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Abstract 

Issues critical to the design of a high energy (over 
10 GeV), recirculated, superconducting RF (SRF) based 
electron accelerator are discussed. These include injection 
energy, number of passes, type of linac focussing structure 
(constant gradient or constant focal length), quantum ex- 
citation in recirculation arcs, method of beam separation 
for recirculation, and use of isochronous or nonisochronous 
transport. An example lattice for a 16 GeV SRF linac with 
a CEBAF-like footprint is presented. 

I. INTRODUCTION 
This paper will discuss lattice issues relevant to the 

design of the CEBAF 4 GeV SRF electron accelerator [l], 
and extrapolate to determine their interactions and impact 
on a high energy (> 10 GeV or higher) multipass electron 
linac based on SRF technology. An example lattice, for a 
16 GeV linac with a CEBAF-like footprint, is given. 

II. FUNDAMENTAL DESIGN ISSUES 
Several technical issues have arisen during the design 

of the CEBAF 4 GeV linac. Their impact in that context 
has been discussed elsewhere [2]. We now examine how 
they influence the design of a hnac of final energy of over 
10 GeV. 

Certain features are assumed common to all designs. 
The machine will comprise an injector, multiply recircu- 
lated superconducting linac(s), and a recirculator. The 
recirculator will either commonly transport beams at mul- 
tiple energies, or will have individual beam lines transport- 
ing monoenergetic beams, using a “spreader” to separate 
the beams for transport following the linac(s), and a “re- 
combiner” to combine them for reinjection. 

The intent of any design is to produce a lattice sup- 
porting specific performance goals. In the following, we at- 
tempt to achieve electron beam currents of lo-100 PA with 
Esnai > 10 GeV, beam emittances erm, < 10 nm-rad, and 
energy spread CAB/E < 2.5 x 10m4. A desire for minimum 
cost, easy operability, and upgradibility is assumed. SRF 
technology is adopted as the preferred method to achieve 
high duty factor and superior beam quality. 

A. Injection Energy 

Injection energy is primarily cost limited. Higher val- 
ues provide better performance, by reducing peak betatron 
envelope values in multiple passes; higher front end linac 
energy has associated with it higher focussing strength. 
For example, the peak betatron function values in the four 
pass 4 GeV CEBAF design (45 MeV at injection) were 
over 200 m in + and y [3 In an optically identical 16 GeV 
linac design discussed \ be ow (1 GeV at injection), the peak 
betatron function values are only about 130 m in I and 
y. This stronger focussing also provides greater stability 
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against multipass beam breakup. It enhances ease of oper- 
ation, by lowering error sensitivity due to pass-to-pass be- 
tatron mismatch. Finally, use of high injection energy and 
a short linac (low single pass linac energy gain) may allow 
use of low linac focussing (e.g. quadrupole excitations at 
constant gradient, instead of constant focal length). This 
simplifies pass-to-pass betatron matching of the recircula- 
tion transport system. 

B. Number of Passes, N,,,, 

To first order, this is a cost optimization issue: trade 
linac cost (a l/N,.,,) off against recirculator costs (a 
Npm,), and seek the cost minimum. 

Higher order effects may be significant. As N,.,. in- 
creases, mechanical and operational complexity of the re- 
circulator (in particular, the spreaders and recombiners) 
increases, driving costs up at a rate a N&,, or higher. 
zhe choice of single vs. split liuac. can affect cost in an 

r-,-dependent manner. A spht hnac is relatively more 
complex than a single linac; in the limit of a short linac 
and many passes the split linac will have higher costs (due 
to the need for two spreader/recombiier pairs per pass). 

Betatron mismatch and error sensitivity increase with 
N nssa, the former due to lowered first pass linac focussing, 
the latter due to increased total beam path length. Both 
cause an increase in operational complexity and a decrease 
in machine performance. 

C. Single US. Split Linac 

A split linac is an effective use of tunnel length and 
minimizes the cost of unit acceleration per unit tunnel 
length. However, the cost and performance optimum for a 
given machine also depends on the type of beam transport 
used for recirculation and the number of passes. A highly 
modular, many pass transport system requires relatively 
complex spreaders and recombiners; tunnel cost savings 
achieved by using a split linac could be offset by the incre- 
mental cost of the additional required spreader/recombiner 
pair. The use of a split linac also entails some operational 
complexity as the number of betatron phase space matches 
of recirculator transport to linac and the number of linac 
reinjections is doubled, as is the number of adjustments of 
E,,,.path length to match the beam to linac accelerating 

Certain designs are not amenable to split or multi- 
ple linacs. Microtron-like recirculators are most easily de- 
signed for a single linac; use of multiple linacs can force 
utilization of complex magnetic components with severe 
error tolerances. Finally, a machine may be site-limited to 
the choice of either single or split linac; in particular, a 
short, wider, site will favor the use of a split linac. 

D. Type of Linac Focussing Structure 

Linac focussing structure can be either constant gradi- 
ent focussing 
sub-case), or I 

which has zero gradient-no focussing-as a 
ocussing varying in gradient along the linac 

(typically, constant focal length focussing). 
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Constant gradient allows simple optical matching for 
multi-pass operation. However, the maximum focussing 
strength 1s set by transverse (betatron) stability of the in- 
jected beam, and is thus limrted by injection energy. On 
higher energy passes, the linac will appear more and more 
“drift-like”; the maximum betatron excursion is thus die- 
tated by the linac length. This type of focussing is there- 
fore best suited to a machine with short linac(s) and high 
injection energy, such as a cascaded microtron. 

In constant focal length optics, focussing along the 
linac is limited by betatron stability of the first pass. thus, 
on higher passes, the beam experiences more focusiing in 
the back end of the linac than it would with constant gradi- 
ent focussing. This “back-end focussing” can, with proper 
choice of reiujection condition, compensate for lack of fo- 
cussing of recirculated beams, and provide greater beta- 
tron stability than constant gradient focussing. Constant 
focal length optics are thus well suited for use in a long 
linac with low injection energy. If the injection ener 
raised, the performance improves (as in constant gra 

y is 
f, lent 

focussing). 
A comparison of these focussing methods for a 16 GeV 

machine described below is given in Table 1, in which peak 
beta functions and total phase advance through a four pass 
linac are tabulated. The linac comprises 50 cryomodules 
embedded in 19.2 m long FODO cells; the first linac quad 
is set to give 120’ phase advance per cell on the first pass. 
Constant focal length focussing provides about 50% lower 
peak envelope functions, and much higher total phase ad- 
vance, than does constant gradient, for the specified front- 
end FODO cell bet&on tune. 

Table 1 
Comparison of Focussing Structures for 16 GeV Linac 

Constant Gradient Constant Focal Length 

pass Pz tiz Py *‘u A 4z Pu Ilv 
(4 (4 (4 (4 

1 82 3.00 63 3.02 41 8.34 41 8.34 
2 99 1.08 99 1.08 62 2.97 85 2.98 
3 143 0.68 149 0.69 98 1.85 93 1.88 
4 193 0.49 199 0.49 132 1.34 121 1.37 

E. Degree of Functional Modularity 

It is important to specify the degree of functional mod- 
ularity to be employed. In the limit of nonmodularity a 
microtron-like machine could be designed, in which rehr- 
culated beams of all energies are transported by a common 
(set of) dipole(s). Toward the limit of higher modularity, 
accelerated beams of various energies could be separated 
for recirculation by individual transport channels. Given 
this, a second level of modularity must be set, in which var- 
ious transport functions of the mono-energetic beam lines 
are accomplished either globally, or locally, in a modular 
fashion. The CEBAF 4 GeV accelerator is an exam- 
ple of a modular transport system! in only a few 
parameters are coupled to any partrcular control variable. 

Modularity trades construction costs off against oper- 
ational costs, flexibility, and upgradability. Modular sys- 
tems generally require more parts than nonmodular sys- 
tems. They therefore may have higher construction costs, 
though the complexity of components for nonmodular sys- 
tems can reduce the cost differential. However, modular 
transport allows use of simple tuning algorithms and pro- 
vides operational flexibility absent in nonmodular recircu- 
lators (See the following discussion of isochronous vs. non- 
isochronous transport.) 

F. Quantum Ezcitation in Recirculator Area 

Emittance and momentum spread growth from quan- 
tum excitation can be estimated [5]. The absolute energy 
spread, ui, and the emittance, AE, generated by bending 
a monoenergetrc, zero emittance beam through 180’ are 

1 
~2: =1.18 x 10m3* GeV2m2 r 

P2 

Ae =7.19n x 10ea* marad G(x), 

w, = (3 L,,. w#?2 + (Ptl’ - ;P’?)21), 
where L= orbit length, and p= orbit radius, in bends. 

At a given energy, U% is a function of p only; Ae is 
a function of both p and (Xx). Thus, bend radii are lim- 
ited by the final momentum spread specification; betatron 
parameters are then optimized to control emittance. It 
is particularly useful to keep dispersion, 7, small in the 
dipoles. This is readily achieved if achromatic, isochronous 
transport is invoked. 

G. Method of Beam Separation for Recirculation 

Assuming use of modular transport, a mechanism for 
separation or recombination of the multiple energy beams 
on the linac axis (axes) is needed. Small, recirculated single 
linacs may easily separate beams in the plane of recircula- 
tion. High energy machines are, however, constrained by 
tunnel sise. It is then best to separate out of the recircu- 
lation plane, so that the various energy-specific beam lines 
can be stacked vertically. They are then presented for easy 
installation and maintenance. 

The separation of beams will generate transverse dis- 
persion. Control of this dispersion is desirable to limit 
quantum excitation. If the separation is in the recircula- 
tion plane, dispersion may be suppressed locally (in the 
spreader Itself), or matched to the dispersion inherently 
present in the recirculator. If spreading is out of the re- 
circulation plane, dispersion can be locally suppressed, or 
mapped to the recirculation plane through the use of a 
skew-quad rotator, and matched to the recirculator disper- 
sion. The latter entails significant operational complexity. 

There are several modular methods of dispersion sup 
pression. In the CEBAF 4 GeV design, two methods were 
examined: a simple achromatic transverse vertical) trans- 
lation [6], which was rejected because of hig 6 error sensitiv- 
ity generated by strong focussing, and a Wsircase” (verti- 
cal) spreader [7], which has been built. Although optically 
superior, the staircase suffers from some mechanical com- 
plexity due to congestion of transport elements immedi- 
ately following the linac. In a following section, we describe 
an asymmetric chicane based spreader, which lacks some 
optical symmetries of other solutions, but avoids compo- 
nent congestion and seems to have low error sensitivity. 

H. Use of Isochronous vs. Nonisochronous Transport 

In non-modular systems there is typically little tuning 
range for momentum compaction. It is set by the geom- 
etry of the transport. Careful consideration of the use 
of nonisochronous transport vs. isochronous transport is 
therefore needed at the design stage. 

Functionally modular transport systems have demon- 
strably tunable momentum compaction [a]. Therefore, no 
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design decision is required; momentum compaction can be 
adjusted to meet operational needs. 

I. Error Sensitivity 

Error sensitivities must be considered in sll design 
choices. They tend to grow as the square root of number 
of machine elements and/or machine length, for uncorre- 
lated errors, and linearly in number of elements and/or 
machine length, for correlated errors. In addition, sensi- 
tivity is greater in designs with greater betatron mismatch. 
It therefore interacts with the number of passes, the type 
of linac focussing, injection energy, use of a single 01 split 
linac, and degree of functional modularity. 

An analysis of error sensitivities should be conducted 
for any particular desi n. 
tions must then be ma 3 

Appropriate design modifica- 
e, and error analyses iterated. 

III. A 16 GEV SRF LINAC 
The following design is an exercise promulgated on 

two assumptions. First, the following example of a 16 GeV 
machine will fit on a CEBAF-sized site. Secondly, it is 
assumed that currently available gradients in CEBAF SRF 
cavities [9] continue to rise to +- 20 MV/m. The target 
beam performance for the design is as discussed above. 

Injection energy is selected to be 1 GeV, to reduce 
the injection-to-final-energy ratio of the machine from the 
current CEBAF value of 90 to 1 to the level of 16 to 1. 
The advantages of this are discussed above. 

It is assumed that SELF production costs rise only 
modestly in going to 20 MV/m, while beam transport costs 
increase significantly in going from 4 to 16 GeV final en- 
ergy. The optimum number of passes will therefore fall; 
we choose four passes as a design value. We are site con- 
strained to a split linac. The data of Table 1 suggest that 
constant focal length linac focussing is to be desired; we 
duplicate the present CEBAF linac focussing structure of 
12 l/2 120° FODO cells in each linac. The resulting linacs 
use 25 eight cavity cryomodules, with each cavity supply- 
ing 9.375 MeV energy gain, for a single pass energy gain 
of 3.75 GeV. 

A high degree of functional modularity is preferred 
operationally. Beams are separated vertically for recircu- 
lation using a spreader based on a dispersion-suppressed 
asymmetric chicane. Thii is depicted in Figure 1. Beam 
recombination and reinjection matching occur as in a time- 
reversed propagation through the spreader. 

n 

v n v n 

Figure 1. Schematic of spreader/recombiner. 

Preliminary computations suggest dispersion suppression 
and matching of linac beam envelope functions to arc ac- 
ceptance require modest quadrupole strengths and gener- 
ate little bet&on mismatch. Error sensitivity will there- 
fore be low. 

The seven recirculation arcs proper are configured to 
provide large bend radius (to control energy spread gener- 
ation and strong focussing (to limit emittance excitation). 
Initi a studies indicate that combined function dipoles are 
required to limit quantum excitation of emittance. Each 
arc consists of six superperiods of the following “six-cell 
alternating gradient focussing structure. 
iQDl-BF-BD-QF-BD-BF-QD2-BF-BD-QF-BD-BF-)QDl 

Each superperiod is tuned to 7/6 wavelength horkon- 
tally and 5/6 wavelength vertically. The resulting arc is 
thus a second order achromat. Three quadrupole families 
allow operational control of tunes and momentum com- 
paction. (Dipole field indices are selected to give small 
superperiod matched dispersion for isochronous arc trans- 
port and to allow for a broad tuning range on momentum 
compaction.) On the final pass, for isochronous trans- 
port, net relative energy spread excitation is QABIE = 
1.6 x 10M4, quantum excitation is specified by (X) = 0.167 
m, and net emittance excitation is Ae, = 2.1 x IO-’ m-rad. 
Relevant magnetic parameters are summarized in Table 2. 

Table 2: Arc Transport System Parameters for 16 GeV 
Recirculator 
Global focussing structure 2nd order 

achromat 
Superperiodicity 6 
Superperiod focussing structure 6 “cell” a - g 
#dipoles 48 
Bend radius (m) 53.476 
Bend index, n = -(p/B)c3B/&) -310.56 
Bend magnetic length (m) 3.5 
Peak bend field (kG 

11 
8.811 

Minimum quadrupo e focal length (m) 1.39 
Superperiod phase advance, &,v 27rx T/6, 516 
MSS range (4 
Superperiod matched pz,,, (m), (MSS = 0) !Z?d,:1!47 
Superperiod matched vz (m), (Mse = 0) 0.17 
Superperiod &,,/a6, (MOB = 0) -3.02, -1.43 
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