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Abstract

CIRCE (Coherent InfraRed CEnter) at the Advanced
Light Source, Lawrence Berkeley National Lab (LBNL), is
a proposal for a new electron storage ring optimized for the
generation of coherent synchrotron radiation (CSR) in the
terahertz frequency range. One of the main requirement for
this special mode of operation is the capability of the ring
of operating at small momentum compaction values. In this
regime, the longitudinal dynamics becomes strongly non-
linear and an accurate control of the higher order energy
dependent terms of the momentum compaction is neces-
sary. The lattice for CIRCE allows controlling these terms
up to the third order. The paper describes the lattice and
presents the calculated performances in terms of momen-
tum acceptance, dynamic aperture, lifetime and momentum
compaction tune capabilities.

INTRODUCTION

A general description of CIRCE, including its back-
ground and applications, is given in the companion
paper[1]. Here, we analyze the case for the parameters of
CIRCE given in Table 1. It is worth to remark that we
assume an RF voltage of 0.6 MV (notmal conducting RF
system), while in reference[1] we upgraded the RF system
to superconductive with 1.2 MV RF voltage. The analysis
of this new configuration is under way.

Table 1: Basic Parameters
Parameter Value
Circumference (m) 66
Symmetry 6
Beam energy (MeV) 600
Bending radius (m) 1.335
Betatron tune νx 5.15

νy 4.20
RF frequency (GHz) 1.5

voltage (MV) 0.6
Harmonic number 330
Radiation loss/turn (KV) 8.6

Three sets for different modes of operation are consid-
ered and listed in Table 2. In what follows, we focus our
attention on Set 3 because with its higher current density is
the more critical in terms of beam lifetime.

∗Work supported by the U.S. Department of Energy under Contract
No. DE-AC03-76SF00098

Table 2: Small-α Operation
Set 1 Set 2 Set 3

Pulse length, rms, (ps) 1.0 2.0 3.0
Total current (mA) 8.0 35 90
Current per bunch (µA) 24.0 106 272
Particles per bunch(107) 3.3 15 37
Mom.compaction(10−4) 2.4 8.6 19

UNIT CELL

The CIRCE storage ring uses a unit cell 11-m long with
a double-bend arc. The symmetry is 6 therefore each bend
gives 30◦ of bending. There are 3 pairs of quadrupoles (Q1
∼ Q3) and sextupoles (S1 ∼ S3) per unit cells as the one
shown in Fig. 1. Octupoles (O1∼ O3) are also available as
embedded components in quadrupoles. The beta functions
and dispersion of Set 3 are shown in Fig. 2. Their values
at the beginning of the cell are βx = 3.84 m, βy = 2.93 m
and ηx = −0.17 m.

Figure 1: Unit cell

Figure 2: Beta and Dispersion
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BENDING MAGNET

The 30◦ bending magnet of CIRCE has the peculiar
shape of a parallel face dipole with defocusing gradient and
with lamination shifted to follow the beam trajectory (see
Type C in Fig.3). We found that such a geometry cannot
be modeled by the standard 4x5 formalism that uses the
linearized Hamiltonian in the curved coordinate (Type A
in Fig.3) with artificial thin quadrupole elements on both
sides of it. It must be treated as that of compact storage
rings without using a large-ring approximation to linearize
the Hamiltonian. A symplectic integrator must be used for
both the lattice design and the article tracking studies with
accurate off-energy properties for fine tuning of the mo-
mentum compaction factor (α). The linear expansion of
a kinetic term of the Hamiltonian should be avoided and
the effect of wedges and the fringe fields have to be treated
properly. We found that the use of the type B geometry in
Fig.3 with the Bingo[2] integrator in cartesian coordinate
is preferable.

Figure 3: Geometry of a bending magnet

The remaining issue is the effect of the mechanical cur-
vature of the laminated plates that are shifted along the ref-
erence orbit with a constant bending radius. We modified
the symplectic Bingo integrator implemented in the C++
code Goemon[3] by introducing a longitudinal (s) depen-
dence in the potential of the Hamiltonian:

H = −((1 + δ)2 − p2
x − p2

y)
1
2 + δ

+k
2 ((x− x0(s))2 − y2) (1)

where x, y, px and py are horizontal and vertical coordi-
nates and momentum, δ = (p − p0)/p0 with p and p0 the
total momentum and the nominal momentum respectively,
and x0(s) is the horizontal coordinate of the reference or-
bit.

Table 3 shows the effect of the different geometries on
the natural chromaticity (ζx and ζy) and the natural emit-
tance (ε0) for Lattice A in Table 5. The values are calcu-
lated by using Goemon. MAD 8 is also used for compari-
son purpose.

Table 3: Comparison of Chromaticity and Emittance
Type1 Code ζx ζy ε0

A Goemon(4x5) -5.13 -16.28 3.2×10−8

B Goemon(Bingo) -5.22 -24.26 3.2×10−8

C Goemon(Bingo) -5.20 -24.48 3.2×10−8

MAD 82 -5.19 -24.78 3.0×10−8

1Types in Fig. 3. 2  SBEND is used.

Table 3 indicates that the effect of the mechanical cur-
vature is not relevant as far as the chromaticity and the

emittance concern. However, there are non-negligible dif-
ferences in the quadrupole settings and the horizontal beta
function (βx) as listed in Table 4. Therefore, we decided to
use the modified Bingo integrator for the computations on
CIRCE.

Table 4: Comparison of Chromaticity and Emittance

Type Q1 Q2 Q3 β∗x β∗y
B 0.810 4.138 3.607 3.43 2.98
C 0.635 4.375 3.607 3.15 3.14
∗At the center of the straight section (m)

FITTING OF
MOMENTUM-COMPACTION

Momentum Compaction As the momentum com-
paction becomes smaller, its higher order components be-
come relevant. We expand it to the 4-th order as in Eq.(2)
and will fit the first three terms.

δC

C0
= α1(

δp

p0
) + α2(

δp

p0
)2 + α3(

δp

p0
)3 + α4(

δp

p0
)4 (2)

where C0 is a nominal path length, δC is the path-
lengthening due to a momentum deviation of δp.

Table 5: Parameter Fitting

Lattice A B C D
Quadrupole Q1 (m−1) 0.810 0.650

Q2 (m−1) 4.138 4.230
Q3 (m−1) 3.607 3.751

Sextupole S1 (m−2) 0 0 0 7.16
S2 (m−2) 0 -35.6 -30.8 -32.5
S3 (m−2) 0 46.3 -40.9 -37.8

Octupole O3 (m−3) 0 0 0 -46.6
Dispersion∗ηx(m) 0 0 -0.17 -0.17
Chromaticity ζx -5.20 0 0 0

ζy -24.5 0 0 0
Mom. compaction α1 6.0×10−3 1.9×10−3

α2 0.11 -0.04 -0.05 0
α3 -1.16 -1.79 -1.90 0
α4 13.2 -22.9 -17.8 1.09

Emittance ε0 (m·rad) 3.2×10−8 5.6×10−8

∗At the center of the long straight section.

Fitting Table 5 shows the target parameters of the fit-
ting and the knob settings. The lattice A has zero dispersion
at the center of the long straight section, while in Lattice B
the chromaticities have been corrected to zero by the sex-
tupoles S2 and S3. Lattices A and B could be useful dur-
ing the commissioning but not for the CSR operation. In
Lattice C, we reduce α1 to the nominal value of operation
(1.9× 10−3) by introducing a dispersion of -0.17 m in the
straights. However, the energy acceptance of Lattice C is
less than 1% at the center of the straight section as shown
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by the RF bucket in Fig.4A. The higher order terms of α
need to be reduced to enlarge the bucket height. This is
done by using S1 and O3 (Lattice D) for the direct control
of α2 and α3. With this fitting, α4 becomes 1.09 and the RF
bucket height increases to ±3% (Fig.4B). A particle track-
ing with this lattice also gives ±3% in straight and ±2% in
the arc sections. Such momentum aperture distribution of

Figure 4: RF bucket for Lattices C and D

Lattice D gives a good Touschek beam lifetime as shown
in Fig.5, where the calculations have been performed ac-
cording to [4] with the assumption of a bunch length(σz)
of 1 mm, energy spread of 5.0×10−4 and emittance of 7.0
×10−8 m·rad.

Figure 5: Touschek Lifetime

APPLYING THE FREQUENCY MAP
ANALYSIS

Frequency map analysis[5][6] becomes fundamental in
the design of CIRCE because of its strong non-linearities.
The working point of νx=5.15 and νy=4.20 was chosen for
the large dynamic aperture, by observing the behavior of
its frequency map (Fig.6A) and dynamic aperture (Fig.6B).
Here the frequency is calculated over 402 turns and the
points in the map have frequency shift of less than 10−3.
The shift of the frequency distribution due to energy change
is also considered on the map.

The extra knobs of O1 and Q2 can help to increase the
dynamic aperture and we can see their effect on the fre-
quency map. Figs.6C and D are for the case where O1=-65

m−3 and O2=70 m−3. Note that the frequency distribu-
tion in the νx − νy plane shrinks and the dynamic aperture
increased.

Figure 6: Frequency Map and Dynamic Aperture

CONCLUSION

We have developed a tool to design and analyze the
CIRCE lattice and applied it for optimizing a lattice that
fulfills to all the requirements on the momentum com-
paction and at the same time maintains a very good life-
time and dynamic aperture. The frequency map analysis
was very helpful during the optimization process.
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