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Abstract

The compact storage ring project for accelerator research
and technology (cSTART) is realized at the Institute for
Beam Physics and Technology of the Karlsruhe Institute of
Technology (KIT). Flexible lattice of a ring benefits variety
of operation modes. Different physical experiments includ-
ing direct injection and circulation of Laser Plasma Accel-
erator (LPA) electrons are planned at cSTART. Deep vari-
ation of momentum compaction factor with simultaneous
control of high order terms of alpha would demonstrate the
capture and storage of ultra-short bunches of electrons in a
circular accelerator. Computer studies of linear and non-
linear beam dynamics were performed with an objective to
estimate arrangement and performance of dedicated three
pole chican magnets to provide quasi-isochronous condi-
tions for electrons. Additional families of so called “longi-
tudinal” sextupoles and octupoles were added in a ring
model to control slope and curvature of momentum com-
paction factor as function of energy offset of particles in a
bunch.

INTORDUCTION

Special technics are applied to reduce the bunch length
in electron storage rings [1, 2]. In the so-called “squeezed”
operation mode, the high degree of spatial compression of
the optics with reduced momentum compaction factor
(“low-a optics”) entails complex longitudinal dynamics of
the electron bunches. Bunch compression theory is based
on non-linear longitudinal beam dynamics including high
order terms of momentum compaction factor [3].

The path length variation of beam orbit in a ring is, up to
the third order of energy deviation 6 of particles in a bunch,
defined as [4, 5]

AL(8) = a;6 + ay62 + a36°3 (1)

The momentum compaction factor itself depends on en-
ergy offset. High order components of the momentum
compaction factor depend on dispersion function terms [6]
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Zero current bunch length o; given by expression

_ — Beam
o = Loﬁo5pm ' ©

is proportional to square root of momentum compaction
factor a1 and can be essentially reduced by implying
low—a optics [7, 8].

The synchrotron tune, F; , is a function of linear and high
order terms of the momentum compaction factor [4], where
o can be defined as a derivative of the relative orbit length-
ening with momentum offset a = d(AL/Ly)/36 [9, 10]
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F(8) = F, (@ +2a,6 +3a362).  (6)

COMPUTER MODEL OF A RING

The cSTART ring has a four-fold symmetry [11, 12] and
will operate at an energy range from 40 to 90 MeV. Our
computer model of a ring including magnetic elements
(Fig. 1) was described in details elsewhere [13, 14].
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Figure 1: Computer model of the cSTART ring including
variable compaction factor (VCF) magnets [14]. Dipoles
B45 are depicted in blue, five families of quadrupoles Q1
to Q5 are marked in red and six families of sextupoles — in
green. Family of dedicated S1 sextupoles suppresses lon-
gitudinal chromaticity while eight octupoles OCT marked
in brown should control curvature of o [15].

THPC27
3039

@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-THPC27

MC5.D01 Beam Optics Lattices, Correction Schemes, Transport

3039

THPC: Thursday Poster Session: THPC

THPC27

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

15th International Particle Accelerator Conference,Nashville, TN

ISBN: 978-3-95450-247-9

Family of S1 sextupoles would reduce longitudinal chro-
maticity (second term o) while octupoles should control
third term a, i.e. curvature of momentum compaction fac-
tor [15]. Three out of four straight sections of modular type
are reserved for different physical experiments to pursue
accelerator research and development (ARD) program at
cSTART.

The synchrotron radiation (SR) damping is extremely
weak at low energies. Damping time exceeds 30 s at 50
MeV and it is reduced to 4 s at 90 MeV. Ring will operate
at non-equilibrium conditions. R&D activities at cSTART
are based on different operation modes and ring lattice is
flexible. DBA optics with achromatic straight sections will
be applied for commissioning as well as for operation with
large energy spread beams [11, 12, 13].

Anticipated parameters of ultra-short electron bunches
after LPA plasma cell to be accepted for circulation in the
cSTART ring are provided in Table 1 [16-21].

Table 1: Parameters of electron bunch after plasma cell

Parameter Values
Beam energy 40 to 90 MeV
Magnetic rigidity of a ring 0.30 T'm

Energy spread of main spike 1.2 % (rms)

Number of particles per pulse  6x10° to 6x10°

Charge per pulse 1 pCto1nC
Pulse width 1 fs to 100 fs
Pulse length 0.3 to 30 pm
Repetition rate of laser pulses 1to 10 s
Transverse beam size o, 5 pm (rms)
Transverse divergence, o, 2 mr (rms)
Beam emittance &y 10 nm (rms)

DEEP VARIATION OF MOMENTUM
COMPACTION FACTOR

VCF experiment (VSF) allows to reduce momentum
compaction factor from a=1.5x102 down to about 106 at
ultra-low—a, operation. VCF set up includes three pole chi-
can composed of parallel plate bending magnets of equal
magnetic length (marked as blue strips in Fig.1). Magnetic
field of middle dipole is double the field of side bending
magnets. Leaking of dispersion at azimuth of chican di-
poles is necessary for a VCF experiment.

The remarkable feature of our low-a lattice is a compen-
sation of positive contribution of dispersion function by
negative one without stretching of a ring lattice (Fig. 2), in
contrary to other rings, see for example [22]. Moreover, the
magnitude of dispersion is reduced from 0.6 m at DBA op-
tics to about 0.3 m at low—a [13]. At the same, efficiency
of reduction of second term of compaction factor o by
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sextupoles is proportional to third power of the dispersion
function D3 [1, 8]
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Figure 2: Lattice of one cell of a ring at low—a optics
(a=2x10"). Horizontal betatron function is marked by
blue, vertical B—function — by red, dispersion function leak-
ing into straights — by green. 45° bends shown as blue
strips, quads — as red blocks, sextupoles — as green strips.

1
Aa, = — a§ D§ - AKsxrds (®)

We choose DFFD sequence of Q4-Q5-Q5-Q4 quadru-
poles at dispersive part of DBA cell (Fig. 2) to increase
value of dispersion at straight from 0.3 to 0.6 m and limit
strength of the sextupole family S1 incorporated in a ring
lattice to control second term of momentum compaction
factor.

The VCF experiment is planned in few steps. First, the
ring lattice is tuned to low compaction factor optics with
a~2x10*. The leakage of dispersion function to all
straights (Fig. 2) satisfies requirement described by for-
mula (8).

Second, five families of sextupole magnets are tuned to
minimize transverse chromaticity to slightly positive level
of & y~+0.2. Chromaticity should be precisely controlled
during experiment to minimize bunch elongation due to
amplitude dependent orbit lengthening (ADOL) [15].

Third, dedicated family of S1 sextupoles reduces longi-
tudinal chromaticity stepwise while other five families of
sextupoles are adjusted at each step to keep transverse
chromaticity unchanged. To limit strength of S1 sextupoles
at reasonable level we locate sextupole magnets at the be-
ginning of straight sections as close as possible to maxi-
mum level of horizontal betatron function (Fig. 2).

Fourth, at positive ;>0 octupoles are tuned to reverse
the negative curvature of momentum compaction factor to
positive value (o3> 0) and vice-versa at negative o.;<0.

Fifth, when ring optics is fixed at optimum conditions
the bending angle of the VCF chican is increased stepwise
to 1.535° to reduce momentum compaction factor further
down to about 10 [23]. Linear optics of ring (quadrupoles)
is unchanged during VCF experiment while sextupoles are
adjusted to minimize transverse and longitudinal
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chromaticity. Ultra-short bunches are injected directly into
a ring tuned for ultra-low-a optics.

Crossing zero value of synchrotron tune by off- momen-
tum particles is considered as source of instability and
beam loss [15, 22]. Variation of synchrotron frequency as
function of energy deviation in a bunch is shown in Fig. 3.
At low-a optics and uncontrolled longitudinal chromaticity
the second term a, of momentum compaction factor is
strong. As a result, the momentum acceptance of ring is
limited and further reduction of compaction factor cannot
be realized due to high slope of a, see curve 1 in Fig. 3a.
Applying family of “longitudinal” sextupoles S1 one could
flatten the slope (curve 2 in Fig. 3b), restore momentum
acceptance to reasonable level and improve lifetime of a
beam.

w

synchrotron frequency, kHz
I
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Figure 3: Synchrotron frequency as function of momentum
offset. low—a optics with o;=2x104, beam energy 90 MeV
and RF voltage 500 kV. The curve (1) corresponds to
oo=10.13 and 03=—0.145, curve (2) — reduced slope with
o,=+1.07x10 and 0,3=+0.697, curve (3) — with same slope
and reduced curvature oi;=+1.2x1073. Beam is stable.
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Figure 4: Synchrotron frequency as function of momentum
offset at ultralow—a. operation with o;=7x107 The curve
(1) corresponds to suppressed slope with o,=+8x10"° and
positive curvature oz=+0.01; curve (2) —“natural” slope
with a,=+1x107.

Without tight control of high order terms of o one can’t
reduce momentum compaction factor further down. At ul-
tralow-a operation with o;=7x10"7 “longitudinal” sextu-
poles S1 precisely flatten the slope of synchrotron tune by
suppressing the second term of momentum compaction
factor to a,,=+8x%10-. Momentum acceptance for off-mo-
mentum particles in a bunch is restored, see curve 1 in
Fig.4. Even at reduced slope with a,=+1x107 the area of
stability for off-momentum particles is shrunk to zero and
ultra-short bunches will be lost, see curve 2 in Fig. 4.
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Tight control and suppression of high order terms of mo-
mentum compaction factor are basic conditions for the
VCEF experiment. On- and off- momentum dynamic aper-

of ultralow—a lattice is sufficient for circulation of ultra-
short bunches in a ring.

Orbit length deviation for off-momentum particles at ul-
tralow—o lattice with a,;=7-10"7 is shown in Figure 5. Orbit
length deviation is less than 0.2 um (0.7 fs) for particles at
periphery of energy distribution (6g=+0.3%). Zero current
bunch length at ultralow—a operation mode and RF voltage
of 500 kV is about 70 fs (21 um) for expected energy
spread of particles 10~ (formula 6). Contribution of finite
dimensions of bunch in transverse planes leads to elonga-
tion of short pulses [24].

For a bunch of 10 nm rms emittance the contribution of
dispersion integral A into bunch length is equivalent to 63
fs (19 um). Total bunch length would be about 85 fs (28
pum). The coherent synchrotron radiation (CSR) will gen-
erate significant growth of energy spread of particles at
bending magnets and pulse elongation until the bunch
length will exceed wavelength of the CSR radiation [25,
26].

The bunch will circulate at non-equilibrium conditions
and one will observe adiabatic growth of beam dimensions
due to multiple intra-beam scattering of electrons (IBS)
[27] as well as scattering of beam on atoms and molecules
of residual gas [28]. Growth rate of beam emittance is var-
ied from 0.12 s°! for low intensity beam to 12 s™! for initially
high current bunch. The repetition rate of injection cycles
of post-LPA bunches up to 10 Hz fits to abovementioned
conditions.
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Figure 5: Orbit length deviation for off-momentum parti-
cles at ultralow—a. operation where a,;=7-1077 and high or-
der terms are suppressed to minimize bunch length and
provide sufficient momentum acceptance. Bunch elonga-
tion is less than 0.2 um (0.7 fs) for particles at periphery of
energy distribution 6g=+0.3% (6,=0.1% rms).

CONCLUSION

Extensive program of ARD experiments at ring is under
development. LPA beam lines, experiments with ultra-
short bunches of post LPA electrons, circulation of wide
momentum spread beams, studies on inversed free electron
laser and optical stochastic cooling. Flexible lattice of a
ring with variable momentum compaction factor set up will
benefit research program at cSTART.
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