Optimizing AC Dipole Specifications for Beam Extinction
Eric Prebys, FNAL

In this note, we examine the specifications for the AC dipole being designed for the mu2e extinction system.  The primary goal will be to minimize the required stored energy of the magnet while staying within practical limits for magnet fabrication and beam line design. 
The AC dipole system will consist of two matched dipoles, separated by an integer number of  in phase space, with a collimator somewhere between them, phased by an odd number of /2.  For the moment, we will assume the bends occur in the horizontal plane. 

If the aperture of the collimator corresponds to the full admittance A of the beam line, then it will still be possible to transmit some beam until the deflection corresponds to twice the amplitude at that point, or
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where c is the transverse beta function at the collimator. Thus, the beam must sweep twice this distance in the  live window of the system, or  
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as illustrated in Figure 1. This corresponds to an angular sweep of 
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at the location of the dipole, as illustrated in Figure 2. If this occurs over the linear region of a sine wave, then the full amplitude will be (see Figure 3)
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(4)
The full aperture of the magnet w must be wide enough to accommodate both the beam size and the sagitta of the bend
. Thus:
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(5)
The required B-field will then be
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In the vertical (non-bend) plane, we want the aperture as small as possible.  This is done by putting a waist in the center of the magnet.  Near a waist, the beta function will evolve as
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We want minimize this for the ends of the magnet, or s=L/2, which gives
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yielding a minimum vertical gap of 
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Generally, the cost and complexity of a magnet and power supply increase more or less monotonically with the stored energy
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   (10)
We see that in general, this continues to go down as the horizontal beta function increases, but for a particular beta function, there is an optimum length 
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(11)
which minimizes the stored energy, giving optimum parameters:
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(12)
where the right hand column shows how each of these values scales with the parameters over which we have some control.  Because the stored energy depends inversely on x, we would like to choose a  as large as possible; however, the linear dependence of L0 on x would soon lead to magnets impractically large.  Luckily, the energy is a fairly weak function of length about the optimum
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so we can still keep a reasonable energy for magnets significantly shorter than this value.  The other parameters scale as
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We will now consider some example parameters for our application. If the extraction septum has an aperture d, this represents a maximum admittance of


[image: image15.wmf]2

2

÷

ø

ö

ç

è

æ

=

d

A

S

b

bg







(15)

The proposed extraction septum has an aperture of 1 cm, and will be located at a  of at least 10 m, leading to a required admittance of 24 -mm-mr.  We will conservatively assume the beam line has an admittance of twice this, or 50 -mm-mr.  The period T of the dipole is fixed a twice the revolution frequency of the Debuncher, or 3.5 sec.  We will assume a full live window of 200 nsec.  For this value of t, the optimum length will always be about one sixth (1/5.6) of the value of beta, which clearly becomes unworkably long for the sorts of beta values typically found in beam lines, so we will also consider magnets with lengths fixed at more reasonable values.  
Figure 4 shows the peak stored energy as a function of the horizontal beta, both for the optimum length and for fixed lengths of 1,2, and 4 meters.  At x of 100 m, the optimum length would be about 18 m, yet shortening it to 2 m does not quite double the stored energy. Figure 5 shows the peak field as a function of . Not surprisingly, going to very long magnets would allow us to use very low fields, yet shorter magnets have perfectly reasonable fields.  Figure 6 shows the horizontal full width as a function of horizontal beta.  Finally, Figure 7 shows the vertical gap as a function of beta.  Note that since the required vertical gap is only a function of length, it is fixed for the fixed length cases.  It also appears fairly small, and it might make sense to impose some minimum gap size in the interest of practicality – say 1 cm.  This will affect only the stored energy, which will scale linearly with this parameter.  
Based on these calculations, the following table represents a reasonable set of preliminary parameters for this magnet, where a little bit of headroom has been added to each parameter, resulting in a little more than a factor of two in the total stored energy:
	Parameter
	Value
	Comment

	x
	50 m
	Typical beam line beta max

	Effective length (L)
	2 m
	

	Full width (w)
	5 cm
	

	Vertical gap (g)
	1 cm
	Scaled up for practicality

	Peak field (B0)
	600 Gauss
	

	Peak stored energy (U)
	1.43 J
	A little over twice the minimum


Clearly improvements might be possible by going to a longer magnet or larger beta function, but the bottom line does not change dramatically.
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Figure 1: Extinction at collimator.  Some transmission is possible until the excursion is at least twice the admittance of the beam line.
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Figure 2: Required sweep of the dipole on phase space.
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Figure 3: Relationship between the range of the live time sweep and the total amplitude.
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Figure 4: Stored energy as a function of horizontal beta for an optimum magnet length (L=b/5.57), as well as for some several fixed magnet lengths.
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Figure 5: Peak B field as a function of horizontal beta, for the optimum length and for several fixed lengths.
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Figure 6: Optimum width as a function of horizontal beta, for the optimum length and for several fixed lengths.
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Figure 7: Optimum vertical gap, for optimum magnet length and for several fixed lengths.  Note that for fixed lengths, the vertical gap depends only on the length and the admittance. 
� In principle, we could make the transverse aperture less, since there is very little beam far out of bucket.  However, it will certainly be useful to take significant data with the AC dipole out of phase to evaluate backgrounds, so it is more conservative to design the magnet to cleanly transmit beam at all times in the cycle.
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