	cm

	2.5
	69.60
	6
	3.0
	2
	0.0230
	0.0026

	3.0
	61.99
	7
	3.3
	2
	0.0305
	0.0034

	4.0
	51.36
	8
	3.4
	2
	0.0481
	0.0054

	5.0
	44.18
	10
	3.8
	3
	0.0690
	0.0077

	6.0
	38.97
	11
	3.7
	3
	0.0929
	0.0104

	7.0
	34.98
	12
	3.8
	3
	0.1197
	0.0134

	7.5
	33.31
	13
	4.0
	3
	0.1342
	0.0150

	8.0
	31.81
	14
	4.0
	3
	0.1494
	0.0167

	9.0
	29.24
	15
	4.1
	4
	0.1819
	0.0204

	10.0
	27.09
	16
	4.0
	4
	0.2172
	0.0243

	12.0
	23.71
	18
	4.1
	4
	0.2956
	0.0331

	15.0
	20.10
	22
	4.2
	5
	0.4323
	0.0485

	20.0
	16.20
	27
	4.7
	6
	0.7090
	0.0795

	22.8
	14.67
	30
	4.7
	6
	0.8894
	0.0997

	25.0
	13.68
	32
	4.8
	7
	1.0440
	0.1170

	30.0
	11.91
	36
	4.9
	7
	1.4330
	0.1607

	35.0
	10.60
	41
	5.0
	8
	1.8760
	0.2103

	39.8
	9.61
	45
	5.1
	9
	2.3480
	0.2632

	50.0
	8.09
	54
	5.3
	10
	3.5020
	0.3926

	56.6
	7.37
	59
	5.5
	11
	4.3520
	0.4879

	60.0
	7.06
	61
	5.7
	11
	4.8200
	0.5404

	71.8
	6.17
	70
	6.0
	12
	6.6010
	0.7400

	80.0
	5.70
	76
	6.2
	12
	7.9750
	0.8941

	86.8
	5.37
	81
	6.3
	13
	9.1970
	1.0311


Figure 1. dE/dx vs. range  for a 7.5 MeV proton in copper, using the IBM TRIM code. The ratio of the energy transfer rate at the Bragg peak to dE/dx at the entrance is about a factor of 4.
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Conclusion

Based on these estimates, it is apparent that significant damage can occur in the DTL unless the MPS Fast Protect can shut down the beam in less than about 5 microseconds for beam losses at E<= 7.5 MeV.  For the CCL (E>87 MeV), 20 microseconds is adequate. There is no risk of damaging the RF structures during commissioning with single 52-mA, 600-ns long millipulses. 
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