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Longitudinal acceptance measurement at an electron storage ring
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The longitudinal acceptance of the BESSY II storage ring has been measured. To our knowledge, such a
measurement has never been performed in electron storage rings. The study is also motivated by the fact
that for future diffraction limited light sources a couple of longitudinal injection schemes were proposed
recently. In these injection schemes, the energy and/or timing of the injection beam is shifted, resulting in a
large synchrotron oscillation amplitude of the injected beam. It is, therefore, of importance to reveal
whether we can evaluate the longitudinal acceptance precisely when we design a storage ring with a
longitudinal injection scheme. The experimental results showed a good agreement to the acceptance
evaluated through the accelerator model, including the special feature arising from the synchrotron
radiation. We also found that, as a by-product, the bunch length of the injected beam can be obtained from
the acceptance measurement data. The result is in good agreement with the design value of the injector

booster synchrotron.
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I. INTRODUCTION

Modern high-performance accelerators are designed,
constructed and brought into operation based on a precise
accelerator model. The electromagnetic fields of all com-
ponents are accurately computed at the design phase,
measured for most components, and finely tuned based
on beam measurements. After all these efforts, the design
performance is achieved eventually.

This may be also true for next-generation light-source
storage rings. They are based on multibend achromat
lattices to lower the natural beam emittance through strong
focusing and low dispersion function. Consequently, quite
strong chromaticity correction sextupoles are required, and
the dynamic aperture tends to be insufficient for the
conventional beam injection scheme. Since the problem
is highly nonlinear, the evaluation of the dynamic aperture
is normally performed through numerical tracking includ-
ing the field errors and the misalignments of the accelerator
components, i.e., through a complete accelerator model.

Most light sources are operated in the so-called top-up
mode [1], where electrons are frequently injected atop of
the stored beam, compensating for the lost particles and
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keeping the storage ring beam current essentially constant.
The top-up operation mode maximizes the performance of
a light source, i.e., the photon beam flux is kept at the
maximum value with the constant electron beam current. It
is important also for the beam stability to keep the electron
beam current constant such that the heat load due to the
synchrotron radiation to the accelerator component is
constant as well.

For the accumulation of beam current in the top-up
mode, the injected beam has to be separated from the
stored beam at least in one of the three planes (hori-
zontal, vertical or longitudinal) at the time of injection
according to Liouville’s theorem. In the conventional
injection scheme, the injected beam is placed transversely
off axis, and thus the dynamic aperture should be large
enough to accept the off-centered injected beam. This is
one of the main challenges for next-generation light
sources due to the strong nonlinearity in the multibend
achromat lattice.

Recently, longitudinal injection schemes have been
proposed for future light sources [2-6] to enable beam
injection into a small transverse aperture ring using the
longitudinal acceptance instead of the transverse one. The
aforementioned dynamic aperture problem is not solved but
then avoided. In these injection schemes, the energy and/or
timing of the injection beam is shifted, resulting in a large
synchrotron oscillation amplitude of the injected beam,
while the injection beam is placed on axis transversely.
Depending on the initial condition, the injected beam
particles may or may not be captured by the rf bucket.
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The goal of this study is to reveal whether the longi-
tudinal acceptance of the ring is consistent with a prediction
from the accelerator model. We present our longitudinal
acceptance measurement at BESSY II [7]. The longitudinal
acceptance of the storage ring has been clearly visualized
through the measurement, and to our knowledge it is the
first time that such a measurement has been performed in
the electron storage ring.

The paper is organized as follows. In Sec. II, longitudinal
beam dynamics in electron storage rings is revisited. In
Sec. III, we introduce the BESSY II accelerator complex.
Afterwards, in Sec. IV, we describe how the measurement
was set up and performed, and present the results obtained.
We discuss the result through a comparison with simulation
in Sec. V. In addition, we evaluate the bunch length of the
injected beam using the measured data. Finally we draw our
conclusions in Sec. VI.

II. LONGITUDINAL BEAM DYNAMICS IN
ELECTRON STORAGE RINGS

The longitudinal beam dynamics is briefly reviewed in
this section, including synchrotron radiation and radiation
damping intrinsic to the electron storage ring. We consider
here only the longitudinal motion of single particles but
important parameters, such as the energy loss per turn and
the momentum compaction factor, are obtained from the
full accelerator model. For information, the accelerator
code ELEGANT [8] is used to model the BESSY II ring.

The longitudinal motion can be described with the
following equations of motion, assuming a relativistic
beam and a linear approximation of the momentum
compaction factor:

E:—caé, (1)
and
ds eV-U
dt ~ EoT, 2)
olo

where z is the longitudinal coordinate with respect to the
reference synchronous particle, c is the speed of light, a is
the momentum compaction factor of the storage ring, &
is the relative energy deviation, e is the electron charge, E,
is the nominal beam energy, T is the revolution period, and
U is the energy loss per turn due to synchrotron radiation. V
is the rf voltage, which is represented as

V() = Vysin (znfrff ; u/) 3)

where y, is the synchronous phase. Time, ¢, is used as an
independent variable. In Eq. (1), the relative momentum

deviation is approximated by the relative energy deviation,
6, for relativistic beams.

The 1f frequency, f,t, is normally a high multiple of the
revolution frequency, f, that is,

fre = Nfo, (4)

where £ is the so-called harmonic number. The energy loss
per turn due to synchrotron radiation, U, in a linear
approximation is [9]

U(8) ~ Up(1 + J1.6). (5)

where U is the energy loss per turn for the nominal beam
energy, and J; is the longitudinal damping partition. For
|6] < 0.05, which is the range that concerns us here, the
linear approximation is fully justified.

The energy dependence of the radiation loss is the origin
of radiation damping. In contrast, if we assume that the
energy loss per turn is constant over the energy deviation, a
“static” rf bucket can be defined similarly to the moving (or
accelerating) bucket in a synchrotron. The synchronous
phase, the bucket height, and the synchrotron tune are then
given by
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FIG. 1. Theoretical longitudinal acceptance for BESSY II

storage ring parameters. A linear approximation is applied to
the momentum compaction factor. The rf voltage is set to
1.12 MV. Red lines indicate the acceptance including synchro-
tron radiation damping while the static bucket is indicated by
black lines.
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TABLE I. BESSY II storage ring and booster parameters. The
energy loss varies, depending on whether the 7-Tesla super-
conducting wiggler and wave length shifters are turned on. The rf
voltage is varied depending on operation conditions.

Parameters Values
Circumference 240 m
Number of cells 16 (DBA)
Beam energy 1.7 GeV
Radiation energy loss 180-320 keV /turn
Momentum compaction 7.0-7.3 x 107*
rf frequency 500 MHz
Nominal rf voltage 1.12 MV
Booster bunch length ~55 ps
Booster bunch energy spread 5.7 x 1074
Booster beam emittance 60 nm

haeV,
_ i 8
0, =\ g, Ic0swd (8)

respectively. See e.g., [10] for the derivation of these
equations.

Figure 1 shows the longitudinal acceptance, which is
computed through these equations, for the parameters of
the BESSY II storage ring (see Table I in Sec. III) with an rf
voltage of 1.12 MV. The computation is a simple one-
dimensional tracking, where the equations of motion
[Egs. (1) and (2)] are numerically integrated turn by turn.

One sees in Fig. 1 that the acceptance phase-space plot
has the shape of a “golf club” with its “shaft” extending
toward the neighboring bucket. In principle, the injected
beam can be placed anywhere within the acceptance, even
on the shaft if the longitudinal emittance is small enough
to fit.

It is known that such a golf-club shape appears in the
longitudinal phase space of low-energy proton linacs or
synchrotrons when the 1f acceleration is taken into account
(see, e.g., [11]), where the parameters that appear in the
above equations are varying as a function of time. In
electron storage rings the parameters are usually assumed
to be fixed. However, a similar effect originates from the
energy- and thus time-dependent synchrotron radiation loss
and the energy recovery from the rf field. The former makes
the system nonconservative and leads to radiation damping.

III. BESSY II ACCELERATOR COMPLEX

BESSY 1II is a third-generation light source, providing
photon beams to many beamlines for users. The parameters
relevant to this study are listed in Table I, and the ideal
optical functions of the storage ring are shown in Fig. 2.
During user operation, a modified optics is applied, which
breaks the 8-fold symmetry and leads to a slightly smaller
momentum compaction factor, 7.0 x 107*. The damping
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FIG. 2. Optical functions of the BESSY II storage ring (one
octant). The arc is a double bend achromat (DBA) and identical
for all 16 cells while there are two types of straight sections, i.e.,
high and low beta sections with quadrupole doublets and triplets,
respectively.

partition is not changed, since the dipole magnets have no
transverse gradient.

The injector consists of an electron gun, a linac, and a
booster synchrotron. For the longitudinal acceptance meas-
urement, the injection energy and timing have to be
changed. The energy of the injected beam is varied by
changing the extraction time in the fast cycling booster with
power supplies based on White-circuits which lead to a
sinusoidal energy variation at 10 Hz. The transfer line
between booster and storage ring has to be adjusted
according to the chosen extraction energy. The injection
timing is varied with the help of a remotely controlled
motorized rf trombone allowing for a phase shift of 2.1 ns
between booster synchrotron and storage ring and covers
more than one 500 MHz 1f period. The beam injection into
the storage ring is based on the conventional scheme, i.e.,
with an injection septum and a kicker bump. The latter
consists of four dipole kickers, and the injection septum is
installed between the second and third kickers [12].

A variety of beam diagnostics are installed: beam
position monitors, current transfers, streak camera, diag-
nostics kicker, etc. This equipment is used to enable a stable
operation as well as complex beam measurements in the
machine development shifts.

IV. ACCEPTANCE MEASUREMENT

The longitudinal acceptance is obtained by measuring
the injection efficiency for various injection timings and
injection beam energies, i.e., a two-dimensional scan in
longitudinal phase space. This section describes how we
performed the measurement and obtained our results.
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A. Measurement setup

We used the machine as it was for user operation, i.e.,
with the modified optics. The momentum compaction
factor was therefore 7.0 x 10~ during the measurement.
Prior to the acceptance measurement, the sextupole setting
was optimized and confirmed to maximize the transverse
off-energy acceptance. This is important since the injection
beam particle can otherwise be lost transversely even when
the synchrotron oscillation with large amplitude is stable.

We used a single kicker on-axis injection scheme for the
experiments. Luckily, the horizontal diagnostics kicker
installed in the ring has the right horizontal phase advance
to accomplish this; however, the kicker is located in a
straight section 14 double-bend cells downstream of the
injection point. This is a long way for the injected beam
injected off-energy. When the energy offset was very large,
the second half of the kicker bump had to be turned on in
order to let the injected beam reach the kicker, which then
puts the beam transversely on axis. Accumulation (or top-
up injection) is impossible in this swap-out configuration.
Whenever the kicker is fired and beam is injected, the beam
previously captured in the storage ring is kicked out and
aborted. This is very convenient for the injection efficiency
measurement as discussed in the following section.

A beam position monitor operating in turn-by-turn mode
was used to adjust the kicker strength: the betatron
oscillation of the injection beam was clearly observed
and sufficiently minimized.

B. Injection efficiency measurement

The injection efficiency is measured using two current
transformers (CTs), one installed in the booster, the other in
the storage ring. For the latter CT, the beam current is
measured during one second after the injection. This is
approximately equivalent to count the number of electrons
captured into the rf bucket from the present injection beam
since the electrons from the previous injection is dumped as
mentioned above. The injection efficiency is computed by
comparing the beam currents found from the two CTs.

The fluctuation of the booster extraction current does not
influence the measurement, since the number of electrons
captured by the storage ring is always normalized to the
reading of the booster CT. As we will show shortly, the
injection efficiency within the rf bucket can be close to
100%, excluding significant beam loss in the booster-to-
storage-ring transport line. The transverse acceptance of the
storage ring is large enough to accept the booster beam at
least for reasonable energy offsets (see Fig. 5 in Sec. V). As
long as the beam loss is due to the longitudinal motion in
the storage ring, the injection efficiency measurement is
equivalent to the longitudinal acceptance measurement.

An application software reads out the beam current from
the two CTs, calculates the injection efficiency, and
continuously writes it into an EPICS channel. The beam
current measured by the CTs may include an offset, and it is

determined prior to each timing scan and properly sub-
tracted by the script. This is important because typical
currents to be measured are less than 1 mA. Another
application software, one of the standard tools available in
the BESSY control room, runs in parallel to vary the
injection timing. The injection efficiency and the corre-
sponding injection timing are recorded through the EPICS
standard strip-chart application. With these applications,
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FIG. 3. Measured longitudinal acceptance. The rf voltage was

set to 0.6 MV (top), 1.12 MV (middle), and 2.0 MV (bottom).
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the measurement is semiautomated. The scan of the
injection timing is then repeated for various injection beam
energies to complete the scan over the longitudinal
phase space.

The entire procedure was repeated to measure the
longitudinal acceptance for rf voltages of 0.6, 1.12 and
2.0 MV. It is noted that the third-harmonic passive cavity
was not excited during the measurement because of the
very small beam currents below 1 mA.

C. Results

The measurement results for various rf voltages are
shown in Fig. 3. The measured injection efficiencies are
summarized in a two-dimensional color plot, which visu-
alizes the longitudinal acceptance clearly. The step sizes of
the two-dimensional scan were 0.01 ns in time and 0.2% in
energy-offset.

V. DISCUSSION

For a better understanding of the measurement results
presented in the previous section, they are compared to the
simulated ones as shown in Fig. 4. The simulation is a
simple one-dimensional tracking, using Eqs. (1) and (2), as
is done in Fig. 1. The comparison is performed in two ways:
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FIG.4. Measurement data compared with simulated acceptance
(left) and modeled injection efficiency (right). The rf voltage was

set to 0.6 (top), 1.12 (middle), and 2.0 MV (bottom). See text for
details.

the simulated longitudinal acceptance in red is overlaid (left
column), and the injection efficiency is computed assuming
that the injected beam profile, or equivalently the booster
beam profile, is Gaussian with the design bunch length of
55 ps (right column). The computation of the injection
efficiency is simplified as follows. Once the longitudinal
acceptance is computed, we can immediately find if a
particle will be captured or not for any initial condition by
definition of the acceptance. A Gaussian bunch of many
particles is generated with random numbers and located at
various initial energies and timings in longitudinal phase
space. The injection efficiency is then computed by
counting the number of particles that are within the
acceptance. For a more accurate estimation the convolution
of the Gaussian probability function with the acceptance
should be calculated.

At the low and middle voltages (0.6 MV and 1.12 MV),
the golf-club acceptance was clearly observed both in
measurement and simulation. The injection efficiencies
are, however, rather low at the shaft. This is attributed to the
fact that the booster bunch is too long to fit the shaft.
Indeed, the simulation confirms these low injection effi-
ciencies. Overall, the agreement between measurement and
simulation is quite good. The energy setting of the injection
beam includes a systematic error of 0.1-0.2%. This may
explain the small difference at large positive §.

At the high voltage (2.0 MV), the acceptance is a simple
elliptic shape in the measurement and is not consistent with
the simulation. We believe that the off-energy transverse
aperture was not enough for a large negative energy
deviation. With the modified optics, the theoretical trans-
verse aperture diminishes at around 6 = —4.7% (Fig. 5). It
can be worse in the machine with imperfections such as

30 Horizontal

— — — Vertical

Aperture (mm)

S (%)

FIG. 5. Dynamic aperture of the modified optics as a function
of energy offset. The beta functions are 16.5 m in the horizontal
plane and 3.7 m in the vertical plane at the longitudinal location,
where the aperture is computed. No machine imperfections are
included. The number of turns in the tracking (elegant) is 1000,
and the rf cavities are turned off.
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misalignments and magnetic field errors even though the
sextupole setting was optimized before the experiment.
Such a limitation explains the observed difference. Upon a
closer look, there is an asymmetry in the experimental
result with respect to the energy, which is beyond the
aforementioned energy setting error. Beam can be injected
up to +4% energy offset, however, for negative offset the
limit is around —3%. This indicates that the longitudinal
motion is stable even for —4% negative energy offset,
because the injected beam with +4% offset reaches —4%
offset after half a synchrotron oscillation period. The
injection efficiency is sensitive to transverse injection errors
for rather large energy deviations where the dynamic
aperture is not enough. The on-axis injection tuning might
not be as precise as required for the injected beam with
negative offset below —3%.

With the injection efficiency data the bunch length of the
booster beam can be estimated. A part of the data obtained
at the nominal beam energy is extracted and plotted in
Fig. 6. Assuming that the booster bunch profile is Gaussian,
an error function is fitted to the data. The bunch length from
this analysis is 54 ps, which is very close to the design value
of 55 ps. This justifies the assumption made for the above
comparison (Fig. 4, right column).

One of the important parameters for the longitudinal
particle motion is the momentum compaction factor a. We
examined the robustness of a against machine imperfec-
tions. Since a is determined by the optical function, namely
the dispersion function over the dipole magnets, o of the
BESSY II lattice is computed with quadrupole magnetic
field errors that distort the storage ring optics (Fig. 7).

The momentum compaction factor is quite robust against
machine imperfection. The same computation was also
performed for a seven-bend achromat lattice, and a similar
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FIG. 6. Booster beam bunch length estimation using a part of
the injection efficiency measurement data. The data plotted is
taken from the measurement with the rf voltage of 0.6 MV at the
nominal energy. An error function is fitted (red line) to this part of
the data (black points), resulting in a bunch length of 54 ps.

8.0 T
7.5 A N
+
o Tk é F o+t ot
I Hr it G AT T
¥ s AL
=] ¥ tﬁ f++§ﬁﬁ+ 4
3
7.0 A
6.5 T T 1
0 10 20 30
Hor. B-beat (%)
FIG. 7. Momentum compaction factor, a, as a function of

horizontal -beat, representing the optical error. The ideal lattice
(Fig. 2) is examined here. The optical error is introduced through
quadrupole field errors generated with random numbers.

result was obtained. This robustness appears to be a
gratifying feature common at least to achromat lattices.
In addition, the linear lattice functions, including the
dispersion function, of future multibend low emittance
rings need to be carefully corrected in order to reach the
required transverse dynamic apertures to accumulate beam
even with swap-out injection schemes. We know rather
accurately other parameters that determine the longitudinal
acceptance, namely rf voltage, beam energy and radiation
energy loss. Therefore, it may be a natural outcome that we
find a good agreement between the longitudinal accep-
tances from measurement and simulation.

A linear approximation has been applied to the momen-
tum compaction factor throughout the paper. In the modi-
fied lattice, the second-order term is 5.8 x 10~* while the
first order is 7.0 x 10~*. These parameters result in a bucket
height asymmetry of only 0.1% level, and thus a linear
approximation is adequate. The effect of a higher-order
momentum compaction factor is normally marginal in
third-generation light sources. However, it should be
included into the model when the storage ring is tuned
differently, e.g., in the low-alpha mode [13]. Moreover, the
first-order term is typically much smaller in next generation
light sources, and the higher-order terms become important.

We explore briefly how the longitudinal acceptance is
shaped by the second-order term. The acceptance is
computed for three typical cases as shown in Fig. 8.
Based on the modified lattice parameters, the first and
second order terms are varied. The rf bucket height shows
an asymmetry as the second (first) order term increases
(decreases). When the second-order term becomes domi-
nant, the phase space topology transforms into the so-called
alpha bucket as seen in Fig. 8. On the other hand, the
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FIG. 8. Theoretical longitudinal acceptance with nonlinear
momentum compaction factor. The first and second order terms
are included: a in Eq. (1) is now a = a; + a,8. Three typical
cases are examined: first order dominant with a; = 7.0 x 10~*
and a, = 5.8 x 107 (top), second order predominant with a; =
23x107* and a, = 17.3 x 10* (middle), and second order
dominant with @; = 1.7 x 107* and a, = 23.0 x 10~ (bottom).
The rf voltage is set to 1.12 MV. Red lines indicate the acceptance
including synchrotron radiation damping while the static bucket
is indicated by black lines.

longitudinal acceptance is always expanded by synchrotron
radiation damping. This qualitative feature is intrinsic and
not relevant to the nonlinearity of the momentum compac-
tion factor because the damping originates in the energy
dependent energy loss as we discussed in Sec. II.

VI. CONCLUSION

The longitudinal acceptance of the BESSY II storage
ring was successfully measured, and the existence of the
golf-club acceptance was confirmed experimentally. To our
knowledge, a measurement of this kind was performed for
the first time. The experimental results show a good
agreement with the prediction based on the longitudinal
beam dynamics with input parameters derived from the
accelerator model, including synchrotron radiation effects.
As a by-product, the booster bunch length was evaluated
from the measured acceptance data. The extracted bunch
length is in good agreement with theoretical expectations
as well.

We also examined the robustness of the momentum
compaction factor against machine imperfections. It turned
out that it is almost constant even when the optical
functions are heavily distorted. We think that this is a
generic feature at least for rings with achromat lattices.
Since other relevant parameters can be known rather
accurately, we conclude that the longitudinal acceptance
of the electron storage ring can be predicted reliably,
supporting the design of longitudinal injection schemes.

The effect of the higher-order momentum compaction
factor is briefly investigated since it is important in next
generation light sources. In the electron storage ring, the
longitudinal acceptance is in general expanded by synchro-
tron radiation damping.
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