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Abstract
SIRIUS is the new 4th generation storage ring based syn-

chrotron light source built and operated by the Brazilian Syn-
chrotron Light Laboratory (LNLS) at the Brazilian Center
for Research in Energy and Materials (CNPEM). Currently,
the efficiency of the horizontal off-axis injection system of
the storage ring is still not suitable for top-up operation due
to a smaller than expected horizontal dynamic aperture. In
this work, we report the simulations and experimental re-
sults of transverse emittance exchange (TEE) performed at
SIRIUS booster by crossing a coupling difference resonance
during energy ramp, with the goal of decreasing the injected
horizontal beam size and improve the off-axis injection effi-
ciency.

INTRODUCTION
The injection system for SIRIUS storage ring (SR) was

designed since early stage for beam accumulation with off-
axis injection using a single non-linear kicker (NLK) [1].
With this injection scheme, a small horizontal beam size
is beneficial to minimize the sampling of non-linear fields
at NLK and to allow for high injection efficiency. Thus,
SIRIUS booster was designed to achieve a small horizontal
emittance of 3.5 nm rad at extraction energy of 3 GeV [2].

The SIRIUS NLK was designed to have a peak field at
𝑥𝑝 ≈ −9.0 mm and no field at 𝑥 = 0 mm, close to the stored
beam. Injection dynamics studies indicated that this field
profile would perform the injection with 99% of efficiency
for a beam reaching the NLK at 𝑥0 = −8.5 mm [1].

However, dynamic aperture measurements revealed a hor-
izontal aperture of about −8.5 mm, which is worse than the
−9.5 mm value predicted by the nominal model [3] and is
strictly close to the planned injection position, obliging us
to move the injection position to 𝑥0 = −8.0 mm. As a conse-
quence, even with the booster delivering a beam with small
transverse sizes and the booster-to-SR transport line optics
being optimized for partially compensate the defocusing ef-
fect made by nonlinear fields, the horizontal spread induced
by the NLK in the actual injection position is sufficient to
reduce the injection efficiency to about 86 %, with a large
pulse-to-pulse variation [4]. Despite being an acceptable
efficiency level, it is insufficient for operation in top up mode,
which is planned to be implemented still this year.

One possible improvement in this scheme is to apply a
transverse emittance exchange (TEE) at the SIRIUS booster,
delivering the beam at NLK with an lower horizontal beam
size to reduce the non linear fields sampling and attend the
dynamic aperture restrictions.
∗ murilo.alves@lnls.br

The use of TEE for injection efficiency improvement was
first proposed in Ref. [5] by different methods, such as mod-
ifying the booster quadrupoles ramp to cross the coupling
difference resonance a few turns before beam extraction, ap-
plying a pulsed skew gradient field on the beam, or using
a special arrangement of skew quadrupoles in the transfer
line.

The first approach was chosen to be implemented in SIR-
IUS booster, since this method was already successfully
applied in other synchrotron facilities, for example SLS [6]
and ESRF-EBS [7], and it does not require any new acceler-
ator component to be implemented.

This contribution will present the process of implemen-
tation of TEE in the SIRIUS booster, from simulations to
the experimental results and its impact on the SR injection
efficiency.

SIMULATIONS
A key concept regarding TEE in electron synchrotrons is

the adiabaticity of the process, which can be described by
the following scaling parameter [8, 9]:

𝑆 =
¤Δ

|𝐶 |2
, (1)

where ¤Δ is the tune crossing velocity in units of 1/turns and
|𝐶 | is the coupling coefficient modulus [10]. If the process is
too fast such that it is non-adiabatic, the exchange will not be
fully executed. On the other hand, if the process is too slow,
radiation damping effects will push the emittances towards
their initial equilibrium parameters, therefore reducing the
emittance exchange efficiency as well [8, 11]. To investigate
the behavior of emittance exchange with different coupling
and crossing speed parameters, simulations with the booster
model were carried out and the results are shown in Fig. 1.

The simulations started with the nominal booster frac-
tional tunes difference Δ0 = frac(𝜈𝑥0) − frac(𝜈𝑦0), where
frac(𝑥) B 𝑥−⌊𝑥⌋, and ran untilΔend = −Δ0, crossing the res-
onance Δ = 0 in the middle of the process. The results were
obtained by tracking the beam envelope [12] for a number
of turns in a range of 62 to 8000 revolutions, changing turn-
by-turn the quadrupole strengths and updating the one-turn
map and diffusion matrices to simulate the TEE process.

The TEE quality can be expressed by the 𝑅 parameter,
defined by [8]:

𝑅(𝜖𝑥) = 1 −
𝜖𝑥 − 𝜖𝑦0

𝜖𝑥0 − 𝜖𝑦0
, (2)

where 𝜖𝑥0 and 𝜖𝑦0 are the horizontal and vertical initial emit-
tances, and 𝜖𝑥 is the horizontal emittance at beam extraction
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Figure 1: Emittance exchange quality as function of coupling
coefficient modulus |𝐶 | and the time to cross the difference
resonance 𝑡𝑐. The dashed lines indicate curves with constant
𝑆 and emittance exchange quality higher than 80 %

time. In Fig. 1, we took the maximum 𝑅 to describe the
exchange quality in each simulation. Some curves of the
scaling parameter S equal to constant values associated with
𝑅 > 80% are also plotted.

Figure 2 shows the simulation results of the TEE effect,
considering 𝑅 = 95 %, on the injected beam after passing
through the NLK under different injection positions. The
gray curves are the horizontal acceptance of the ring crossing
𝑥′ = 0 at 𝑥 = −8.5 mm at the NLK position, representing the
measured dynamic aperture of the SR, and the dot-dashed
lines are the required NLK pulse to deliver the bunch with
⟨𝑥′⟩ ≈ 0.

One can observe that the exchange could avoid particle
losses at injection, either by increasing the distance between
the injected beam and the aperture limits, in case of injection
at −8.5 mm, or, by reducing the horizontal spread at the
innermost injections (𝑥0 > −8 mm).

In all simulated injections, the correspondent increase of
vertical beam size induced by TEE does not exceeds the
vertical aperture limits.

EMITTANCE EXCHANGE
IMPLEMENTATION

The SIRIUS booster ramps the beam energy from
150 MeV to 3 GeV, with nominal betatron tunes 𝜈𝑥 =

19.204, 𝜈𝑦 = 7.314, energy spread 𝜎𝛿 = 0.087 %, damp-
ing times 𝜏𝑥 = 11.3 ms, 𝜏𝑦 = 13.7 ms, natural emittance
𝜖0 = 3.5 nm rad at 3 GeV, and ramp duration of approxi-
mately 300 ms, with repetition rate of 2 Hz.

Applying the closest tune approach method by using the
family of defocusing quadrupoles (QD) in Booster to scan the
tunes, we find a natural betatron coupling of |𝐶 | = 0.6(3) %,
as showed in the Fig. 3. The tunes were measured by first
exciting betatron oscillations with the booster extraction
kicker and then performing a frequency analysis of position
data provided by the BPMs. With this measured coupling
value we were able to analyze the TEE efficiency map of

Figure 2: Phase-space diagrams of the bunch after the NLK
for different initial horizontal positions 𝑥0 at the NLK en-
trance. The dash-dotted lines represent the NLK pulse in
units of angular kick. At each initial position, the NLK kick
was optimized to deliver the bunch with ⟨𝑥′⟩ ≈ 0. The pa-
rameter 𝑘 express the pulse intensity relative to the pulse
used to align the bunch with 𝑥0 = −8.00 mm.

2.1 2.2 2.3

QD current [A]

0.20

0.25

0.30
T

ra
n

sv
er

sa
l

T
u

n
es

fitting

ν1

ν2

Figure 3: Closest tune approach method for measurement
of natural betatron coupling close to extraction energy.

Fig. 1 to conclude that reasonable values for 𝑡𝑐 should be
within the interval 0.6 ms < 𝑡𝑐 < 4 ms.

The TEE implementation was made by changing the QD-
quadrupole current ramp to provide the tune crossing res-
onance approximately 1 ms before beam extraction [8], as
shown in Fig. 4.
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Figure 4: Modification made in QD quadrupoles current
ramp to implement the TEE. On the left, the full ramp is
shown and a zoom with the details around the extraction
point is on the right plot.
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Evaluating the Exchange Quality
The time 𝑡𝑒𝑥𝑡 in which the derivative change occurs in

the ramp was scanned from −3 ms to 3 ms relative to the
extraction time, and the beam sizes were measured at the
YAG screen in the booster-to-SR transport line. The results
are displayed in Fig. 5a and show the TEE effect on the beam
sizes. Notice that in the nominal extracting configuration,
the horizontal beam size is reduced by a factor of ≈ 1.5.

In Fig. 5b an estimate of the emittances during the TEE
process is shown. This calculation was made with Eq. (3),

𝜖𝑥,𝑦 =
𝜎2
𝑥,𝑦 − (𝜎𝛿𝜂𝑥,𝑦)2

𝛽𝑥,𝑦
, (3)

where the nominal values for energy spread 𝜎𝛿 , dispersion
𝜂𝑥,𝑦 and betatron functions 𝛽𝑥,𝑦 were used. The measured
beam sizes 𝜎𝑥,𝑦 were used as inputs for Eq. (3). Based
on this estimation, the TEE quality of the extracted beam
is 𝑅 = 70(10) %. With this estimate, it seems to be possi-
ble to improve the exchange quality with fine tuning of the
parameters of TEE process in the booster ramp.

It is worth to mention that the emittances obtained from
the previous estimation, both horizontally and vertically, are
about 3 times higher in relation to our nominal model. The
cause of this discrepancy is still unclear. Recent dispersion
measurement values are close to expected from our nominal
model, so they are not a probable source of this discrepancy.
In addition, the YAG screen used is not designed for accurate
beam size measurements and thus may yield larger sizes than
the real ones.

Injection Efficiency
With the optimized injection system for beam accumula-

tion in the SIRIUS SR, which typically happens just after
machine studies shifts, the median of injection efficiency
was ≈ 86% before TEE implementation, being improved to
about 96% after TEE. However, we have been observing a
degradation in the injection conditions during the injection
for user shifts. Therefore, considering only the efficiency
during injection for users, the median drops to 75% without
TEE process, and to 82% with the TEE settings in the ramp.

Furthermore, large pulse-to-pulse variations are being
observed during beam accumulation at SR. This jitter causes
an injection efficiency variation of about 10%. Besides,
before the TEE implementation, the injection efficiency had
a high correlation with the temperature drifts measured at
the pulsed magnets used for injection. After the TEE, a lower
correlation between injection efficiency and pulsed magnets
temperatures was observed. This is probably related to the
fact that with a smaller beam in horizontal, the injection is
more robust against variations of injection conditions. This
behavior is under study.

CONCLUSION
The use of TEE proved to be a valuable tool for the im-

provement of injection into SIRIUS SR, given the off-axis
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(a) Beam sizes during emittance exchange.
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(b) Estimate of emittances behavior using nominal optical
functions.

Figure 5: Beam sizes and estimated emittances during the
emittance exchange process. Measurements realized at YAG
Screen in booster-to-SR transport line. Design value for
energy spread: 𝜎𝛿 = 0.087 %. Nominal optical functions
used: 𝛽𝑥 = 17.11 m, 𝛽𝑦 = 6.60 m, 𝜂𝑥 = −13 cm, 𝜂𝑦 =

0 mm.

injection scheme difficulties due to limited dynamic aper-
ture. In this paper, we discussed and presented the TEE
implementation in the SIRIUS booster by crossing a tune
difference resonance. Particle simulations showed that the
TEE could prevent particle losses during off-axis injection
with the NLK and beam envelope tracking indicated a set of
appropriated parameters for the TEE in SIRIUS. The tune
difference resonance crossing was performed by changing
the defocusing quadrupoles strength at the end of the ramp.

Measurements realized in the YAG screen at booster to
SR transport line have shown a horizontal beam size reduc-
tion by a factor of ≈ 1.5. The emittances were estimated
using beam size measurements and nominal values for op-
tical functions at transport line, the calculation suggests a
exchange quality of about 70(10) %.

The TEE implementation increased the SR injection ef-
ficiency from 86% to 96% on average when the injection
system is optimized. The relation between TEE implemen-
tation and injection efficiency robustness against jitters and
drifts on the injection conditions is under investigation.
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