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Introduction

Upgrade operational experience suggests that heat loading of the downstream FEL optics by THz radiation generated in the first energy recovery arc dipole is undesirable. This load can be alleviated by a) moving the initial bend after the wiggler upstream so as to reduce the solid angle subtended by the downstream optic, and b) introducing a decompressional momentum compaction between the wiggler and the first arc dipole so that the bunch is not short when it is bent away from the axis of the FEL insertion. In this note, we describe a chicane providing both of these palliative measures. The solution under consideration includes a model of the new EM wiggler and reworked 4F region, and is designated IR Upgrade Driver Design Revision 113b.
Chicane Options


One can consider a number of options to accommodate a desire to move the initial deflection of the energy recovered beam away from the downstream FEL optic and reduce the THz loading on this mirror. These include: a) a redesign of the energy recovery arc to initiate the bend nearer to the wiggler, b) a redesign of the optical cavity to move the optic away from the first arc dipole, c) steering the beam in the vicinity of the first arc dipole to offset it from the optic, and/or d) introduction of an upstream deflection that will reduce the solid angle subtended by the optic and increase the bunch length at the first arc dipole.

Project constraints move the first two options into the realm of fantasy. Aperture constraints preclude use of the third option (to effectively reduce the mirror heat load, the electron beam has to be steered off to more or less the edge of the aperture in the upstream triplet – too close to ensure loss-free transmission), leaving only the final option – introducing a chicane – as the only immediately obvious practical solution. This approach will move the initial deflection farther upstream, reducing the fraction of THz projected onto the mirror from the locations where the bunch is short, and will longitudinally rotate the bunch, lengthening it and thereby reducing the THz loading from the site of the first arc dipole.

Requirements: Momentum acceptance requirements for the second arc demand that the wiggler be followed by a quad multiplet (so as to control chromatic aberrations in betatron amplitudes); the chicane therefore cannot immediately follow the wiggler and must instead be embedded in the center of the downstream telescope (between girders 4F09 and 4F10). Installation of the new wiggler will bring with it a move of the adjacent triplets and will provide up to 5 m space placing the chicane in this location [1].


In addition to fitting in the available space, the chicane must generate an M56 of ~5 cm or greater, so as to provide the desired decompression at the first 5F dipole (GX5F00). The inevitable additional project constraints require that the chicane be built using magnets available in the existing inventory. As a result, it must be based on either four GWs of the type purchased for the IR and UV upgrade, or four of the DWs left over from the demo.

Chicane Options can be contrasted when we recall that a chicane with dipole pairs separated by L (center to center) bending through angle  (Figure 1) leads to an offset D~L equaling the dispersion, and thus to a total compaction M56 ~ –2 D~ –2 L2.
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Figure 1: Chicane geometry
Allowing ~1/2 m for each dipole, we see that to fit in the 5 m slot we must be sure L<2 m and thus must have an angle at least of the following magnitude.
[image: image2.bmp]
The dipoles used in the chicane must therefore produce an angle of at least 6½o or so. This is trivial for the GWs, which bend through 20+o for the full range of machine energies; not so for the DWs, which gave ~20o at up to 80 MeV/c (in the Demo) with a 2” gap. Increasing the gap to the 3” used in the upgrade (dropping the field by 1/3) and raising the energy (to 160 MeV/c) would thus restrict operation to a barely adequate 6.7o. 

G. Biallas has investigated modifications required to provide the 3” gap used in the Upgrade, and has determined that a rebuilt DW, which he designates as an “EW”, can produce up to 12o at Upgrade energies with a 3” gap and adequate field quality. This is done by gapping the magnet and adding filler coils [2].


An initial picture of a THz suppression chicane thus emerges – a four dipole string, with 6.5o reverse bend centers separated by 2 m. This will give an M56 of ~0.05 m, but with an offset of 0.225 m. This is too large to accommodate both the optical mode and the electron beam within the same aperture, for either EW or GW magnets. We therefore must either shorten the chicane and raise the angle, keeping both beams within the aperture, or (given that the 2 m length is about the maximum that can be used) raise the angle to get the electron beam far enough away from the optical mode that the two beams clear each other (Figure 2).
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Figure 2a: Small deflection/large angle: electron beam/optical mode within aperture.
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Figure 2b: large deflection – electron beam offset so that optical mode clears backlegs.


The first scenario – that of running up the angle to take advantage of the quadratic increase in M56 while dropping the separation to keep the offset under control – requires that the offset remain of order 15 cm or less so as to ensure the “working apertures” can remain within the appropriate regions of the dipole – the good field, in the case of the electron beam, and the physical aperture in the case of the optical mode. This scenario is most appropriately implemented using the GW dipole design, which has a large physical cross section than the chop-shopped EWs, and can generate higher fields and thus larger angles to make up (in a compactional sense) for the smaller offset.

The second scenario – using a “big” chicane – may be best suited for use of the EWs, as they have a smaller transverse profile and thus require a smaller offset D. Of course, they also generate a smaller angle, so its sort of a wash save for a single issue. A “BIG” chicane based on GWs will have a much longer path length than a “big” chicane based on EWs. This, in turn, will have a much longer path length than a small chicane based on GWs. Each layout must be considered with this in mind: the path length correction range available from the GG dipoles trims in the GYs is limited in strength and will supply only ~¼ RF wavelength of compensation at nominal (150ish MeV) operating energies. If the chicane selection exceeds this value, other arc dipoles will have to be moved to keep the machine within the range that the path length trims can correct. Furthermore, if the offset is too great, we may have to sacrifice the ability to “roll back” to operation without this chicanery, a mode that may prove useful as a diagnostic and/or machine setup configuration. In the limit of a very large GW chicane, the compaction so produced may prove difficult to compensate using the 5F trims (which nominally were designed to be “off” for operation at the usual linac energy recovery phase of 10o ahead of trough.
Alternate Chicane Designs

We now describe and contrast three alternative designs.

 A small GW chicane uses common apertures for electron beam and optical mode. In this case, we minimize the dipole separation and set the angle to give the maximum tolerable offset. GW dipoles are a bit over 0.4 m in effective length, but have overhanging coils and field clamps which restrict L to minimum values of not much less than 0.7 m. The maw of a GW is roughly 11.5” x 3”, or 30 cm x 7.5 cm. The “good field” is around 10 cm in width. Allowing 3” total clearance for the optical mode, and trying to keep the electron beam central orbit in the good field, we see we can tolerate an offset D of order 15 cm (Figure 3). 
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Figure 3: GW small chicane geometry

We note that in this geometry by orienting the pole faces perpendicular to the beamline axis we maximize the available aperture, while in contrast using the more familiar equal entry and exit angles would reduce the available aperture (one or another corner of the dipole will clip the optical mode stay-clear and one or another corner of the good field will clip the electron beam orbit). This is notionally illustrated by Figure 4.
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Figure 4: Reduction of available aperture by rotation of magnet.
Given L = 0.7 m and D = 0.15 m, we have  = D/L = 0.214 rad = 12.3o. The compaction is then M56 = –2L = –6.4 cm, meeting stated requirements. The path length differential from a straight-through is approximately as follows.
l= [4dipole + 2(L–lmag)/cos – 2(L+lmag)= [4lmag/sin + 2(L–lmag)/cos – 2(L+lmag)
Using lmag ~0.4 m, and the above values for  and L, we find l~2.1 cm. This is a tenth of an RF wavelength and is well within the correction range of the GG trims. This configuration is largely a perturbation on the nominal machine tuning, and as such could be probably readily be rolled in or backed out when deemed appropriate

“Big” EW chicane, with central dipoles clear of optical mode. In this case, the transverse offset D between the beams must be of order 35 cm or more to ensure the optical mode clears the backleg. To keep the angle within the achievable range, we “fill” the slot length with chicane and take L = 2 m. Thus  = D/L = 0.175 rad = 10o. At this angle, M56 = –2 L 2 = –12.3 cm, well beyond the required value (but still well within a manageable range for the 5F trims). As the yoke lengths for the EWs are 0.4 m (as with the GWs), we get a path length shift l=6.2 cm. This is beyond the available GG correction range of ¼RF, so use of this solution engenders moving arc dipoles. Steve Benson [3] has pointed out that by taking up half of the difference with an arc dipole move, the machine would be 3.1 cm short when the chicane is off, and 3.1 cm long when it is on; both of these are within the range of the GG trims. This is operationally tractable, but is getting into territory wherein path length trims, compaction trims, and focusing are all likely to require quite a bit of adjustment and optimization when switching between “chicane off” and “chicane on” operation. Initial startup will require a fair bit of recovery, as the nominal longitudinal match will have changed significantly when the arc dipoles are moved (different path length).

Truly gynormous GW chicane, for which the name says it all. The GWs are a more “robust” magnet than the EWs, and thus have a larger transverse footprint (~1 m). They thus require an offset D of order 0.5 m. We are still constrained by the slot length, so L remains 2 m. This said,  = D/L = 0.25 rad = 14.3o. At this angle, M56 = –2 L 2 = –25 cm, well beyond the required value and in fact exceeding the full compaction of the 5F arc (~20 cm). This will require a relatively large trim correction. As a rule of thumb, changing the arc compaction by 1 mm at 80 MeV/c requires  ~1 g change in trim quad gradient integral, so at 160 MeV/c compensation of this shift will require ~500 g gradient integral offset on the trims around the GY. This hefty change will likely conspire to affect the dispersion and the betatron match as well, with attendant operational delicacies.

More entertaining is the path length offset; we get l=0.122 m, more than half an RF wavelength. Use of this solution thus not only requires a move of arc dipoles, it completely precludes operation with the chicane off. Even if we adopt Steve’s suggestion and “split the difference”, the path length shift is so far out of the GG range that neither operating point can be reached! This configuration is thus an extremely invasive change, requiring not only a complete retuning of the longitudinal match at startup, but also precluding a roll-back to the unperturbed system without magnet moves.

Given the operational and installation issues associated with use of the large chicanes, we have chosen to use the first option.
Layout


A detailed design has been developed using a small GW chicane; this has been designated driver design revision 113b. Table 1 gives the design parameters of interest. The chicane starts 0.51134 m downstream of center of QX4F09 (which, together with the rest of the triplet is moved toward the new, shorter wiggler). Figure 5 presents DIMAD coordinates upstream of the wiggler insertion to beyond the reinjection point (subtending the entirety of the 4F and 5F regions). This layout serves as the basis for a detailed mechanical design which is underway as of the date of this note [4].
Table 1: THz Chicane Parameters

	Dipole length lmag
	0.42183 m

	Dipole-to-dipole separation 

 (roughly, L–lmag)
	0.225 m

	Angle 
	12o

	Dispersion (offset) D
	0.136 m

	Compaction M56
	–4.6 cm

	Path Length Increment l
	2.25 cm
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Figure 5a: Plan view; x & y scales roughly equal.
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Figure 5b: Elevation; note discrepancy in scales.

We observe that the compaction is ~10% below the spec of 5 cm,  the discrepancy arising from our use of simple scaling relations for the design. However, this is adequate for beam decompression – it is roughly the shift caused by a change of trim quad gradient integral of 50 to 100 g (based on the “1 mm compaction per gauss of gradient integral at 80 MeV” folklore). Operationally, CSR “switches off and on” (the bunch goes from under- to over-compressed) for a ~20 g change; the available compaction is thus likely to be fully capable of lengthening the bunch. Note it will do so by over-compression [5].

It is worth reviewing the longitudinal matching mechanism so as to reinforce this point. The beam is accelerated ahead of crest in the linac; the head of the bunch has lower energy than the tail. The first arc therefore provides a negative compaction to lengthen the low energy orbit and shorten the high, causing compression. This negative compaction is provided by the 4F chicane, which has a nominal M56 of about –0.5 m. This is too large for “reasonable” operating phases (it puts us too close to crest to energy compress during energy recovery), so the arc is designed to have a positive compaction (nominally, +0.2 m) to partially compensate. At our typical operating phase of 10o ahead of crest, we need an additional +0.1 m from the arc – which is provided by the trim quads. At 150 MeV, 2 g of trim integral gives about -1 mm of compaction – so we need something like -200 g of trim integral. (The exact number is influenced by where you ended up going through the sextupoles, the longitudinal space charge induced tilt, and so on, but -200 g is in the ballpark.) If you reduce the trims, you are making the compaction more negative, and thus rotating the bunch farther. By adding the bit of compaction from the THz chicane, you thus over-bunch the beam after the wiggler. 
Performance


Use of the small chicane option minimizes potential impact on machine performance. In particular, the small chicane, with its associated compactions, does not as strongly influence the longitudinal match. Other concerns remain however, in particular the issue of chromatic aberrations – especially the dread ∂y/∂(p/p) – must be considered. As discussed in various places (mostly off the record, and deliberately so I might add), the phase advances across the downstream 4F and the 5F telescopes are adjusted to generate suppression of various envelope chromatic aberrations. Changing the telescope layout (to accommodate the new wiggler) and adding the chicane focusing alters this balance, so some effort was required to restore it. This mostly consisted of fiddling with the downstream 4F and the 5F matches, and checking betatron amplitudes, momentum scans, and energy-recovery tracking simulations to determine how to alleviate potential problematic aberration behavior.

In the following, we therefore present beam envelopes, momentum scans, and tracking results. These are to be contrasted with similar results for the baseline machine (which works, sort of, and presents the aberration behavior one would expect from the simulations). Figure 6a presents beam envelopes with the THz chicane on; these can be contrasted with Figure 6b, which shows the Rev 113 design envelopes. There is no apparent problem with running the THz chicane.
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Figure 6a: Beam envelopes for Rev 113b, THz chicane activated.
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Figure 6b: Beam envelopes for Rev 113, nominal Upgrade design.


The chromatic behavior of the system is of particular interest. After some optimization, the momentum scan behavior as shown in Figure 7 was obtained. Figure 7a shows results with the chicane on, Figure 7b shows the nominal Revision 113 design results. Considerable “tuning” was required to bring the envelope behavior under control, as the horizontal phase advance across the downstream 4F telescope is rather significantly influenced by the (vertically bending) chicane. Some numerical experimentation suggested that by adjusting those quads deemed “effective” in Upgrade operation (5F05, 4F12, etc), varying the envelopes at the center of the GY, and rematching to the nominal reinjection envelopes with the remainder of the 5F quads we could push the chromatic aberrations of the envelopes toward acceptable levels. We note that although the absolute variation is not dramatically different between the original design and the behavior with the new wiggler and THz chicane, the behavior of the variation is more complex (nonlinear) in the new machine configuration. Hopefully, this does not bode ill of the sensitivity of the solution (though in point of fact, the new configuration seems just a bit, well, twitchy…); given the similar absolute variation (and the hell-bent-for-leather schedule), we were, in any case, willing to accept this outcome. 
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Figure 7a: Rev 113b momentum scan results. The magnitude of the variations are acceptable, the momentum dependences are “interesting”. 
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Figure 7b: Rev 113 momentum scan results for nominal design. 


The “acid test” of simulated performance is, of course the energy recovery modeling. It examines both the betatron and longitudinal behavior over the full aperture and determines to what extent phase space distortions evolve. Results for the system with active THz chicanery are shown in the first series of plots in Figure 8; corresponding “design” results are shown in the second series. Both of these are for the usual 30 mm-mrad horizontal and vertical transverse emittances, with 6 wide Gaussian transverse loads in x, x’, y, and y’, and 4 long Gaussian bunch (60 m rms length) with 15% full width flattop momentum distribution (simulating hard lasing). The initial conditions are shown in Figure 8. The final conditions (just before bending into the dump line) are shown in Figure 9. The performance with the chicane activated is similar to that in the baseline (Revision 113) design. 
Conclusions

We have described a modification of the Upgrade 4F region supporting use of the new electromagnetic wiggler and a THz suppression chicane. Preliminary simulations suggest that it should be similar in performance to the nominal Upgrade design.

Acknowledgments

Thanks to the usual suspects, especially George Biallas, Butch Dillon-Townes, Steve Benson, Michelle Shinn, Jim Coleman, Kevin Jordan, Jim Boyce, George Neil, and the various other major contributors to the design that I’ve forgotten in all the confusion for helping get this worked out, and for Neil Wilson and his band of merry vaulters for putting it all together.  Thanks as well to Fred Dylla for his role as resident therapist on the ward, and to Richard Walker and Tim Siggins for the ongoing entertainment provided by this election season’s “Point/Counterpoint”.

References

[1] 
Details of the rework of the wiggler insertion are documented in D. Douglas, “IR Upgrade Driver Design Revision 113a: Recirculator Matching With Use of a Permanent Magnet Wiggler”, JLAB-TN-02-033, 3 Sept. 2002. The approach used here is essentially the same as that in the reference. The principle change from  Revision 113a to 113b is a move of the downstream triplet to accommodate the additional length of the EM wiggler.
[2]
during a full moon whilst divining chicken entrails. G. Biallas, private communication.

[3]
S. Benson, private communication.

[4]
G. Biallas and L. Dillon-Townes, private communication.

[5]
In other words, we’ve blown it. When we run, we almost rotate the bunch upright at the wiggler. We make it short, but not quite as short as possible. Instead, to alleviate CSR loading of the downstream optic, we run just slightly undercompressed. Overcompressing maximizes the “available” THz radiation and blows the downstream beam quality (mostly, it makes the momentum spread bigger). 



So! Given the short bunch, some THz will be produced as dipole edge radiation. But, had we installed a bending module with positive compaction, we’d have made the beam even MORE underrotated, and alleviated the THz altogether (except for the edge radiation). However, a positive compaction, large acceptance achromatic module is a bit tricky – (the 5F arc is one example), probably couldn’t be made to fit in the available 5 m slot, and thus is outside the realm of this study.



There is an alternative (in principle). That is to run the 2F arc with a positive compaction and accelerate after crest. Then, the senses of all the rotations (signs of all compactions) flip, and the negative compaction of the THz chicane rotates the bunch away from compression, rather than through it, and CSR production is alleviated. The dynamic range and numerology of the IR side of the machine is such that a positive upstream (2F) compaction is probably very hard to do (you’d need to run the 2F arc with an M56hhh   of +0.7 m or so – needing more trim quad strength than we have (something like -1400 g, and we only have around -1000 g), and having heaven knows what effect on the beam dynamics), so this is impractical for this situation. However, the UV side (as we’re redesigning it) CAN be addressed in this way simply by moving the compression chicane downstream of the wiggler, and setting up the compactions as we’ve just indicated.



And, before you panic, I’ll point out that the CSR/THz-imposed momentum spread is vastly smaller than that imposed by lasing. So this is not an utterly critical issue. But isn’t 20-20 hindsight ANNOYING?????
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Figure 8a: Initial phase space (center of wiggler) for “THz chicane on”/new wiggler.
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Figure 8b: Initial distributions (center of wiggler) for chicane on, new wiggler
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Figure 8c: Initial phase space, baseline design
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Figure 8d: Initial distributions, baseline design
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Figure 9a: Phase space after recovery with new wiggler and THz chicane
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Figure 9b: Distributions after recovery with THz chicane and new wiggler
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Figure 9c: Final phase space, Revision 113 design
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Figure 9d: Final distributions, Revision 113 design
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[image: image40.emf]final momentum distribution
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[image: image42.emf]final x' and y' distributions
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