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1. Introduction

An understanding of potential fault conditions is essential to ensure adequate protection of the accelerator beamline components for high beam-power facilities such as the SNS.  In addition to fault conditions, it is necessary to understand the beam losses which are expected to arise when performing routine commissioning operations.  Of principal importance for commissioning of the first Drift Tube Linac tank is an understanding of the potential for damaging the copper components from errant beam.  The Machine Protection System (MPS) has the function of preventing damage to the accelerator components when a fault condition arises by detecting the condition and then shutting off the beam.  R. Shafer [1] previously studied these issues and recommended an MPS shutoff time of 5 (sec.

We first consider the thresholds for damaging copper by energy loss of a proton beam.  In this analysis, proton energy loss has been modeled with a Monte-Carlo code and used as input to a finite element analysis of the stress and temperature.  The results of this analysis are the pulse length which reaches the stress limit in copper for a given beam intensity, incident angle and beamsize.  These results provide guidance to the MPS requirements for beam shutoff, and provide the basis for evaluating the severity of the faults which have been considered.

In the next section we classify fault scenarios in terms of their severity and using the damage threshold results as well as general beam dynamics arguments we obtain MPS requirements for each class of faults.

In the next section, we present a study of specific fault conditions.  In this study we have evaluated the anticipated beamloss arising from failures of all the optical elements in the Medium Energy Beam Transport (MEBT) line.  Namely we considered the failure of i) quadrupole power supplies, ii) rebuncher RF cavities, and iii) dipole correctors.   

In the next section we consider the beamloss that we expect from performing the basic DTL conditioning operation: the phase and amplitude scan [2].  We intend to locate the proper DTL phase and amplitude by scanning both parameters and recording either i) beam current on a Faraday cup placed after an energy degrader, ii) output beam phase or phase difference measured by the beam position monitor (BPM) system, iii) the RF power delivered to the beam, or iv) the longitudinal bunch profile on a Bunch Shape Monitor (BSM).   In this operation we expect to lose at times all of the beam injected into the DTL tank.  It is therefore important to understand where the beam power is deposited and what restrictions must be placed on the beam parameters when performing such a scan.

2. Copper damage thresholds 

2.1 Introduction

It is important to understand the dependencies of beam parameters on damage in the copper structure. This study is to set the operating beam parameters for the machine protection in the SNS, especially for the commissioning of 2.5 MeV and 7.5 MeV beams.  (The DTL Tank 1 input energy is 2.5 MeV and the output energy is 7.5 MeV).  The thermal threshold from these intermediate energy high-current beams is the mechanical yield from a single pulse rather than the pure thermal thresholds such as evaporation or melting [3,4].  

The Bragg curves for 2.5 & 7.5 MeV proton beam are shown in Figure 1. The penetration depths are about 30 and 160 m for 2.5 MeV and 7.5 MeV beams respectively, while the beam size is taken to be about =2 mm. The thermal load from the beam results in the thermal expansion and the cold region resists this expansion, so the stress finally develops. Since the in-plane dimension that corresponds to the heat deposition area is much larger than the out-of-plane dimension which corresponds to the penetration depth, the in-plain thermal expansion is the major contribution to the stress development and the out-of-plain thermal diffusion contributes the major thermal-stress relaxation as shown in Figure 2. 
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Figure 1. Bragg curves of 2.5 MeV and 7.5 MeV protons on a copper target, incident at 90 degrees.
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Figure 2. Main contributions for the stress build-up (in-plane) and relaxation (out-of plane) from the thin power deposition.

When the beam power is high enough to reach the thermal stress limit before the system has a non-negligible thermal relaxation effect, the simple scaling of dT=(P t)/(mc) will provide a rather accurate answer. Here dT is the temperature increment, P the beam power, m is the target mass where the beam power is deposited, and c is the specific heat of the target. And also we can have a good scaling of the stress level only from the temperature increment. When the time scale becomes large so that we can no longer neglect the thermal relaxation effect, a systematic approach is needed to provide the proper scaling by taking all the realistic parameters for the beam and material into account.  Consequently the thermal stress development from the beam is a function of the power density, total power, and power density distribution along with the time scale.

2.2 Modeling

The modeling is done with ANSYS by assuming a circular beam. A gaussian distribution for the radial direction and the Bragg curve shown in Figure 1 for the axial direction are used as the thermal load input from the beam.  Figure 3 shows examples of thermal load for the simulation. All the results that follow are mainly focused on the stress since the maximum temperatures when the von Mises stress meets the tensile limit is around 160 C or below, which is much lower than the evaporation or melting temperatures of copper.

2.3 Results

A. 90 degree incident angle

First, the cases for incident beam angles of 90 degrees are examined. As can be seen in Figure 4 the thermal relaxation effect of a 2.5 MeV beam is bigger than that of a 7.5 MeV beam since the penetration depth is short even though the thermal diffusion speeds are the same. 
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Figure 3. Examples of thermal load from the beam in copper. (The unit of legends on the right side is W/m3)

[image: image4.wmf]0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0.0E+00

2.0E-05

4.0E-05

6.0E-05

8.0E-05

1.0E-04

1.2E-04

time (s)

peak stress (normalized with stress limit)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.0E+00

2.5E-05

5.0E-05

7.5E-05

1.0E-04

1.3E-04

1.5E-04

time (s)

peak stress (normalized with stress limit)

38 mA

38 mA

20 mA

20 mA

7.5 MeV, 

s

r

=4 mm

2.5 MeV, 

s

r

=4 mm


Figure 4. Examples of stress development from different beam conditions with 90-degree incident angle.

Figure 5 summarizes the results of the beam pulse lengths required to reach the stress limits for normal incidence at the nominal beam current of the SNS and for various beam sizes for 2.5 MeV and 7.5 MeV beams. When the beam sizes are small or the power density is high, both lines show a linear tendency, which means that the thermal relaxation effects are very small. That’s why the 2.5 MeV cases in this region allow short beam pulse length since the Bragg peak at 2.5 MeV is higher than that at 7.5 MeV. As the power densities are getting smaller, the cases that have thinner power depositions have more thermal relaxation effects, allowing longer beam pulse lengths. 
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 Figure 5. Time to reach the stress limits for the various beam sizes. All cases here have 90 degree incident beam angle on copper.

B. Grazing incident angle

Beam hitting on the copper structure with a small angle is more probable situation during the commissioning of the DTL.  The power deposition profiles are shown in Figures 6 and 7 for various incident angles for the 7.5 MeV and 2.5 MeV beams respectively. As the incident angle is getting smaller the profiles are deviating further from the usual Bragg curve pattern since the power deposition angle and the resulting scattering span has comparable dimension to the depth. 

Analyses similar to those shown in the previous section have been performed using these power deposition profiles instead of the nominal Bragg curve from Figure 1.   The results for various incident angles are summarized in Figure 8.  Figure 9 shows the stress development as a function of the beam pulse length for a 5-degree incident angle.
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Figure 6. Beam power deposition in copper from the 7.5 MeV protons at various incident angles. The angle definition is explained on the left side.
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Figure 7. Beam power deposition in copper from the 2.5 MeV protons at various incident angles. The angle definition is explained on the left side.
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Figure 8. Time to reach the stress limit in copper from a 38 mA, 7.5 MeV beam.  The data points on the red line are from the beam with 90 degree incident angle, which is the same as Figure 5. The power density is normalized with that of the r=2mm circular beam. The branch lines, colored in blue, pink, green, show the incident angle effect on the stress development. 
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Figure 9. Peak stress development from the beam specified in the graph with 5-degree incident angle for 2 mm beamsize. The time on the x-axis indicates the beam pulse length.

3. General Considerations
A number of conclusions can be drawn already based on the previous results, and general beam dynamics arguments.  As the previous results show, there is a marked increase in maximum allowed pulse length for losses which occur at grazing angles versus normal incidence.  Since normal incidence of the full beam is the most dangerous situation, we have investigated the possibility of striking a drift tube at normal incidence. 

3.1 Normal incidence impact of beam core on a drift tube

The worst-case scenario is one in which the core of the beam strikes the front-face of a drift tube at normal incidence.  As explained below, this is an extremely unlikely event, and one that cannot be produced by “tuning.”  

Since the drift tube bore radius is 12.5 mm, this requires gross trajectory errors, which can arise from i) dipole errors, ii) misalignments, or iii) shorting of a quadrupole magnet.  As is shown below, MEBT dipole correctors are not strong enough to displace the beam by more than 2 mm at the MEBT exit, so one cannot produce this worst case scenario by “tuning.”  Quadrupole misalignments on the order of 3 mm are required to produce trajectory errors of this magnitude.  The construction of the MEBT rafts make errors of this magnitude impossible.  Although unlikely, one cannot rule out the possibility of magnet shorts that could produce large deflecting fields.  

The face of the first drift tube is partially visible to the MEBT beam injected into tank 1.  If the beam centroid lies inside the first drift tube bore, then it is virtually impossible for the beam to strike the front face of any of the remaining drift tubes since the beam, once injected into the tank, propagates within only a small range of angles due to the dynamics of the quadrupole focusing channel.  We find maximum angles up to about 80 mrad (4.6 degrees) for the beam centroid for trajectories which start at the aperture limit of the first drift tube.  It should be noted that the largest injected beam angle physically allowable from consideration of the vacuum chamber dimensions and the distance between the last quadrupole and the first drift tube is about 140 mrad (8.1 degrees).  For beam centroids incident on a drift tube at these angles, the beam strikes on the radiussed portion of the drift tube that connects the front-face to the inner bore.  Even in this case, the incident angle on the copper surface is about 45 degrees, and only a portion of 1 rms beamsize lands on the radiussed portion of the drift tube, the remainder of the beam lands on the upstream and downstream drift tube inner bores since the drift tubes are closely spaced.

To be safe, the machine protection requirement must cover the normal-incidence condition, however unlikely.  From Figure 5 we see that the MPS system should trip off the 38 mA beam with a 5 microsecond response.  The MPS implemented for DTL 1 commissioning provides this response.

3.2 Grazing incidence impact of beam core on the inner bore of a drift tube

More likely than 90 degree impact on a drift-tube face are scenarios that result in impact of the core of the beam on the inner bore of a drift tube.  As mentioned above, a typical incident angle for loss on the inner bore is about 5 degrees.  This is a condition which is still very unlikely and cannot be generated by “tuning.”  This can result from trajectory errors caused by i) DTL input trajectory errors, or ii) severe DTL permanent magnet quadrupole misalignments.  From figure 9 we see that for the beam core landing on a single drift tube near the DTL entrance (2.5 MeV), pulse lengths for a 38 mA beam up to 135 microseconds are allowed, while near the DTL exit (7.5 MeV), pulse lengths up to 25 microseconds are allowed.  The MPS response implemented for DTL 1 commissioning provides response time faster than the minimum requirements mentioned here.

3.3 Loss of beam tails on the drift tubes

More likely scenarios than direct impact of the beam core on a drift tube are those conditions which generate large beam tails that strike the inner bore of the drift tubes.  Unlike the other scenarios mentioned above, some of these scenarios can be generated by “tuning.”  These conditions can result from i) MEBT quadrupole strength errors, ii) DTL quadrupole strength errors, iii) MEBT rebuncher setpoint errors, or iii) DTL phase and amplitude errors. These errors result in beam size modulations such that the tails of the beam strike several adjacent drift tubes.  Since only a fraction of the beam is lost on any single drift tube, the deposition is expected to be more uniform on the drift tube surfaces.  We can estimate the pulse length restrictions for this case as follows.  Equating the incident current density for uniform loss on the inner bore of a drift tube with the incident current density for grazing impact of a round beam, we can calculate the equivalent current of the round beam:
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where f is the fraction of the beam lost on the drift tube, l is the drift tube length, (y is the beam height (assuming loss in the horizontal plane), gI is the equivalent current of a round beam of beamsize (r.  Taking the reference 2mm beam we find that losing 50%, 30%, 20% and 10% of a 38 mA beam uniformly on the inner bore of a single drift tube gives the same current density as 2mm radius gaussian beams of 22 mA, 13 mA, 9 mA and 4 mA currents, respectively, incident at 5 degrees.  From Figure 9 we see that at 7.5 MeV, loss of 50% of a 38 mA beam has a 65 microsecond pulse length limit, whereas at 2.5 MeV, the pulse length limit is several hundred microseconds.  To protect against this type of grazing loss of a portion of the beam, the MPS system must detect the loss of 50% of a 38 mA beam in 65 microseconds.  A threshold of 30% loss of a 38 mA beam in 50 microseconds has been implemented in the MPS system for DTL 1 commissioning.

4. MEBT Fault Scenarios
Failure of optical elements in the MEBT can potentially produce off-axis as well as mismatched beams injected into the DTL.  We have evaluated the beam loss expected from failure of each optical element in the MEBT.  These results are summarized in Table 1.  We see from the table that by powering MEBT dipole correctors across their full range, we are unable to lose more than a few percent of the beam.  Likewise, for individual rebuncher failure, we lose only a few percent of the beam.  With MEBT quadrupole failures, the losses typically occur in the MEBT itself, with the beam tails striking the vacuum chamber at grazing angles.  For the cases of failure of the last matching quadrupoles the beam may be lost in the DTL tank itself.  For these cases, the losses are spread over several drift tubes, and protection is provided based on the requirements mentioned above.

5. Anticipated Losses During a Phase Scan
When performing a phase scan of DTL tank 1, we expect to lose beam within the tank, with the losses occuring on the drift tubes themselves.  Figure 10 shows the anticipated fractional loss on each drift tube as a function of DTL phase error.  The peak fractional beam loss on a single drift tube is about 25%, spread over the drift tube surface.

This loss occurs on the inner drift tube bore at small incident angles.  To estimate the maximum pulse length for safe operation, assume a worst case of 10 mA (25% of 38 mA) peak current at 7.5 MeV (even though the beam energy at the point of impact is low since the phase is wrong) with the nominal beamsize (which of course is also not the case).  Figure 9 implies a maximum pulse length of about 130 (s (by doubling the maximum pulse length from the 20 mA curve).  We intend to perform phase scans with a 50 (s pulse length, so there is ample safety margin.

	Table 1. MEBT Fault Conditions

	Fault Condition
	Transmission(%)

RFQ output/D-plate
	Loss Location

	MEBT Steerer 1H +/- full current
	100
	

	MEBT Steerer 1V +/- full current
	99.9
	D-plate

	MEBT Steerer 4H +/- full current
	100
	

	MEBT Steerer 4V +/- full current
	99.2
	D-plate

	MEBT Steerer 5 H +/- full current
	100
	

	MEBT Steerer 5 V +/- full current
	96
	D-plate

	MEBT Steerer 10 H +/- full current
	100
	

	MEBT Steerer 10 V +/- full current
	96.8
	D-plate

	MEBT Steerer 11 H +/- full current
	100
	

	MEBT Steerer 11 V +/- full current
	99
	D-plate

	MEBT Steerer 14 H +/- full current
	100
	

	MEBT Steerer 14 V +/- full current
	99.2
	D-plate

	
	
	

	MEBT Rebuncher 1 Off
	96.8
	Mainly DTL1

	MEBT Rebuncher 2 Off
	99.9
	DTL1

	MEBT Rebuncher 3 Off
	93.2
	D-plate

	MEBT Rebuncher 4 Off
	98.1
	DTL1

	All MEBT Rebunchers Off
	53.5
	DTL1

	
	
	

	MEBT Quad 1 Off
	41
	Mainly MEBT

	MEBT Quad 2 Off
	4.2
	Mainly MEBT

	MEBT Quad 3 Off
	13.1
	Mainly MEBT

	MEBT Quad 4 Off
	64.1
	Mainly MEBT

	MEBT Quads 5&10 Off
	6.3
	Mainly MEBT

	MEBT Quads 6&9 Off
	2
	Mainly MEBT

	MEBT Quads 7&8 Off
	12.1
	Mainly MEBT

	MEBT Quad 11 Off
	48.3
	MEBT, D-plate

	MEBT Quad 12 Off
	48.1
	DTL1, D-plate

	MEBT Quad 13 Off
	14.1
	DTL1, D-plate

	MEBT Quad 14 Off
	95.4
	mainly DTL1

	
	
	

	DTL Tank 1 RF Off
	0.7
	DTL1, Dplate
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Figure 10: Expected fractional beam loss on the later drift tubes in DTL tank 1 as a function of DTL phase error.
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