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Abstract

The beam transport system for the CEBAFIndustrialFELindudesatwo-passtmnsport of the
beam with acceleration from injector to wiggler, followed by energy recovery transport from wiggler to
dump. From that context, we discuss the general problem of multi-pass energy-recovery beam
transport for FELs. Tuneable, nearly-isochronous, large-momentum-acceptance transport systems are
required. The entire transport must preserve beam quality, particularly in the acceleration transport to
the wiggler, and have low losses throughout the entire system. Various possible designs are presented,
and results of dynamic analyses are discussed.



Introduction

The CEBAF Industrial FEL Demo (1] is planned as a prototype and test bed for future high-
power, high-efficiency, industrial-use FELs. It requires tuneable beam energies up to ~200 MeV, with
beam powers of ~1 MW and peak currents of ~200A. Future practical applications will reqmre cost-
effectiveness and energy-efficiency, and we incorporate into the Demo design features with these goals:
multipass acceleration, which reduces the accelerator structure hardware for mlmma! total construction
costs, and energy-recovery deceleration, which reduces the input power demands of the system.

Table 1 summarizes the requirements of the FEL Demo driver accelerator. For these
reqmremmtswehaved&gnedtheacoda‘atorsystanslmwnmﬁgure 1, and it consists of a 10 MeV
photocathode-based injector, a 96 MV CEBAF-style SRF linac, and a two-pass recirculation transporL

This system accelerates the beam from the injector through two passes of the finac to 200 MeV. The -
beamisthencompmsedandnmchedintotheFELwiggler,whereitlosaenexgyandgrwﬂy
inamits&mgyspmdwmepmdudngcomﬁgm The resulting beam is decompressed,
returned into the linac, decelerated for energy recovery through two passes to ~10 MeV, and then
transferred into the dump. This two-pass design is a minimal configuration needed to demonstrate
both recirculation and energy recovery, key features essential for future cost and energy efficient FEL
' In this paper we discuss the beam transport system for the Demo, which is itself a prototype for
multi-pass energy-recovery transport systems, and addresses the major difficulties in such systems. For
both passes of the Demo we require tuneable, nearly-isochronous, large-momentum-acceptance
transport systems, with preservation of beam quality, and low-beam-loss (high acceptance) throughout

the system. In the following section we discuss the transport design considerations. This is followed by
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discussion of several lattice types which we have considered in developing the FEL driver system. The

current design and its variations are presented, and directions for further improvements are discussed.
Lattice Design Considerations

In the present scenario, the beam is received from the injector with a relatively long bunch
length. That bunch length is maintained through the first pass acceleration and 105 MeV retun
transport, which is isochronous (Mss = 0). In the second pass through the linac the beam is

accelerated off-crest by ¢, ~ -15°, so that a position-dependent energy tilt is placed upon the beam:

AE() = € Vrr(cos($) - cos(@)) = - eVresin(ds) (b — &).

leswondmhmspon(ZOOMeV)ﬁomﬁnactowigglaismniwduomwhichmeansmgt :

position within the bunch changes, dependent on energy:
Ad = Mss (AE/E,) 21/A),

and is designed for compression to a high-peak current at the wiggler. In the linearized limit, this
implies: eVrrsin($s)Mso/E«(27/A) # 1, or Mss = -0.25m at our parameters. Thebeamxsalsofowssed
toamml!transvasespotsizeatthewﬁggia(ﬁlzlm). Transport to this 3-D focus must be obtained
overtheﬁxllmomermnnspreadofthebeam(&l MeV) with minimal distortion.
mmewigglaﬂwbamlossmgymtheFELhumcﬁonmﬂgrwlymcmssimmqu

spread, to as much as AE = +5 MeV. This beam bunch is lengthened by the nonisochronous return



transport to the linac, which places a position-dependent energy tilt upon the beam, while increasing
the bunch length.  That tilt is removed in offcrest deceleration through the first deceleration pass,
where AE is reduced to <+ 1 MeV. Transversely, the beam is defocussed for matching back into the
linac. This return transport is the inverse of the bunching process and requires similar transport
properties, with the important difference that the enlarged AE must be accommodated. Following the
(off-crest) first deceleration pass (third linac pass), the beam is returned through the 105 MeV retum
transport for a second (energy-recovery) deceleration (on crest) to E ~ 10 MeV, where the beam is
dumped. A critical requirement in the deceleration transport is low-losses, which implies low-

distortion, high-acceptance thoughout the system.

Both passes require control of the chronicity Mss, which is defined and evaluated to first order -

by:

B(s v)

Mss= = w5

'a(AE/E)

where z = A/2x is position within the bunch, 1 is the dispersion (n = & x /XAE/E), where x is the
transverse particle position), B is the bending field in the dipoles and Bp = p/e is the rigidity. This
quantity is naturally several meters in a typical transport. In our case we desire it to be zero (for the
105 MeV arc) or slightly negative (Mss ~ —0.25m) for bunch compression in the 200 MeV arc. In a
béndingarc,nandBaremmrallyposiﬁve,mdanaunallatﬁcewouldhaveme of several meters.
Toobtainthed&siredethelatticenmstbepermxbed,withtheintroductionofnegativebmdsand/or

negative 1.
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In addition to Mss control, the transports must be achromatic (matched to n = dn/ds = 0).
They must also be betatron-function matched to obtain the correct beam-size envelopes. This means
that the overall first order transport for the 105 MeV transport must be +I, where I is a unity transport,
and that a matched focus into and out ofasmallbeamspotatthewigglermustbeobtainedintheZOO
MeV tranport. These properties must be maintained over the energy spread requirements (AE ~
+1MeV in most of the machine, butAE~:I:5MeVinthe200MeVreNmtranspon from the wiggler to
linac.). Compression must be linear over that energy range; this sets limits on the nonlinear chronicity
Tses (2Tses = 8°z/(AE/E)* ). These chromatic limitations typically require some dégree of second-

order sextupole correction. Minimizing higher order distortion implies correction with relatively weak

wmxpola,w!ﬁchimplisjudidwsmpoleplacenm. Thelatticenmstalsoﬁtwithhaoompaa‘ ‘

footpﬁntforcostcontrol;welnvesetalOmwidthasadaigngtﬁddine.
For&eUVDanoFELwemxstd&dgnMoreummonmandboththebw@
(~105 MeV) and high-energy (~200 MeV) passes are prototypes for transport systems of general
utility. ThelOS'Mthransportisa“h'ansparem”tmnsferlinedwignedtoirmgebeamﬁ'omtlwendof
theﬁnacmmebeginnhg“dﬂmmmangingthebwndzeorlmgﬂ;mﬂwhhomdiaorﬁon In
oontrast,theZOOMeVlineisd&signedtofomstheb&mbothlongiwdimllymdmsversdyimoa
comprmsedsizeinme“&ggla’mdtodeoomprsshonremmﬁ'omthewiggler.



Particular Solutions

In this section we discuss some particular approaches and solutions to this transport problem
which we have explored. In these studies the program DIMAD(3] was used for lattice specification
ahd second-order optics, and TLIE particle tracking [4] was used to study higher-order effects.

The MIT-Bates recirculating linac (5] utilizes an arc design which meets our basic design
specifications. The achromatic, isochronous transport lme (see Fig. 2) consists of two half-chicanes
separated by a main 180° bend. Dispersion suppression is provided by the horizontal imaging
properties of the main dipole; proper selection of the dipole bend radii, bend angles and separation of

the dipoles also provides Mss control. In particular the negative bend in the second chicane dipole,

wherenisrelaﬁvelylarge,ooupledwithasmaﬂninthelSWbmdpemitsM“ ~ 0. Fine tuning of Mss

can be achieved by introducing a pair of quadrupole doublet trims between the half-chicanes and the
main dipoles. Chromatic aberrations, including Tse, are suppressed by a judicious choice of gross
system parameters, and through use of two families of chromatic correction sextupoles.
lheBatSredmﬂatmhasaﬁaﬂmomammacoepmmeo%%;ﬂﬁsisadequmdormwFEL
driver applications. We have generated generally-useful designs based on it, but we have found the
following limitations. Designs with acceptable chromatic behavior for the 200 MeV arc tend to be
somewhat large transversely (greater than our 10 m desired width goal). Narrower designs tended to
have & vertical chromatic aberration generating excessive 08,/ X(AE/E), and correction of this is difficult
because the simple layout provides few distinct locations for correction sextupoles. Finally, large-
energy acceptance designs had large dispersions () of several meters in some locations, requiring

undesirably large-aperture magnets.



In the FEL design effort we have invented an extension of the Bates arc, which is designed to
overcome these limitations, and which is nicknamed the “Virginia Reel”(see Fig. 2). Like the Bates
arc, dispersion and chronicity control are obtained by the dipole geometry rather than through
quadrupole focussing. Unlike the Bates arc, the orbit geometry is managed in a gentler and more
periodic manner. Specifically, rather than a single pair of chicane dipoles leading to and from a single
main dipole, the Virginia Reel has a sequence of chicanes (4 dipoles) leading to/from a four-cell
achromatic FODO arc, whch has a 360° betatron phase advance. The use of multiple chicanes reduces
the maximum n to ~1m, and reduces the chicane bend angles and radii; the chromatic aberrations are

therefore reduced to manageable levels. As in the Bates case, | and B are of opposite signs in the

chicane dipoles and this counteracts the naturally positive Mss of the FODO arc, permitting tuneable

Mss.

The use of a FODO arc, with sextupole placement within the arcs, provides opportunities f;)r
use of second-order achromatic symmetries in the implementation of chromatic correction schemes.
The nonlinear lattice is therefore more easily managed than in other cases. The principal deficiency in
the Virginia Reel is the relatively large space required to accommodate the multiple chicanes, and the
subsequently large arc footprint. Anotherdisadvamageistherelaﬁvdylargemunberofmagneﬁc
clements. '

AmorecompactgeometryforaretumarccanbeobtaimdsimélybyastringoffourFODO
cells (see Fig. 2), each consisting of two quads and two dipoles, which can be obtained by removing
the chicanes in the Virginia Reel. With 90° betatron phase advance per cell, this would be a natural
achromat, but would have a large positive Mss. However, the quad strengths can be symmetrically
perturbed so as to create a dispersion wave, with relatively large negative values in some of the dipoles,
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and the perturbation can obtain an achromat with a small tuneable chronicity (Mss = 0). Thus, we have
designed a four-cell “Perturbed FODO" lattice for the FEL. However, with only four cells and
relatively tight bending, the perturbation produces a very large betatron-function wave (beam-size
oscillation). Also the sextupole correction possibilities are limited, and the overall chromatic behavior
for large AE/E was somewhat disappointing.

A compact, nearly-isochronous lattice can also be obtained using a “reverse-bend”-type lattice,
originally developed by Amiry and Pellegrini. [6] This lattice consists of achromatic cells, each of
which consists of a large positive bend, a set of matching quads (4 in initial designs), and a negative

bend, followed by a mirror image set of matching quads and positive bend (see Fig. 2). The

combination of small dispersion (n) at large-angle bends and large (tuneable) n at small negatxve-bendf;

_ leads to nearly zero but negative Mss. FortheFEL,anarcconsnsungoftwomchcellswasdwgned,:
with positive bends of 48.5° and reverse bends of 7°, and found to have adequate dynamic behavior
and toﬁtwithinamsonablycompactfootpﬁm.
Adisadvamageofthisconﬂgmaﬁonisﬂuew\aﬁvdyhrgemmberofindividualelemqﬁs,wtﬁch
are relatively tightly packed within the present geometry, and it only accommodates negative Mss. A
variation on this two-cell geomeuywnhbroadeermn&bdxtyhasbeendwgnedmwtuchthereverse
bmdsmranoveimdmemmdsmnbedﬁommetwocdlsmmneuymMmgame(mble)
dispersion at the interior dipoles of the two-cell geometry. With this perturbation, both positive and
negaﬁvechanbeobthined.Thissoluﬁonismoreﬂmnadeqhateforthechmnmﬁcrequiremansof

thetransporttothewiggler(AE=lMeV)overtheﬁxllMgrange.



Current Design and Discussion

In Figure 1 we display the current FEL accelerator design, as presented in the 1995 Conceptual
design report.[2] The complete design includes the injector, 95 MeV linac, and the two-pass transport
for acceleration to the wiggler and energy-recovery deceleration to the beam dump. Injection, multi-
pass beam combination, separation and extraction are managed in tuneable dipole chicanes, which
allow independent energy adjustment in each line.

The present design uses Bates-type arcs for the 105-MeV transport and a reverse-bend arc as
the basis for the 200 MeV line. The 105 MeV line consists of arcs with a 180° central bend and two
hﬂfchican&swhhphsandnﬁmszybaﬂ&mﬂm&mmgedwqbtainisochromusmd
achromatic motion. The straight section contains three quad triplets, with the overall x-y transport
fitted to a -I matrix. |

The 200-MeV transport is the outer loop of Figure 1. The 200-MeV line cani&sthebéam
aroundthehigh—mergyarcﬁ'omthelinactothewigg!erandreo.lrnsitforenergyrecovery. This
msponismﬂwammmamblemmlﬁnganddehmdﬁngandhmwceptalvgem&gy
spread, particularly in the beam exiting the wiggler, and have broad tuneability in transverse and
longitudinal focusing. The present design meets these requirements. The 200-MeV arcs are based on
a two-cell reverse bend configuration. memmadsmuvaﬁdtochmgememmddexW
20.05 by minor retunings, andtoobtainMg:Od:O.BOwithlargerdungs. The complete lattice
includes the beam-sebaration and path-length adjustment chicanes as well as matching transports into
both UV and IR wigglers. Figure 1 includes the bypass transport into the IR wiggler, which is parallel

to the UV wiggler.



Note that in figure 1 the reverse-bends have been removed in the transport to the wiggler. This
enables broader chronicity tuning, over Mse= £ 0.3. Ffom tf considerations it has been shown that
opposite signs of Ms in the transports to and from the wiggler, respectively, may be more stable [7],
and this modification permits this variant operation.

Further development and modification of this lattice is expected as the project progresses
toward construction. While the 105 MeV line has more than adequate linearity for on-crest accelerated
‘and decelerated beam (AE ~ 1 MeV), variant rf operation [7] would require off-crest operation with a
larger energy aperture (AE ~ 3 MeV). Our studies indicate that an enlarged energy aperture could be

obtained with weaker bending, and firture studies will explore this variation. The 200 MeV arcs appear

to have more elements than necessary. The four quads per reverse-bend half-cell should be adequateiy

replacedby_uiplets,mdthenmnberofnmtclﬁngquadsoouldbereduoed. The lattice is also being
adapted for optimal magnet design constraints. Reduced and simplified configurations will be
explored. Configurations greatly different from the present options should also be developed 'and
studied. Coﬂective effects studies, such as space-charge and coherent radiation, as well as ff stability

considerations may also modify the transport requirements and demand further design variations.
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Figure 1. Overview of FEL Driver Accelerator, showing 10 MeV. injector, 96 MV linac, first-pass
recirculation transport for 105 MeV beam, and second-pass transport which takes 200 MeV beam to

the UV or IR FEL wiggler and returns it to the Linac for energy recovery.

Figure 2. Layout plots for retum arcs of candidate lattices - Bates-type arc, Virginia reel, perturbed

FODO, two-cell reverse-bend.
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Table 1 - FEL Accelerator Parameters

Electron Energy E 200 MeV
Accelerator type two-pass SRF recirculator,
with two-pass energy recovery
RF frequency f~o/2n 1.4997 Ghz
RF voltage Ve« 96.3 MV
RF phases (Passes 1, 2, 3, 4) &1, &2, &3, 0 2.8°,-12.5°, n+15.8°, x+0.5°
Charge/bunch Q 135 pC
Transverse emittance &N 11 mm-mrad
UV wiggler betatron amplitude By 1 m

Transverse beam size at wiggler o=(efufy)* 0.17 mm
rms energy spread at wiggler (o) AE/E 015 %

rms bunch length at wiggler Adin 02 ps
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