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Motivation

The beam breakup instability (BBU) and THz radiation-driven thermal loading of FEL mirrors are well-characterized performance limitations in high power free electron laser (FEL) systems. Such systems are, further, often based on topologies that use laser optical elements embedded within the driver accelerator footprint, necessitating the use of magnetic dipole elements to separate the electron drive beam from the optical mode axis and direct it away from and/or around said optical components. Momentum compaction managed systems used for the temporal compression of charged particle beam bunches also frequently use similar magnetic transport – such as a chicane – to provide path-length/momentum correlations needed for the bunch compression process. 

The accelerator transport elements required to address each of these issues have, in the prior art, been of separated functionality and have been installed in separate regions of the driver accelerator. BBU has been effectively addressed through the use of a skew-quad eigenmode exchange module (SQEEM [1]) wherein a system of five symmetrically arrayed skew quadrupoles are powered in three families, thereby providing a complete and betatron stable cross-coupling of the transverse motion. THz loading of mirrors has been effectively suppressed through the use of a magnet dipole chicane between the wiggler and the downstream FEL optical element; this implementation a) deflects the radiation away from the mirror, b) debunches the electron beam at any subsequent element between wiggler and optical component (thereby alleviating radiation loading) and c) further separates the radiation source from the optical element, reducing loading as 1/(distance)2. In prior art, interferences between electron drive beam and optical systems are often resolved through the use of an additional magnetic chicane, wherein the electron beam is directed around the optical elements under consideration and/or merged with or separated from the optical mode as is required. Similarly, beam bunching bunching can be provided through the appropriate use of a dipole magnet chicane.

Each of these systems individually requires approximately the same spatial footprint (for a 100 MeV electron beam, this would be of the order of a few to 10 m); their use via independent installation thus subsumes some factor as large as two (or more) times as much space as would a more integrated approach. We have therefore developed a means of integrating the function of a SQEEM with that of a magnetic chicane. In this system, the “skew chicane eigenmode exchange module” (SCEEM), advantage is taken of the focusing provided by magnetic dipoles to provide a betatron stable solution in both transverse betatron planes. This focusing/bending system will not only completely and stably exchange the horizontal and vertical betatron eigenmodes in a manner preserving decoupling of initially decoupled transverse motion, it will provide the same temporal/compactional, achromatic momentum dispersion, and geometric offset properties as a conventional chicane. It may thus be used as an integrated design module simultaneously addressing two or more of the aforementioned issues. It will, inherently, address BBU via its coupling properties. In addition, its geometry can be used to alleviate interferences amongst the drive beam and optical mode and/or to deflect THz radiation, and/or provide magnetic bunch compression for lasing, energy compression, and THz management. Because of this multiple, integrated functionality, the SCEEM will significantly reduce the accelerator footprint, assisting in the design of compact accelerator drivers for various applications (such as FELs). 
Description and Design Process


The design and implementation of a SCEEM is straightforward. We note that a symmetric magnetic chicane has well-defined transverse focusing, momentum dispersion, and longitudinal compaction. For example, a chicane based entirely on rectangular dipoles appears to be a drift in the bending plane, a sequence of focusing lenses (the dipole pole faces) in the non-bending plane, is dispersion suppressed to all orders, and has well-defined momentum compactions.  If the pole faces of the first and final dipoles are symmetrically adjusted, the dispersive and compaction properties are unaltered, but the focusing can be modified to provide betatron stability in both planes. If this is done, and the dipole chicane rotated by 45o around the axis of the incoming/outgoing orbit, the system transport appears equivalent to that provided by a symmetrical array of skew quadrupoles – much like that of a standard SQEEM. Internally, however, it retains (in the magnetic mid-plane) all the usual geometric, dispersive, and compactional properties – thereby retaining the advantages provided by a conventional chicane. Dispersion-independent control over the focusing properties is provided by the chosen values of the first and final pole face rotation angles and by the separation of center dipoles (if a 4 dipole chicane is used; the separation of any dipoles at locations of zero dispersive slope can be similarly varied in other geometries. These are typically at location of reflective symmetry). Integrated control over focusing, dispersion, and compactional properties is provided by the chosen values of the bend angles and radii, and the separation of the first and final bends from the center bends.

As an example, we have designed a simple SCEEM by generating a symmetric four dipole chicane (Figure 1a). By simultaneously altering all four bend angles (and linking to their values the pole face angles of the interior pole faces A – the incidence angle is set to ½ the bend angle) and separately simultaneously altering the exterior bend faces B, we can render the focusing properties of the chicane equivalent to those of a symmetrically array of three normal quadrupoles. The resulting system is schematically presented in Figure 1b. By rotating this system by 45o as described above, we obtain a transport that is the focal equivalent of a symmetric array of three skew quads. By the addition of two additional skew quads, we may (by numerical optimization of the quadrupole excitations and the various bend angles as previously described) obtain the optical equivalent of a SQEEM, with the geometric, dispersive, and compactional properties of the chicane intact.


Figure 1a: Four-dipole chicane geometry used as basis of example SCEEM design.


Figure 1b: Schematic of betatron-stable chicane (dipole geometry figurative). 


After fitting on the bending angles, the orientations of the pole faces, and the skew quadrupole excitation as described above, the transfer matrix for the skewed system is as follows in Table 1.

Table 1: 6x6 linear transport matrix for example SCEEM

 -0.2255141E-16  0.2806999E-15  0.4628336E+00  0.1634625E+01  0.0000000E+00 -0.3666051E-16

 -0.1006140E-15 -0.2498002E-15 -0.4807128E+00  0.4628336E+00  0.0000000E+00  0.1109163E-16

  0.4628336E+00  0.1634625E+01 -0.1595946E-15 -0.5273559E-15  0.0000000E+00 -0.8518102E-17

 -0.4807128E+00  0.4628336E+00  0.1110223E-15 -0.2220446E-15  0.0000000E+00  0.1843540E-17

  0.1110223E-15  0.0000000E+00  0.8326673E-16 -0.2775558E-16  0.1000000E+01 -0.1190754E+00

  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.1000000E+01
Observe that the off-diagonal submatrices are identical and betatron stable, as in the SQEEM, the system is achromatic, and has a negative compaction (M56) as expected for a chicane. 

We further note that in the general SCEEM

1) there is considerable tuning range in the module; by further varying dipole lengths, separations, and element to element drifts, SCEEM 2x2 submatrices can be made equal to that of a quarter-integer FODO transport with (over some range) user-specified “matched” betatron function. The result for the example system is given in Table 2. 
2) given this degree of design flexibility, it is indeed possible that the skew quadrupole pair may be unnecessary and all focusing may be accommodated within the chicane, and 
3) the “chicane” that is skewed need not be a simple symmetric chicane, but can in fact be a more complex bending transport such as a three-dipole chicane, multiple embedded, nested, or cascaded chicanes, various arrangements of staircase modules such as those used in the CEBAF spreader/recombiners, or a recirculated chicane such as that described in an earlier JLAB invention disclosure [2]. Examples are shown (but not restricted to those) in Figure 2.
Table 2: Example SCEEM with fitting using bend angles, pole face orientations, and skew quad strengths as described above, and quad-to-dipole spacing. Note that off-diagonal sub-matrices are now equivalent to quarter-betatron-wavelength transport

  0.2642201E-15  0.7766555E-15  0.4098047E-15  0.1535669E+01  0.0000000E+00 -0.1566927E-16

 -0.5724587E-16  0.1771993E-15 -0.6511820E+00 -0.2584738E-15  0.0000000E+00 -0.2189028E-16

 -0.1665335E-15  0.1535669E+01  0.3374037E-15 -0.1665335E-15  0.0000000E+00 -0.1144222E-16

 -0.6511820E+00  0.3365364E-15  0.1734723E-15  0.1665335E-15  0.0000000E+00 -0.2464286E-16

 -0.5551115E-16  0.0000000E+00 -0.1387779E-16  0.1110223E-15  0.1000000E+01 -0.1604705E+00

  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.1000000E+01
Considerable design and beam dynamical flexibility thus is provided, as is a significant reduction in the spatial requirements imposed by the available beam optical functionality.
Figure 2: Example “chicane” geometries appropriate for use in SCEEM


Figure 2a: Four-dipole chicane, as in Figure 1


Figure 2b: Three-dipole chicane.

Figure 2c: Recirculated chicanes.


Figure 2d: Staircase pair


Figure 2e: Nested chicanes.

Summary

We have described a skewed chicane eigenmode interchange module (SCEEM) that combines in a single beamline segment the separate functionalities of a skew quad eigenmode interchange module and a magnetic chicane. This module will allow the interchange of independent betatron eigenmodes, alter electron beam orbit geometry, and provide longitudinal parameter control with dispersion management in a single beamline segment with stable betatron behavior. It thus reduces spatial requirements for multiple beam dynamic functions, reduces required component counts and thus reduces costs, and allows the use of more compact accelerator configurations than prior art design methods.
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