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In this paper we present the experience at Diamond Light Source in the design, implementation, and
operation of low momentum compaction factor lattices for the generation of short x-ray pulses and
coherent THz radiation. The effects of higher-order terms in the expansion of the momentum compaction
factor on beam dynamics are reviewed from a theoretical point of view, and the details of both high- and
low-emittance solutions at Diamond are discussed. Measurements taken to characterize the lattices under
a variety of machine conditions are presented, along with the practical limitations that exist as the
momentum compaction factor is made to approach zero.
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L. INTRODUCTION

Electron storage rings can be operated in a quasi-
isochronous lattice in order to generate picosecond long
electron bunches [1]. For a synchrotron radiation source,
this is desirable for two primary reasons. First, a reduction
in electron bunch length implies a corresponding reduction
in x-ray pulse duration, improving the temporal resolution
achievable when used for pump-probe or time-of-flight
experiments. Second, a reduction in bunch length extends
the wavelength range in which the electron bunch emits
coherently towards the THz/far infrared region of the
electromagnetic spectrum. While the majority of electron
storage rings are not optimized for the production of such
short electron bunches, with an appropriate tuning of
the lattice optical functions it is possible to minimize the
momentum compaction factor (alpha) in order to store
short electron bunches with good lifetime and good injec-
tion efficiency. These so-called low-alpha lattices have
been implemented at a number of light sources worldwide
(see, for example, [2—12]), with several offering dedicated
user time when operating in this mode [6,7,13].

The low-alpha mode of operation is known to suffer
from an increased sensitivity to single bunch longitudinal
instabilities driven by coherent synchrotron radiation, the
threshold for which decreases with alpha [14,15]. These
effects typically limit the charge that can be stored in a
single bunch to tens of wA. For the short-pulse users, the
price to pay for a reduction in pulse duration is therefore a
reduction in operational bunch current of more than 2
orders of magnitude compared to standard operation.

In 2005, a program for the generation of short radiation
pulses was set up at Diamond [16,17], concentrating, in
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particular, on the low-alpha mode of operation. After a
minimal hardware upgrade, the first low-alpha operation
was achieved in 2008 [18], with the first user time in 2009
for pump-probe experiments [19]. In this paper we present
the experience at Diamond Light Source in the design,
implementation, and operation of low-alpha lattices. In
Sec. II we review the relevant theory of operating with
near-zero alpha, examining, in particular, the dependence
of the longitudinal motion on the higher-order alpha terms
and show new results for how they affect the momentum
aperture. In Sec. III we present the two solutions for low-
alpha operation implemented at Diamond, the second of
which provides a low emittance close to that of standard
machine operation. This allowed an assessment to be made
of the effect of transverse emittance on the beam dynamics
in low-alpha mode. In Sec. IV we present various beam-
dynamics measurements taken to characterize the lattices,
and explain a mechanism by which the transverse beam
motion grows in inverse proportion to alpha. First
measurements of coherent emission at Diamond in
the mm-wave region of the electromagnetic spectrum are
also discussed. Conclusions and future perspectives are
discussed in Sec. V.

II. BEAM DYNAMICS WITH LOW MOMENTUM
COMPACTION FACTOR

The equilibrium bunch length of an electron beam in the
“zero-current’” limit scales with the square root of alpha.
Modern third generation light sources operate with alphas
of the order of few units in 10~ with bunch length in the
ten ps rms range or longer. A precise control of alpha is
necessary to further reduce it and, correspondingly, the
bunch length.

Electron storage rings with low alpha present additional
challenges for the lattice optimization. A complicated
beam dynamics must be controlled in the longitudinal
plane, while ensuring sufficient dynamic and momentum
aperture to allow electrons to be injected with good
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efficiency and stored with good lifetimes. In this section we
discuss how the longitudinal motion becomes increasingly
nonlinear as alpha is reduced, describe the various regimes
for the longitudinal motion, and discuss how the momen-
tum acceptance is affected by the higher-order terms in
alpha.

A. Momentum compaction factor

Alpha is typically expanded as a power series in mo-
mentum deviation (8 = Ap/p),

a(8) = a; + a8 + 38> + 0(5), (1
where the leading order terms can be calculated using the
formulas
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Here, p is the dipole bend radius, € is the ring circum-
ference, 7 is the dispersion, 1’ is its spatial derivative, and
the subscripts 1, 2, and 3 refer to the order in the expansion
with momentum deviation. In order to minimize «; the
storage ring linear optics needs to be tuned such that the
integrated dispersion inside the bending magnets is close to
zero. As «; is reduced it is essential to simultaneously
minimize «, so that adequate momentum aperture can be
maintained [1]. This can be done using appropriately
placed sextupoles. Crucially, however, once both «; and
a, have been minimized, the next highest-order terms in
the expansion for alpha quickly become dominant and their
effects on the longitudinal dynamics must also be
considered.

B. Longitudinal beam motion

For highly relativistic electron beams, and in the absence
of radiation damping and quantum fluctuations, the equa-
tions governing the longitudinal motion can be written as

§'(p) = [Slnqo — sing,] )

o'(8) = h(% + a6 + a,8% + a353), (6)
0

where E| is the electron energy, ¢, is the synchronous

phase, £ is the harmonic number, V; is the cavity voltage,

and the term A€ /€, represents all momentum-independent

path lengthening effects. These equations can be derived

from the Hamiltonian

Af aq (4%) (2%}
H(p, 8)= [—6+ 52+ 53+—54]
eo 3 4
L [cosp —cosg, + (¢ — @ )sing].  (7)
27TEO

The longitudinal motion has stable and unstable fixed
points which occur when both ¢’ = 0 and &' = 0. The
fixed points lie at phases ¢ = ¢, and ¢ = 7 — ¢,, and
the momentum deviations of the fixed points are given by
the roots of Eq. (6), i.e., when

A
€—€+a|5+a252+a353=0. (8)
0

The momentum-independent path lengthening term can
be considered to be zero at low chromaticity [20], since the
contribution from closed orbit distortions to path length-
ening can be offset by an adjustment of the central rf
frequency, which in practice is always performed. Under
this assumption, there exist three solutions to Eq. (8), and
for all these solutions to be real the condition a3 > 4 a;
must be satisfied.

For low-alpha operation, we are interested in under-
standing the influence of a3 on the longitudinal motion
when «; is reduced from an initially large value towards
zero or to negative values. A careful optimization of the
transverse dynamics (see below) allows us to assume that
a, has been corrected to zero. After setting ¢, = 0, we
consider only the case where a3 < 0; the case of positive
a3 1s simply a reversal of these results.

Initially, for large positive «, the longitudinal motion is
described by the standard rf bucket. There are three stable
regions in the longitudinal phase space, the on-momentum
bucket centered at (0, 0) plus two off-momentum buckets
centered at [77, +(—a;/a3)"/?]. The separatrices for these
buckets are shown in Fig. 1. As «a; is reduced, the three
stable regions approach each other and the shapes of
the buckets are distorted until they eventually merge.
This is the transition between the conventional rf bucket
regime into the alpha-bucket regime. As «; is further
reduced with respect to as, the three buckets split again,
this time with the unstable fixed points swapped such that
the two buckets centered at [7, =(—a;/a3)'/?] share the
one at (77, 0), and the bucket centered at (0, 0) now has the
two unstable fixed points at [0, +(—a,/a3)'/?]. In this
regime the longitudinal and momentum acceptance for
the three buckets reduces rapidly as «; is reduced.
However, a new stable region appears which encloses the
two buckets centered at [, =(—a;/a3)"/?] for which
undamped particles will follow trajectories enclosing the
smaller buckets. As «; passes through zero, the off-
momentum solutions to Eq. (8) become imaginary and
the bucket centered at (0, 0) disappears. At the same
time, the two buckets centered at [, =(—a;/a3)"/?]
merge to form a single on-momentum bucket centered

040705-2



EXPERIENCE WITH LOW-ALPHA LATTICES AT THE ...

Phys. Rev. ST Accel. Beams 14, 040705 (2011)

10 <.—>
“ e
-10
-2 0 2 4 6
o (rad)
10
S
(2=}
-10
-2 0 2 4 6
o (rad)
10 — . . . .
S
L 0
:
-10
-2 0 2 4 6
o (rad)
10 . . . .
(2=}
-10 — : : : :
-2 0 2 4 6
o (rad)

FIG. 1.

o (x107%)

-5
10 -5 0 5 10
8 (%)
5

o (x107%)

-5
-10 -5 0 5 10
3 (%)
~ 5 "
b
o
3 i /\
3
-5
-10 -5 0 5 10
5 (%)
~ 5 "
b
o
E 0
3 /—\
-5 . . .
-10 -5 0 5 10

8 (%)

Figure showing how the separatrices between stable and unstable motion vary as «; is reduced from positive to negative

values for the case where ¢, = 0, a, = 0, and a3 < 0. The right-hand plots show the corresponding values for alpha. The four stages
illustrated are rf-bucket regime (top), transition (middle top), alpha-bucket regime (middle bottom), and negative alpha (bottom).

at (7, 0); alpha is now entirely negative and the stable rf
phase has switched from ¢ = 0 to ¢ = 7.

It is interesting to note that, had we chosen to operate
with positive a3, the situation described above is reversed,
i.e., as a is made to pass from positive to negative values it
is the bucket centered at (0, 0) that splits into two, rather
than the two off-momentum buckets that merge to form a
single on-momentum bucket. This transition can occur
smoothly without loss of beam [13].

Transition between the rf and alpha-bucket regimes
occurs when the Hamiltonians for the separatrices of the
three buckets are equal, namely, when

H(7T, O) = H(O, i‘v _al,transition/a3> 9

which upon substitution into Eq. (7) eventually reduces to

Q1 transition _2a38rf2r (10)
where g, is the energy acceptance given by the classical
result for the first order solution of Eq. (9) [21]. This
transition point can be used as a criterion for good longi-
tudinal and momentum aperture, i.e., to stay in the rf-
bucket regime @ = @ yqnsition- HoWever, if both a; and
a3 have the same sign then the off-momentum fixed points
are imaginary and this condition no longer applies. In this
case the a3 term creates a perturbation on the maximum
stable momentum oscillation of the linear rf bucket. The

momentum acceptance can be found by equating the value

of the Hamiltonian at the unstable fixed point to the value
at the phase ¢ = ¢, i.e.,

H(0,0) = H(m, 6pax) (1)
which leads to the result
Bax? + A S = £ (12)
261’1

In this regime, the @3 term serves to increase the mo-
mentum aperture above the one found from the classical
first order solution, and particles exhibit regular motion out
to large momentum and phase deviations.

C. Transverse dynamics

Optimization of the transverse dynamics in low-alpha
lattices poses additional challenges with respect to the
usual optimization. Good dynamic and momentum aper-
tures still have to be provided, while simultaneously setting
a, to zero and ensuring that higher-order terms remain
within limits that do not spoil the lattice performance. The
task of optimizing the sextupole strengths is made more
demanding by the reduced freedom to control the linear
dispersion function. As an example, a reduction in «; can
lead to negative dispersion appearing at the sextupole
locations, which in turn makes it necessary to implement
a switch in polarity of these magnets for them to remain
effective.
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III. LOW-ALPHA LATTICES AT DIAMOND

Low-alpha lattices for Diamond were developed target-
ing several objectives simultaneously. The main goals were
to have small, variable «, sufficient on-momentum dy-
namic aperture to be able to inject directly into the lattice
without shifting the working point and changing the optics,
sufficient off-momentum dynamic aperture for good life-
time and injection, small beta function in the insertion
device (ID) straight sections, large horizontal beta function
at the injection point and small, controllable chromaticity
(both transverse and longitudinal). Additionally, it was
desirable to have low emittance in order to maximize the
source brightness (relevant for the short-pulse x-ray users).

The Diamond storage ring is a double-bend achromat
lattice, for which the standard approach to achieve low
alpha is to introduce negative dispersion in the straight
sections [2,3,6—10]. For this solution the dispersion is made
to cross from positive values between the bending magnets
to negative values in the straights, thus minimizing Eq. (2)
at the expense of a significant increase in horizontal emit-
tance. However, an alternative solution is to keep the
dispersion positive everywhere except in the center of
the bending magnets [17,22,23]. This allows both «; and
the emittance to be minimized simultaneously; both these
low-alpha solutions have been implemented at Diamond
[18,24]. A summary of the main storage ring parameters in
each case is given in Table I, and the optical functions
for one super-period for the two lattices are given in
Figs. 2 and 3.

There are several key differences between the two solu-
tions. First, the horizontal integer tune point for the low-
emittance lattice is much larger than for the high-emittance
lattice at 29 compared to 21 (the standard user optics has an
integer tune point of 27). This increase in horizontal tune
leads to an increase of the natural chromaticity, which
combined with the reduction in dispersion at the sextupole
locations results in a marked increase in the required sextu-
pole strengths (S). This problem is exacerbated by the need
to minimize the longitudinal chromaticity «,, a term which
is proportional to 1, and is predominantly controlled by

0.5
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Dispersion (m)

0 20 40 60 80
S (m)

FIG. 2. Optical functions for the high-emittance lattice.

0.2
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FIG. 3. Optical functions for the low-emittance lattice.

the focusing sextupoles in the center of the arcs, where
the peak dispersion is considerably reduced in the
low-emittance lattice. Peak sextupole strengths for
the low-emittance lattice are therefore unavoidably
stronger than those required for the high-emittance
lattice (31.3 m™3 compared to 23.6 m~3, respectively),

TABLE I. Main design parameters of the two low-alpha lattices.

Parameter High emittance lattice Low-emittance lattice
emittance 35.2 nmrad 4.4 nmrad

a, -3 X 107° —-1x107°
a, (with/without sextupoles) —6 X 107°/0.0116 —2 X 1073/0.005
a3 (with/without sextupoles) —0.0426/-0.193 0.004/0.008
0./0, 21.150/12.397 29.390/8.284
Natural &,/¢, —37/-26 —66/—43
B/ By 8.2 m/2.4 m 1.1 m/5.7 m
Maximum 7, 0.45 m 0.28 m
Natural bunch length (3 MV) 1.3 ps 2.4 ps
Synchrotron frequency (3 MV) 346 Hz 629 Hz
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increasing the nonlinearity of longitudinal and transverse
beam motion and thus shrinking the region of stable mo-
tion. In spite of this, injection efficiencies above 40% and
lifetimes above 10 h are regularly maintained for the user
conditions.

Based on experience gained during machine develop-
ment trials for the high-emittance lattice, a larger absolute
value for a; was targeted for the low-emittance solution
from the beginning. There are two main reasons for this
choice. First, while the larger «; gives a longer natural
(zero-current) bunch length, the bunch length at moderate
bunch currents rapidly becomes independent of «, i.e.,
there is no benefit in further reducing a; once a minimum
bunch length has been achieved at any given current.
Second, the horizontal closed orbit stability of the electron
beam is found to be inversely proportional to «a;. This
reduced closed orbit stability becomes important to the
users when the emittance of the beam is reduced.
Selecting a slightly larger «; helps to reduce the impact
of this increased sensitivity to transverse motion, without
increasing the bunch length at the given operating current.
These features are discussed in the following section.

The final difference to note is that the sign of a3 is
positive for the low emittance and negative for the high-
emittance lattice. The results from Sec. II would suggest it
is better to operate the low-emittance lattice at positive a;
in order to benefit from the removal of the off-momentum
fixed points of motion and, hence, improved momentum
aperture; however, when switching to positive «; the sign

10

of a3 is also found to reverse. As such, operation with
negative « is still preferred in order to benefit from the
reduced bunch lengthening with current compared to op-
erating with positive «a;.

Extensive nonlinear beam-dynamics studies were car-
ried out on both lattices during the design stage in order to
identify which solutions were expected to perform opti-
mally and also to establish the expected performance cri-
teria. This work assessed the dynamic and momentum
apertures available to the beam, investigated the injection
process and mapped out the longitudinal phase space with
a full 6D tracking, complete with rf cavity and radiation
damping (where appropriate). Frequency maps were also
used to evaluate the quality of the lattice optimization [25].
For the studies, a combination of TRACY-II [26], ELEGANT
[27], and Accelerator Toolbox [28] were used. The final
solutions were found to be sufficiently robust to operate
without any need for optics switches to ease injection, even
after including realistic magnet field errors and physical
apertures in the simulations. Plots of the available on- and
off-momentum dynamic apertures, frequency map, and
momentum aperture for the low-emittance lattice are re-
ported in Fig. 4, along with alpha and the longitudinal
phase space. The longitudinal dynamics for the low-
emittance lattice shows strong nonlinearities and requires
many terms in the polynomial expansion for alpha for an
accurate description to be made. Alpha crosses from
negative to positive values at 6 = +4%, meaning that
Eq. (8) has two solutions and two stable regions appear
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FIG. 4. On-momentum dynamic aperture (top left), frequency map (top middle), and off-momentum dynamic aperture (top right) for
the low-emittance lattice. The longitudinal phase space (bottom left), momentum compaction factor (bottom middle), and momentum
acceptance (bottom right) for one super period of the ring are also shown. The separatrices between stable and unstable motion are

highlighted in red.
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(one on-momentum bucket centered at ¢ = 7 — ¢, and
one off-momentum centered at ¢ = ¢,). As a result, the
low-emittance lattice operates in the alpha-bucket regime.
In order to accommodate six sigma of the injected bunch
from the booster (0 pooser = 26 mm), a phase acceptance
of *=0.82 rad is required out to —11.2 mm horizontal
displacement. After % of a synchrotron period, this trans-
lates into a required energy acceptance of above £4%. As
clear from the on- and off-momentum dynamic aperture
plots in Fig. 4, it has not been possible to meet this
challenging requirement. However, injection efficiencies
in the range 30%—-50% were predicted by the simulations,
in remarkable agreement with the measured values for the
low-emittance lattice.

IV. MACHINE MEASUREMENTS

A. Bunch length measurements

The numerical optimization of the low-alpha lattices
allowed promising solutions to be found with |a;| =
1 X 107°. At Diamond this corresponds to a predicted
bunch length of 1 ps rms. Electron bunch length measure-
ments are taken using an Optronis dual-sweep streak cam-
era [29]. The combined static-dynamic point spread
function (PSF) for this camera is estimated to be in the
range 1.5-3 ps depending upon the precise details of the
setup, and is a parameter which must be checked whenever
bunch length measurements are to be taken. The magnitude
of PSF makes bunch length measurements in low-alpha
mode extremely challenging at the shorter end of the scale,
where the predicted bunch lengths are less than the PSF of
the camera and are therefore subject to significant system-
atic errors. The performance of the camera remains under
active study [30].

The possibility to operate the Diamond storage ring in
high- and low-emittance low-alpha modes allows the
bunch lengthening with current to be directly compared
for the two cases. For this measurement, «; was held fixed
at —6 X 107° and the cavity voltage was varied between
1.5 and 2.2 MV. The results are shown in Fig. 5. There is
good agreement between the data sets up to a bunch current
of 42 uA; however, for the data taken at 62 uA the
measured bunch length for the low-emittance lattice was
longer and was observed to emit “‘bursting” radiation due
to microbunching [31]. This earlier onset of bursting ra-
diation for the low-emittance lattice can be explained as a
direct consequence of the increase in electron density.

As expected from the theory for negative alpha [32], an
initial reduction in bunch length with increasing current
due to potential well distortion is observed before collec-
tive effects cause the bunch length to begin to grow again.
In contrast to this, for positive alpha the bunch length
grows immediately from the same zero-current (natural)
bunch length. For negative alpha, the bunch lengthening
onset occurs at bunch currents of only a few A, and varies
with the particular values of cavity voltage and alpha. It is

. -~
—

gs =
%‘) e §‘I/ X '/ /X/. low &
S 4 E ~ — = —highe ]
5 ey 4 ® theory
5 X; X lowe ]
@ ’ — + —highe
2 ® theory |
0 éO 4b éo 80

Bunch current (1A)

FIG. 5. Comparison between bunch length measurements for
the high- and low-emittance lattices at a; = —6 X 107°. The
cavity voltage was varied between 1.5 MV (blue) and 2.2 MV
(red). The theoretical natural (zero-current) bunch lengths given
by Eq. (13) are marked as dots.
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B o

0 20 40 60 80
Bunch current (uA)

FIG. 6. Comparison between bunch length measurements
made for the low-emittance lattice at |a;| =1 X 1073, The
cavity voltage was set to 1.5 MV. The theoretical natural
(zero-current) bunch length given by Eq. (13) is also given.

anticipated that, for negative alpha, the energy spread will
increase more rapidly with current than is the case for
positive alpha; however, we have been unable to confirm
this as the stored current is below the minimum value
required by the x-ray pinhole camera system for accurate
measurements to be made. Figure 6 shows a comparison
between bunch length measurements taken for both posi-
tive and negative alpha for the low-emittance lattice at a
fixed value of |a;| =1 X 107> and a cavity voltage of
1.5 MV.

The raw data and fitted curves are shown for a range of
machine conditions in Fig. 7. From this it is clear that the
reduction in bunch length with «; at a given rf cavity
voltage is only apparent for bunch currents below
~20-30 pA. An interesting feature from this plot is that
the bunch length curves for different values of «; only
converge to a common value at a fixed cavity voltage; i.e.,
there is no universal relation linking bunch length to bunch
current, but rather the limiting values depend on cavity
voltage. Note that for the data shown in Fig. 7 the PSF was
taken to be 1.7 ps in order to give good agreement with the
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FIG. 7. Bunch length as a function of current under a variety of
conditions. Data in red was measured at 3.4 MV, data in green
was measured at 2.2 MV, and data in blue was measured at
1.5 MYV, all using the low-emittance lattice.

zero-current bunch length extracted from the measured
synchrotron frequency. This PSF is marginally above the
measured value, with the discrepancy believed to be due to
phase noise in either the streak camera of 1f systems. A
more precise theoretical understanding of the bunch length
dependence on bunch current is the subject of future work,
for which a multiparticle tracking code is to be extended to
include the effects of coherent synchrotron radiation [33].

B. Synchrotron frequency measurements

As an alternative to streak camera measurements, the
natural electron bunch length can be inferred from the
synchrotron frequency:

CE()O'E

= —0E 4 13
g hCOSg’seVrffrCVZf ( )

where o is the energy spread and f,., is the revolution
frequency. This method requires some assumptions to be
made about the operating machine conditions (such as
beam energy, rf cavity parameters, electron energy spread);
however, for the shortest electron bunches stored in the
Diamond storage ring and for low bunch currents, this
method is judged to be the most accurate form of bunch
length measurement presently available.

To assist in the measurement of the synchrotron fre-
quency, a phase modulator was installed for the rf system
which allows synchrotron oscillations to be excited in the
beam. These oscillations can then be observed at a beam
position monitor (BPM) at a location of high transverse
dispersion. An example of how the rf phase modulator
improves the synchrotron frequency measurements is
given in Fig. 8, and a measurement taken at a synchrotron
frequency of 185 Hz is given in Fig. 9. The rf cavity voltage
in this case was 3.4 MV, corresponding to natural electron

—_
o
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No modulation
—— RF modulation

Horizontal PSD (um?/Hz)
=)

10 10°
Frequency (Hz)

FIG. 8. Comparison of synchrotron frequency measurements
made with and without rf cavity phase modulation. Beam motion
was recorded at a BPM with n, = 0.28 m.

—_
[=}

10~

Horizontal PSD (umZ/Hz)
IS

10 10°
Frequency (Hz)

FIG. 9. Synchrotron frequency measurements made for V; =
3.4 MV and a; = —7 X 10~7. The corresponding natural elec-
tron bunch length is 0.6 ps.

bunch length of 0.6 ps (a; = —7 X 1077). Both these data
sets were recorded using the low-emittance lattice.

C. Coherent emission

A further confirmation of the short bunch lengths
achieved with the low-alpha lattices can be found by ob-
serving the emission at wavelengths comparable to or
longer than the bunch length, at which point the bunch is
expected to emit coherently. The total power radiated by
the electron bunch at a given wavelength can be derived
from the power emitted by a single electron [P,(A)], the
number of electrons in the bunch (n,), and a form factor

(F) [34]:
P(A) = P,(Vn, + n,(n, = Df)) (14)

The form factor f, is given by the square of the Fourier
transform of the charge distribution and varies between 0
for an infinitely long bunch (incoherent emission) and 1 for
a point source (coherent emission). For large n, (as is the
case in electron storage rings), a clear indication that
the emitted radiation is coherent is given if P(A) is found
to be proportional to n2.
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FIG. 10. Power emitted in the 60-90 GHz bandwidth as a
function of current for two values of «,. Data was measured
at 1.5 and 2.2 MV.

To detect coherent emission the Diamond storage ring is
equipped with a Schottky barrier diode sensitive to the
60-90 GHz bandwidth [35]. This detector has a fast re-
sponse time of 250 ps which allows the structure and
evolution of the coherent emission to be studied on a
turn-by-turn basis, albeit restricted to measuring mm-
wave radiation longer than the expected bunch length.

The emitted radiation in this bandwidth is shown in
Fig. 10 for a variety of machine conditions for the low-
emittance lattice. The radiation was emitted in a steady
state, i.e., the bunch current was kept below the bursting
instability threshold (found to be in the range 50-55 puA
for these measurements). The data shows that the power
emitted in this bandwidth at a given rf voltage is initially
higher for a reduced value of & (when the bunch length is
shorter), but as the current is increased and the bunch
length becomes independent of «; the emitted power
also becomes independent of «;. As the rf voltage is
increased, the bunch length is shortened and again the
emitted power increases consistent with the results of
Fig. 7.

Further analysis of this data shows that the differences in
emitted power can be explained purely by the form factor
f ) for each data point. The form factors are extracted from
streak camera images recorded at the same time as the mm-
wave data, and show both a bunch lengthening and bunch
distortion as the bunch current is increased. If the measured
power is normalized to the numerically calculated form
factor for A =5 mm, then the power emitted becomes
independent of machine parameters and proportional to
Iﬁ, as predicted by Eq. (14) for the case of fyn, > 1. A
selection of bunch profiles for increasing bunch current are
shown in Fig. 11, and the power normalized to f)—5 ,, 1S
shown in Fig. 12. Normalizing the mm-wave data to a form
factor calculated using a Gaussian bunch of equal FWHM
significantly underestimates the power emitted at higher
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FIG. 11. Bunch profiles recorded with the streak camera for
a;=—1X107% and V,; = 1.5 MV.
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FIG. 12. Power measured with the Schottky barrier diode
normalized to the form factor calculated using the bunch profile
measured using a streak camera. The power normalized in this
way becomes independent of machine parameters and propor-
tional to Ii, consistent with steady-state coherent emission.

bunch currents; it is necessary to consider both a bunch
lengthening and a bunch shape distortion to explain the
measured data, suggesting (14) should be written as

P(A) = Pe(/\)[ne + ne(ne - l)f()‘r ne)]' (15)

D. Orbit stability

Increased transverse beam motion is a known problem
for low-alpha lattices [8,36]. At Diamond, horizontal elec-
tron beam motion for both high- and low-emittance lattices
has been measured to be greater than that of the nominal
storage ring by up to 2 orders of magnitude. The beam
motion is always dominated by a dispersive pattern,

040705-8



EXPERIENCE WITH LOW-ALPHA LATTICES AT THE ...

Phys. Rev. ST Accel. Beams 14, 040705 (2011)

10

oc1=0.5x10'

Horizontal PSD (um?/Hz)
)

a,=1.7x10"°

a1=5.8x10_6

o,=21.0x10"°

10° 10°
Frequency (Hz)

FIG. 13. Displacement PSD at a high dispersion BPM for
several values of alpha.

implying the root cause of the increase in horizontal
motion is related to an increased sensitivity to fluctuations
in the beam energy. The vertical motion is also affected as
a is reduced, but is less apparent due to the smaller
dispersion in the vertical plane.

Shown in Fig. 13 are measurements of the horizontal
electron beam displacement power spectral density (PSD)
for four different values of « ;. The profile of the vibrations
remains constant in each case, with only the amplitude of
motion and the location of the synchrotron frequency peak
changing as alpha is altered. The PSD profiles closely
match the measured ground motion spectrum, suggesting
that the primary mechanism driving the horizontal electron
beam motion is small changes to the ring circumference
caused by ground vibrations. This can be understood from
the definition of alpha:

AC/€,
5

Since the average circumference is fixed by the rf fre-
quency, small changes to the electron path length will
translate directly into changes in electron energy in inverse
proportion to the momentum compaction factor. An esti-
mate for the magnitude of path length fluctuations caused
by ground motion can be made by considering quadrupole
vibrations in regions of nonzero dispersion. In this case, the
change in path length is given by

Al = ZK”L" 77n<0'quad>’

oa =

where K, is the quadrupole strength, L, is the magnet
length, 7, is the dispersion at the quadrupole, and
(0quaa) is the average transverse vibration amplitude for
the magnets. For Diamond, the average amplitude of quad-
rupole vibrations is ~40 nm, which in turn gives average
path length fluctuations of ~0.24 um. For the case of
a; = —1 X 1073, the resulting energy fluctuations are
6 ~0.04%, and at a location where the dispersion is

Hor. (FOFB on)

Vert. (FOFB on)
— — — Hor. (FOFB off)
— — — Vert. (FOFB off)

Integrated displacement PSD (um)

107 —1 ‘ 0 ‘ 1 2 3
10 10 10 10 10
Frequency (Hz)
FIG. 14. Integrated beam motion with and without orbit feed-
back for @, = —1 X 1073 and a cavity voltage of 1.6 MV.

0.3 m this would result in ~13 xm horizontal beam mo-
tion, consistent with the measured integrated value, as
shown in Fig. 14.

In order to suppress transverse beam motion, the fast
orbit feedback (FOFB) has been set up to run with a
reduced bandwidth. The integrated beam motion with
and without feedback running is shown in Fig. 14. While
horizontal beam motion in the range 1-100 Hz is above
that of the nominal lattice at 3.7 wm, this is still well below
the target 10% of beam size.

E. Pinhole camera images

Two x-ray pinhole cameras are available at Diamond for
imaging the electron beam, and from these images the
emittance and energy spread of the electron beam can be
extracted [37]. Such measurements are subject to increased
uncertainty for the low-alpha mode of operation due to the
low beam currents involved and increased transverse beam
motion on time scales shorter than the typical camera
integration times. Optimization of the emittance measure-
ment procedure in low alpha is ongoing; however, prelimi-
nary values of 37.2 £ 1.6 nmrad and 3.7 = 0.3 nmrad
have been recorded for the high- and low-emittance latti-
ces, respectively.

The pinhole cameras have also been used to confirm the
existence of two stable regions in the longitudinal phase
space for the low-emittance lattice. For this measurement,
electrons were injected into the storage ring at ¢ = 7 — @,
before slowly shifting the rf cavity phase to ¢ = ¢, and
reinjecting without losing the original stored beam. In
order to separate the two beams on the pinhole camera
screens, the vertical dispersion was artificially enhanced by
increasing skew-quadrupole strengths. Pinhole camera im-
ages shown in Fig. 15 clearly show the existence of two
stored beams separated in space due to the different beam
energies and finite vertical dispersion at the pinhole camera
source points.
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FIG. 15. X-ray pinhole camera image for the low-emittance
lattices showing two stored electron beams at phases ¢ = 7 — ¢,
and ¢ = @;,.

F. Operational aspects

Since April 2009, three dedicated four-day periods of
machine time have been devoted to users of short-pulse
x rays for pump-probe experiments. For the first user
period the high-emittance lattice was applied, during
which time difficulties were identified regarding the over-
lap of the large horizontal x-ray beam size to the smaller
pump laser beam size. Since then, the low-emittance lattice
has been routinely used.

During user beam time, the machine is operated
with measured alpha values of a; = —1X 107 and
@, = 1.5 X 107, horizontal/vertical chromaticities of
+0.6/ — 0.8, and an emittance coupling of 0.25%. A hy-
brid fill pattern is used, consisting of a continuous train of
8 mA in 686 bunches, with a single hybrid bunch of
37.5 pA in the gap. In this way, the light from the hybrid
bunch can be used for pump-probe experiments and suffi-
cient charge is stored for reliable operation of the storage
ring BPMs, the fast orbit feedback and the rf frequency
feedback systems. Under these conditions, the hybrid
bunch lifetime typically ranges from 10 to 20 h over the
course of a single fill, during which time the hybrid bunch
decays from ~37.5 puA to ~10 uA.

V. CONCLUSIONS

The implementation of a low-emittance, low-alpha lat-
tice has brought considerable benefit to users interested in
time-resolved science at Diamond Light Source. The emit-
tance for the new lattice is only marginally above that of
the standard user optics at 4.4 nmrad compared to 2.7 nm
rad, demonstrating both short pulses and low-emittance
beams can be produced simultaneously. Careful control
of the higher-order terms in alpha allows such lattices to
be implemented with good lifetime and moderate injection
efficiencies.

Consistent with other facilities, we have identified
several limiting factors to the minimum bunch length that

can be achieved for stable user operation. These include
limitations to the region of stable motion brought on by
higher-order terms in alpha, increased transverse beam
motion due to ground motion, bunch lengthening with
current due to collective effects, and cavity gradient limi-
tations. For Diamond, these practical effects limit the
bunch length to lie in the range 1-5 ps.

Studies of coherent emission in the low-alpha operating
mode are at an early stage, but it is anticipated this mode of
operation will bring substantial benefit to the THz/IR user
beam lines presently being developed.
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