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Abstract

It is currently planned to increase the energy of the CE-
BAF recirculating linear accelerator to 22 GeV by adding
two new recirculating arcs that contain multiple new energy
passes. These new passes at six different energies must be
matched to the existing linac simultaneously, as the beam
is continuous (CW), so magnets cannot be ramped. This
paper studies propagating several energies in the same beam
pipe with a line of quadrupoles acting on all of them simul-
taneously, with the goal that the combined effect produces
a match for each energy. Computer optimisation of the per-
formance this system under various constraints (beamline
length, number of magnets) is studied.

MATCHING CONSTRAINTS

The proposed CEBAF upgrade achieves an energy in-
crease by replacing the highest energy arcs of the racetrack
by ones that contain up to six energies [1], enabling more
passes through the two linacs on the North and South of the
facility. The bulk of the 180° angle of each muiti-energy arc
is implemented using a fixed-field accelerator (FFA) lattice
with permanent magnets [2] and homogenous cells. How-
ever, matching these six beams of different rigidities to the
linacs is non-trivial. The parameters to be matched for each
energy roughly divide into three groups:

1. Orbit position and angle x, x” together with their energy
derivatives D, D’, (there is no vertical orbit motion in
the FFA arcs);

2. Optical functions By, By, @x, @y;

3. Time of flight A and its energy derivative Rs¢.

Matching group 1 for a multi-energy beamline has been ex-
perimentally demonstrated at the CBETA FFA [3] using an
adiabatic line, with shorter non-adiabatic matches also possi-
ble [4] to a reasonable level of accuracy. Group 3 is hardest
to match because changing the time of flight separately for
each energy usually requires splitting them into lines taking
different paths, as was done at CBETA and is planned for
the CEBAF upgrade [5]. Once the energies are separated,
matching all the parameters is much easier. The disadvan-
tage is that multiple split lines (six in this case) can be large
and costly, so reliance on these should be minimised. It is
therefore being considered to have split lines only on one
side of each linac, to deal with all the time of flight effects,
with a merged line on the other side. This merged line would
still have to match the group 2 optical parameters with all
six energies in the same line.
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Table 1: Matching Conditions Before the Beamline

Beam E; (GeV) | Bx (m) By, (m) oy ay

10.55 16.63 19.75  0.14 0.03
12.75 58.31 64.75 051 -0.2
14.95 61.5 64.53 -029 -091
17.15 40.81 39.37  -0.65 -0.88
19.35 21.74  25.17 -0.01 -0.07
21.55 26.72 3388 047 0.36

Table 2: Matching Conditions After the Beamline

Beam E; (GeV) | B (m) B, (m)  ay ay
10.55 4.157 6.515 3.049 -3.19
12.75 2.951 6.477 1.822 -3.037
14.95 2.718 6.995 1.539 -3.206
17.15 2.602 8.035 1399 -3.636
19.35 2.521 10.132  1.311 -4.549
21.55 2.455 16.84 1.247 -7.524

Previous work on this section [6] had success with group 1
but difficulty with group 2, so here we concentrate on group
2 and assume that group 1 is already matched to zero with a
method similar to [4]. This paper studies matching from the
optical parameters after the linac (Table 1) to the parameters
for entry into the FFA section (Table 2), with all six energies
going through the same magnets. The beta functions from
the linac are significantly larger than those of the FFA. As
the orbit is at x = y = 0, only quadrupoles are required.

OPTIMISATION

The optimisation has 6 X 4 = 24 constraints and as many
variables as there are quadrupole gradients. The lengths
are not varied, as this made seemed to make the optimisa-
tion more prone to local minima. Even without varying the
lengths, getting stuck in a local minimum of the sum-of-
squares error was very common. The basic optimisation
method is to take the Jacobian response matrix and apply
SVD to yield a damped pseudo-inverse equivalent to the
Levenberg—Marquardt method [7]. Some higher-order cor-
rections [8] were also added. However, this optimisation was
restarted to random points (‘basin hopping’) multiple times
before getting the first 30-magnet solution shown below.

For the shorter beamline with 40 magnets, simulated an-
nealing was applied. In this, random steps are accepted with
probability min(1, e"2£/T) where AE is the change in sum-
of-squares error and T is a ‘temperature’ parameter, which
here decreases by 1077 on every step. The difficult part is
generating suitable random steps that are not so large they
always get rejected, nor are so small they do not adequately
explore the landscape, which is required for annealing to



statistically choose the lower minimum. Rather than gen-
erating random steps in terms of the input variables, the
output goals were temporarily displaced by random amounts
proportional to a step size S and then a single step of that
displaced optimisation was taken, effectively stepping in
‘output space’ instead. The step size S was determined adap-
tively: increasing by 10725 whenever a step was accepted
and decreasing by the same when it was rejected. Note
that this adaptivity should be on a faster time scale than the
annealing temperature cooling schedule.

BEAMLINE SOLUTIONS

Table 3: Comparison of Matched Beamline Solutions

Design Constraints

Total length 60 m 48 m
Quadrupoles 30 40
Quadrupole length 1.8m 1.0m
Drift length 0.2m
Maximum gradient +50T/m
Optimised Results
Maximum S, 150.9m 2416 m
Maximum gy, 614.9m 1101 m
Maximum o /0y in 3.013 12.05
Maximum o, /07y in 5.580 7.466
Largest gradient 34.54 T/m 50.00 T/m
Maximum |8 - Bgoall 1.75 ym 9.42 ym

Maximum |@ — @goqs| 8.70x 1077 3.85x 1076

Two solutions were investigated with the parameters given
in Table 3. A shorter beamline was possible by adding more
magnets, but the magnets had to be stronger. Drift spaces of
0.2 m were assumed throughout. The matches are close to
exact, with ~107° level deviations from the goal values.
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Figure 1: Quadrupole gradients in the 60 m beamline.

A beamline with 30 quadrupoles spaced at 2 m intervals
found a solution with the gradient values in Fig. 1. Plotting
/B as it is proportional to beam size, the horizontal and
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Figure 2: Horizontal beam size /B in the 60 m beamline.
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Figure 3: Vertical beam size /8, in the 60 m beamline.

vertical beam sizes for all six energies are plotted in Figs. 2
and 3 respectively. There is general tendency for the lowest
energies, with low rigidity, to have the most severe swings

in beta function.
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Figure 4: Horizontal phase advance in the 60 m beamline.

Figures 4 and 5 show the phase advance evolution through
the beamline, with the expected tendency for higher energies
to have lower phase advances.

48m Length, 40 Magnet Solution

A beamline with 40 quadrupoles spaced at 1.2 m intervals
found a solution with the gradient values in Fig. 6. The
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Figure 5: Vertical phase advance in the 60 m beamline.
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Figure 6: Quadrupole gradients in the 48 m beamline.
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Figure 7: Horizontal beam size /8, in the 48 m beamline.

horizontal and vertical beam sizes are plotted in Figs. 7 and
8 respectively. This beamline has more severe swings in beta
function than the 60 m length one, so may be more sensitive
to errors and aberrations.

Figures 9 and 10 show the phase advance evolution
through the beamline, which is similar in both planes,
whereas the 60 m length beamline had a smaller horizontal
phase advance.
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Figure 8: Vertical beam size /B, in the 48 m beamline.
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Figure 9: Horizontal phase advance in the 48 m beamline.
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Figure 10: Vertical phase advance in the 48 m beamline.

CONCLUSION

These beamlines exactly solve the challenging problem of
matching the optics of six different rigidity beams simulta-
neously. The overall lengths of 48 and 60 m are shorter than
the beamlines in [6]. The 48 m beamline has higher peaks
in beam size, while the 60 m beamline looks more practi-
cally attainable, with lower gradients as well. It is hoped
future work will look at these tradeofts and further explore
the space, ideally resulting in more reliable optimisation
methods to find these exact matches.
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