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Abstract

Recently operation of the Swiss Light Source (SLS)
storage ring at low momentum compaction factor o has
been established. We will present an analysis of the
longitudinal dynamics and of the injection process, and
explain our method to ensure closed orbit stability. First
experimental data from measurements of bunch length
and coherent THz spectra will be shown.

INTRODUCTION

In normal operation, the bunch length in the SLS stor-
age ring is about 16 ps rms (potential well distortion
included). In standard 400 mA top-up user operation it is
even increased to about 40 ps (bunch train average) by
means of the 3™ harmonic Landau cavities. Short X-ray
pulses of only 0.06 ps rms are provided by the SLS-
FEMTO insertion, however at rather limited flux.

Some SLS users performing time resolved experiments
demand for a substantial X-ray flux at a pulse length of a
few ps rms. This mode would also be interesting for THz-
experiments due to the high yield of coherent radiation.

LOW-ALPHA LATTICE

The SLS storage ring has a circumference of 288 m and
is operating at 2.4 GeV at a minimum emittance of 5 nm.
The lattice is composed of 12 straight sections of three
different types (6x4 m, 3X7 m, 3x11 m) connected by 12
triple bend achromats (TBA). Variation of momentum
compaction is achieved through negative dispersion in the
centre dipoles of the TBAs. The optics tested was de-
signed to provide a linear momentum compaction of
o =5.3x107 and an emittance of 13 nm. Tuning of the
chromatic sextupoles allows variation of the quadratic
momentum compaction ¢, while maintaining constant o;.
Two lattice configurations for o =3.43x107, and for
o= 1.84%10" have been studied.

LONGITUDINAL DYNAMICS

The longitudinal equations of motion in the low-alpha
mode in the absence of damping are the following
@= a)oh(a15+a2(52)
w,ev,

6= 2E 7 (sin(p, +¢)—sing,)

0

where @y=2m/T, is the revolution frequency of the
reference particle, / is the harmonic number and ¢, is the
synchronous phase. The size and shape of the buckets are
obtained from the corresponding Hamiltonian
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Figure 1: Alpha-buckets for ¢4 =5.3-10" and two values
of o, . Parameters of the SLS storage ring:
Ey=2.4GeV,h=480, V=21 MV, ¢ =165°

In low-alpha mode there are two different longitudinal
phase space regimes depending on the value of the ratio
o= o4/, namely the RF-bucket and the alpha-bucket
regime, which is shown in Fig. 1 for the two values of o,
studied. For &> 0 and &> 0 (as it is the case for SLS)

we have the RF-bucket regime foro > J3-.5% and the

linear

alpha-bucket regime for o <+/3 -5

linear *

so - |y =20)sing, ~2cosp.)
linear — (Zlﬂ'EOh

acceptance in the linear case (i.e. for &, =0).

is the energy

INJECTION EFFICIENCY

In normal operation, the injection efficiency from the
booster synchrotron to the SLS storage ring is close to
100%. In low-alpha mode however, the bunch coming
from the booster synchrotron has an rms length of about
20 mm, or 67 ps, and cannot be captured completely by
the low-alpha bucket. The maximum injection efficiency
achievable thus is given by the integration of the injected
bunch’s particle distribution over the area of the low-
alpha bucket. Fig. 2 shows the results as a function of o,
for the design value of o;=5.3x10" and for the later
measured (see below) value of o4 = 3.6x107.

These results were compared to TRACY simulations,
tracking 25000 particles over 1500 turns. As an example,
for the case of injecting a slightly longer bunch of 22 mm
rms in the o4 = 5.3x107, o5 =3.4x107 lattice, the tracking
result of 39.5% confirmed the analytical value of 40.0%.

For the most studied optics at o= 1.84x107 the meas-
ured injection efficiency of 40% was close to the theoreti-
cal 45.6%, indicating a good lattice acceptance.
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Figure 2: Theoretical injection efficiency as a function
of o, for design (blue) and measured (red) value of .

ORBIT CORRECTION

The increase in length AC of the closed orbit due to a
horizontal kick Ax';at location “0” is given by

AC = (\/ﬁbosz)z(Ax'0 Y /Cy» b= Jﬁo/(zsian) )
where we used the smooth approximation
JB(s) = (JB)) =B+ u(s)= 2705/ C, and 0 >>1.
The additional path length forces a change of closed
orbit momentum 0 to keep the length constant at Cy = i,
AC<<C,

0(15+0(262+A—C=0 _aceq , 5. 14C
CO al CO

, which is

not negligible for low o,. The orbit thus is given as a
superposition of the classical, linear orbit distortion, and a
dispersive shrinkage (for &> 0) due to the reduction of
momentum, which is quadratic in kick strength:

X(5) =V B) 05 Hs)- (AT, ) - ’W[”CQJ (B, )
with 7i(s) = pu(s) — p, £ 10, +— for s <o, resp. s > 5.

Thus the usual orbit correction scheme based on solu-
tion of a linear system faces converge problems. We
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Figure 3: Measured synchrotron tune dependence with RF
frequency change. The red and blue full lines are the
fitting to the data.
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determined O from a SVD based dispersion fit to the
horizontal orbit and calculated the required frequency
shift for correcting the momentum utilizing the theoreti-
cal, and later the measured values for ¢4 and o, . Applica-
tions of frequency shifts were alternated with corrections
of the remaining orbit distortion (i.e. after subtracting
dispersion) and iterated. It was necessary to reduce the
granularity of the RF generator from 1.0 Hz to 0.1 Hz,
and it helped to reduce the gain of the correction to avoid
“overshooting” in frequency. Finally the fast orbit feed-
back system could be set into operation.

MEASUREMENTS

Measurement of o

In order to obtain the value of the first order momentum
compaction factor we measured the variation of the
synchrotron tune and mean orbit offset as a function of
the RF frequency. In the analysis we used the calculated
values of o, for the two different lattices and from the
results we could estimate the value of a;. Fig. 3 shows the
result of a scan of the synchrotron tune as a function of
the RF frequency, to fit the data we used that [1]

1/4
Vo 0512 Srr

and, Fig. 4 shows the result of a scan of the average orbit
offset as a function of the RF frequency, in which the
fitting function is given by

(Ax) =—<77>B”Mal[1— 1_40’2%J

BPM 2
2a, 29} Srr

From all four fittings it is possible to calculate
oy = (3.6+0.2)x10”, which is smaller than the calculated
value of 5.3x107.

Bunch Length Dependence on Current

The bunch length was measured as a function of the
stored current per bunch for the two values of a,. The
results are shown in Figure 5 where the green and red
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Figure 4: Measurement of the mean orbit deviation with
RF frequency change. The red and blue full lines are the
fitting to the data.
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Measurements with the Streak Camera:
¢ 14/04/09 a, =3.43 x 10°

® 31/03/09 a,=1.84x10°
A 14/04/09 a,=1.84x10"
W 21/04/09 a,=1.84x10°
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Figure 5: Bunch length as a function of the current per
bucket. The green and red full line are the fitting of the
3/8 empirical power law to the data. For currents around
200 pA/bucket, for the case with smaller o,, the bunch
length deviates from the empirical function as shown by
the data points within the circle.

solid lines are the fitting of the data using the BESSY-II
empirical formula in which & o< I’** [2].

Notice that for both data sets the onset of bunch length-
ening is about 50 pA/bucket, however bunches lengthen
much faster for the case with o, = 3.44x107 then a, =
1.84x107. This dependence with o, is still not understood.
The bunch length dependence with the current was also
verified by observing the lifetime, which increases with
increasing bunch length.

It is worth to observe also that the measured bunch
length for low currents is around 6 — 6.5 ps which is not
supported by measurements of the synchrotron tune
(fs = 1.6 kHz) that indicates a smaller bunch length closer
to the predicted value of 4 ps. This discrepancy is proba-
bly due to some systematic error in the streak camera
measurement, which has to be verified. Also, for currents
close to 200 pA/bucket, corresponding to the case with
0, = 1.84x10~ the bunch length gets much bigger than
would be expected by using that ¢ o I this is also
accompanied by a increase in the THz intensity at higher
wave numbers (see below).

Coherent THz-radiation

Spectra of coherent THz radiation have been taken at
the infra-red (IR) beamline X01DC with a fast scan IR
Fourier Transform spectrometer (Bruker 66) providing a
spectral resolution of 1 cm™. The detector is a magneti-
cally enhanced InSb hot electron bolometer with a sensi-
tivity range up to 60 cm™ (2 THz) and the measurement
time was =200 s for 512 averages.

Normalized spectra for the series of 21/04/2009 (vide
Fig.5) are shown in Fig.6. In order to be independent of
the transfer function of the experimental set-up (incl.
transfer line) we took an incoherent spectrum in normal
user operation at =40 ps rms average bunch length for
reference. There is virtually no transmission below 5 cm™
(0.15 THz), so we see only the high frequency tail of the
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Figure 6: coherent THz spectra as a function of bunch
current normalized to a spectrum measured in normal user

operation at 400 mA and standard alpha of a; = 6x10™.

coherent radiation. The integrated intensity revealed a
quadratic dependence on current up to 60 LLA/bunch,
above it became super-quadratic. For the maximum
current, where the spectrum contains more intensity at
higher frequencies, we observed bursting as shown in
Fig. 7: the bursts appear at the synchrotron frequency of
the low alpha mode of 1.681 kHz.

CONCLUSIONS AND OUTLOOK

We established a mode for low-alpha operation of the
SLS storage ring with o4 =3.6x10" including top-up
injection and fast orbit feedback. The results on bunch
length and THz spectra are only preliminary and require
better understanding of the experimental set-ups and
further investigation of the variation of bunch length and
THz spectrum with bunch current and the value of a;.
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Figure 7: bursts of coherent THz at 183 WA bunch current.
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