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Problem
We consider some beam optics issues related to an effective M56 when running the CEBAF injector at low energies. In particular, the goal is to find out whether there exist any obvious problems in transporting 16.875 MeV beam being considered for the upcoming BBU experiment through the injector beam line or not.
How much M56 from the beam velocity?
There exists an effective M56  in a beam line originated from the beam velocity being not quite same as the light velocity. Let us derive this M56 from relativistic kinematics.
Start with the definition 
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, we get
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Next define the momentum spread 
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 and the energy spread
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. They are related by 
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Now consider the travel time difference between two particles with energy of 
[image: image7.wmf])

1

(

0

E

E

d

+

and 
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in a beam line of the length L.
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This results in an effective path length difference for two particles.
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Therefore, one might say that M56 in the beam line for a non-relativistic beam is given by 
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The total M56 of the injector beam line
The beam line under consideration is from the exit of the second injector cryomodule to the entrance of the first cryomodule in the CEBAF North linac. The total length of the beam line is L = 66.4 m. The beam line contains a chicane which provides an additional M56 which must be added to the value in the previous section to obtain the total M56 of the beam line. This injector chicane may be adjusted with the optics code Optim to come up with the wanted total M56. For instance, if the total M56 = 0 is a goal, we need to have the chicane M56 = 
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 Analysis
Nonzero M56 in general causes the bunch to lengthen for a beam with energy spread. But it doesn’t have any effect on the energy spread. As the beam moves along the beam line higher (than the reference value) energy particles slip toward the head of the bunch and lower energy particles fall behind the reference particle when M56 is negative, which is always the case for the velocity induced M56 considered above. When M56 is positive,  lower energy particles slip toward the head of the bunch instead.

The CEBAF injector beam line under consideration may be divided into 3 regions.
Region I: From the exit of the last cavity in the second cryomodule to the entrance of the first chicane dipole. The beam line is 28 m long.

Region II: Chicane which is 35 m long.

Region III: From the exit of the last chicane dipole to cavity the entrance of the first cavity in the North linac. This beam line is 4 m long.

First, the beam line in the region I is a straight line and there is no contribution to M56 from quadrupole magnets.

                          Table 1. Non-relativistic M56 at the region I.  L= 27.9 m.
	Energy gain per linac (MeV)
	Injection energy (MeV)
	Non-relativistic M56 (cm)

	150
	16.875
	-2.54

	160
	18.0
	-2.24

	180
	20.250
	-1.76

	400
	45.0
	-0.36

	600
	67.50
	-0.16


Unlike for beams with energy greater than 45 MeV the bunch length will change visibly due to the non-relativistic M56 for beams with energy about 20 MeV at the end of the region I.  The extent of bunch lengthening depends on the energy spread. However, this should not cause any difficulty to transport the beam.
Along the chicane in the region II the portion of M56 originated from magnets varies from 0 to 4.03 cm (some representative M56 values: 0.008 cm at the entrance of MDK0R02, 2.3 cm at 2 m downstream from the exit of MDK0R02, 2.44 cm at the entrance of MBL0R03 and 3.96 cm at 3 m downstream from the exit of MBL0R03). The non-relativistic M56 decreases linearly along the chicane (for example, from -2.45 cm to -5.71 cm for the 16.875 MeV beam). In this region II the bunch length will change constantly for both high and low energy beams. Transporting low energy beam through the chicane is not likely more difficult than high energy beams since CEBAF machine has already had many years of operating experience with the injector chicane M56 = 4 cm. The total M56 for low energy beams under consideration does not exceed 4 cm anywhere in the chicane.
Next, in the region III the total M56 is given by the sum of the non-relativistic M56 and the chicane M56. The code Optim calculates the chicane M56 = 4.03 cm from the standard magnet settings in the injector chicane.

                    Table 2. Non-relativistic M56  of the injector beam line of L= 66.4 m.
	Energy gain per linac (MeV)
	Injection energy (MeV)
	Non-relativistic M56 (cm)
	Total M56 (cm)

	150
	16.875
	-6.05
	-2.02

	160
	18.0
	-5.32
	-1.29

	180
	20.250
	-4.20
	-0.17

	400
	45.0
	-0.85
	3.18

	600
	67.50
	-0.38
	3.65


The magnitude of the total M56 for low energy beams is about half of that of high energy beams as can be seen from Table 2. Therefore, transporting low energy beam in this region III also should present no problem. As noted already CEBAF has run many years with the standard injector optics with the non-zero M56. This assures that the extent of bunch lengthening induced by the total M56 on the order of 4 cm does not cause significant beam quality degradation after being accelerated in North and South linacs. In fact the bunch lengthening for low energy beams is about the half of that for the high energy beams producing a shorter bunch with less increase in effective energy spread.
What to do

It is clear that there is nothing much we need to do at this point as we do not expect any excessive bunch lengthening which might cause any significant beam quality degradation and/or beam loss monitor activity near around the injector chicane. Just prepare injector magnet settings by simply scaling down the standard injector beam line magnet values accordingly to the low injection energy value and use it.
Conclusions
It is unlikely that non-relativistic M56 causes any operational problem in setting up injector beam line to transport 16.875 MeV beam for the upcoming BBU experiment.
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