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1.  Summary 
The ability to produce short pulse X-rays on the scale of 1-10 ps fwhm in storage ring light sources would 
enable enhanced timing mode studies of a large number of dynamic processes in materials as they 
function. A large number of dynamical phenomena occur on time scales long compared to a few ps and 
do not require the 0.1-ps or less time resolution achievable at X-ray laser and ultrafast electron 
diffraction (UED) facilities. SSRL accelerator developments in this temporal range would not only expand 
the lab’s scientific capabilities, but also complement and increase scientific synergy with LCLS FEL and 
UED developments at SLAC that probe much shorter time scales [1.1].  Consequently SSRL and in 
particular the SPEAR3 Accelerator Division, supported by accelerator physicists and engineers in the 
Accelerator Directorate (AD) and Technology Innovation Directorate (TID), have embarked on an 
investigation of technologies that would enable short pulse operation of the SPEAR3 storage ring while 
simultaneously providing high flux photon beams to non-timing mode users.   

The desired properties for the short pulse operational mode include: 

1. Compatibility with ~500 mA, low emittance operation with minimal impact on emittance and 
lifetime. 

2. Short pulse duration of order 10 ps fwhm (5 ps fwhm or less preferred). 

3. The ability to isolate a short photon pulse in a beam line from radiation coming from other 
stored electron bunches. 

4. Monochromated 8-keV photon flux (~10-4 BW after Si(111) monochromator)of order 1012 ph/s 
from ~10-ps fwhm pulses. 

A number of possible technologies have been considered that might achieve these design goals [1.2] 
(see appendix A.1), including: 

• Pseudo single bunch operation [A.1.1] 

• Resonant crabbing [A.1.2]  

• Short pulse injection from the LCLS-II superconducting (SC) linac [A.1.3, A.1.6]  

• Longitudinal bunch compression using 2-frequency SC RF cavities [A.1.4, A.1.6]  

• Transverse bunch crabbing using 2-frequency crab cavities [1.7] 

Table 1-1 summarizes the estimated performance of the different methods assuming various operating 
conditions.  Included is the low-flux performance using a low momentum compaction lattice [1.3]. Not 
shown is pseudo single bunch operation since the bunch length is not reduced with this method.  Also 
not shown is the original laser slicing method [1.4] used to produce sub-0.1-ps pulses since the slice 
charge, and therefore the radiated spectral flux, is very low. Using 1) the average spectral flux at 8 keV 
with order 10-ps fwhm pulse length; 2) the required R&D; and 3) the implementation cost as the 
primary metrics for selection, we conclude that the 2-frequency crab cavity approach is the most 
optimal for providing a combination of short pulses from undulator beam lines and high average current 
for SPEAR. 

The 2-frequency crab cavity method for producing short bunches builds on the 1-frequency “tilt-and-
cancel” scheme that was pursued for the Short-Pulse X-ray (SPX) facility at the APS [1.5, 1.6] before the 
project was terminated in favor of the APS-U lattice upgrade.  The SPX would have used transverse crab 
cavities to kick and un-kick electron bunches within a localized sector of the APS ring. An electron bunch 
is “crabbed” as it passes through the zero-crossing of a transverse deflecting RF cavity so that the head 
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Table 1-1.  Summary of performance parameters for various bunch-length reduction methods. 

Short pulse mode 
Pulse 
length  

(ps, fwhm) 

Camshaft 
bunch 

charge (nC) 

Repetition 
rate (MHz) 

Camshaft 8 keV 
average flux1 (1011 

photons/s/0.1%BW) 

Standard lattice, camshaft 13 mA 70 10 1.28 80 

Low-α, α/20 15 0.27 1.28 2.2 

Standard lattice, w/ SRF 7.4 1.6 1.28 12.8 

Ten-turn circulation2 5.2 0.20 1.28 1.6 

One-turn circulation 1 0.30 0.085 0.16 

Crab cavity, large slice3 7.1 2.0 1.28 16 

Crab cavity, small slice3 4.0 0.6 1.28 4.8 

1 SPEAR3 BL15 is assumed for flux calculation (λu=22mm, 87 periods, kmax =1.9). 
2 Assuming beam power of 76.8 kW from LCLS-II.  
3 Charge given for slice from a 15.6 nC bunch with source imaging optics and slitting. 1-MV deflecting voltage 
per cavity system is assumed.  
 

 

Figure 1-1.  Tilt-and-cancel scheme for producing short bunches. 

 

 
Figure 1-2.  Deflecting cavity causes y’-z and y-z correlation at radiation source points. Photon beam is 
tilted in y-z at with a downstream tilt.  A short pulse slice is selected with slits in the beam line (left); 
alternatively the entire photon pulse might be compressed with an asymmetric cut crystal (right).  

RF deflecting cavity RF deflecting cavity



Page 5 of 48 
 

of the bunch is kicked one direction and the tail the other direction, leaving the bunch center 
unperturbed.  This crab kick causes tilt along the bunch that is a function of propagation distance around 
the ring (Fig. 1-1).  X-ray radiation is emitted in different directions from different longitudinal slices of 
the tilted bunch as it passes through insertion devices and bending magnets.  The direction of radiation 
from each bunch slice for a particular source magnet is a function of the vertical phase of the tilt 
oscillation at that location.  If the single photon radiation divergence is sufficiently small so that the 
longitudinal-vertical chirped correlation is adequately preserved in the convolved electron-photon phase 
space (i.e. as illustrated in Fig 1.2), radiation from a central bunch slice, which will have a fraction of the 
pulse length and photon flux of the entire bunch, can be intercepted in a beam line using an appropriate 
slit.. With an additional orbit offset for the tilted bunch provided by a fast kicker, another slit can accept 
the sliced radiation and block the radiation from the large number of other long, untilted bunches. In 
SPEAR3, the in-vacuum undulators produce low divergence X-rays and are consequently the targeted 
sources for using this technique. Other higher divergence wiggler and dipole sources are not as well-
suited for this method though existing wiggler beam lines could be upgraded with undulator sources and 
appropriate emittance preserving optics. More study is needed to determine if reasonable short-bunch 
performance can be achieved with elliptically polarized undulator sources. 

Rather than using the tilt-and-cancel scheme, the SPEAR3 implementation employs two transverse 
deflecting structures operating at the 6th and 6.5th harmonics (or potentially the 5.5th and 6th harmonics) 
of the 476.3-MHz main RF frequency to produce a “beat frequency” kick waveform that crab-kicks every 
other bucket with a combined voltage of 2-3 MV while leaving the interleaved buckets un-kicked (Fig. 1-
3) [1.7].  This 2-frequency scheme is being implemented at BESSY-II using longitudinally compressing RF 
cavities to achieve a similar combination of long and short bunches (see Appendix A.1).  The high beam 
current for regular users (nominally 500 mA) is provided by filling the un-kicked buckets with high 
charge.  The subsequent reduction in lifetime for these un-kicked bunches resulting from storing 500 mA 
in fewer bunches than in normal operation is acceptable; percent-level stored current constancy can be 
maintained with more frequent top-up injection. A bunch injected into one of the crab-kicked buckets 
will become tilted, making short-bunch slicing possible as in the tilt-and-cancel scheme. The tilt of the 
bunch varies with location according to the betatron phase advance as it propagates around the ring; 

the tilt at any given location does not vary with time.  Only a subset of beam lines are in optimal 
locations to best exploit the technique, depending on the betatron phase separation between crab 
cavities and undulator beam line source points. 

 

Figure 1-3.  Alternating kicked and un-kicked buckets with 2-frequency crab cavities. 
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With source bunches transversely chirped, the emitted X-ray beam is a convolution of the vertically 
dispersed electron beam envelope with the single electron X-ray emission envelope. The beam line X-ray 
optics modify this X-ray beam to select the desired pulse length from chirped bunches and reject the 
beam emitted by unchirped bunches. Typically a portion of the vertically dispersed beam is selected by a 
slit, monochromated, and focused as discussed in more detail in Section 3. If the pseudo single bunch 
scheme is employed the differentiated orbits of the chirped and unchirped bunches result in spatially 
separated source images at the mirror focus which allows isolation of the short pulse via further 
apertures. Figure 1-4 illustrates the calculated 8keV monochromatic flux vs. X-ray pulse length produced 
by this optical concept for two different in vacuum undulator sources on SPEAR: (a) a matching straight 
3.4-m in vacuum undulator denoted 10s and (b) a standard straight 2.0-m in vacuum undulator currently 
being procured for BL17. The differing minimum pulse lengths for these two representative sources 
stem from the differing phase advance of the chirped beam hence differing source phase space. It 
should be noted that neither of these examples reflects a fully optimized chirped source phase space. 

 
Figure 1-4. Calculated 8-bbkeV flux vs. photon pulse length for two different crab cavity and beam line 
locations: (a) crab cavity in 1s with an IVU20 in the 10S matching straight per Figure 3-5 and (b) crab 
cavity in 8S with the BL17 IVU22 in the 14S standard straight. In each case both Si(111) and 2.5-nm Mo-
B4C multilayer monochromator results are presented. 

 

The following report presents an evaluation of the 2-frequency crab cavity method for producing short 
pulses in SPEAR3 that includes a specification of system parameters (Table 1-2)and expected 
performance based on simulation studies, an analysis of the effects of the crab cavities on the dynamics 
of crabbed and un-crabbed bunches, an assessment of the risks associated with superconducting and 
normal conducting crab cavity options, the implications for X-ray beam line optics and light source 
operations, and estimates of R&D requirements and approximate implementation costs.  The conclusion 
of this investigation is that the system is feasible and that further study is warranted. The goal of the 
report is to provide a basis for SSRL and SLAC Senior Management to determine whether to proceed 
with promoting the SPEAR short bunch operation mode to DOE/BES Program Managers and seek further 
funding to pursue more detailed design studies. 
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Table 1-2.  Operating parameters for the SPEAR3 2-frequency crab cavity system. 

Parameter Value Unit 
Beam energy 3.0 GeV 
Circumference 234.1 M 
Horizontal emittance (effective) 7.2 Nm 
Vertical emittance (regular) 5 Pm 
Vertical emittance (tilted)1 76-166 Pm 
Total beam current 500 mA 
Camshaft beam current 20 mA 
Fundamental RF frequency 476.314 MHz 
Crab cavity frequency 𝑓𝑓1 2858 MHz 
Crab cavity frequency 𝑓𝑓2 3096 MHz 
Crab cavity voltage 𝑉𝑉1 1.0-1.5 MV 
Crab cavity voltage 𝑉𝑉2 0.93𝑉𝑉1 MV 
Minimum pulse duration (fwhm)2 3.0 ps 

1  Vertical slice emittance for deflecting voltage 𝑉𝑉1 from 1.0 MV to 1.5 MV.  
2 See Table 2-2 for short pulse performance in various SSRL beam lines. 
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2. Single particle dynamics and performance prediction  
With the two-frequency crab cavity scheme [2.1], electron bunches in half of the buckets are tilted and 
those in the other half are minimally affected. Electron bunches in each type of bucket settle in an 
equilibrium state. The short pulse performance of the scheme is determined by the equilibrium charge 
distribution of the tilted bunches at the beamline source points. Choices of lattice and crab cavity 
parameters impact the bunch charge distribution and in turn the short pulse performance.  

Crab cavities may also impact the regular beam through imperfect cancellation of the crabbing kicks due 
to RF noise or beam arrival time shifts. Understanding this impact and controlling it at an acceptable 
level are critical. Injecting long bunches from the Booster to the tilted buckets may be a challenge as the 
injected beam can have large vertical excursions at small apertures around the storage ring.  
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In this section we discuss single particle dynamics issues of beams in SPEAR with the two-frequency crab 
cavity scheme and evaluate the expected short pulse performance, with bunch lengthening considered.     

2.1. Equilibrium distribution for tilted bunch and short pulse performance 

Pulse duration and flux are the two most critical measures of short pulse performance. In this section we 
only consider the expected performance using slits in the beam line to select a slice of the radiated 
photons from the tilted bunches. No optical pulse compression (as discussed in Section 3) is included.  

The pulse length selected by the slit in a beam line depends on its aperture. The fraction of flux of the 
selected pulse is a function of the pulse length and this functional dependence is determined by the 𝑦𝑦-𝑧𝑧 
distribution of the photon beam at the location of the slit. In a simple case, the photon beam 
distributions at the slit and at the source point are related through propagation in a drift space (see Fig. 
2-1). Knowing the electron beam distribution at the source point, we can obtain the photon beam 
distribution by convolving it with the radiation divergence of a single electron. In another case, the 
distributions at the source point and the slit may be related through imaging optics between the two 
locations. In both cases the key to the short pulse performance calculation is the equilibrium distribution 
of the electron beam at the source point.  

 

   

 

 

 

 

Figure 2-1. Propagation of photon beam from source point to slit in a drift space. 

 

Crab cavities introduce a transverse-longitudinal (𝑦𝑦-𝑧𝑧) coupling in the beam motion in a storage ring in a 
similar fashion as skew quadrupoles introduce horizontal-vertical (𝑥𝑥-𝑦𝑦) coupling. The 𝑦𝑦-𝑧𝑧 coupling 
causes the beam distribution to tilt across the (𝑦𝑦, 𝑦𝑦′)×(𝑧𝑧, 𝛿𝛿) subspace, which gives rise to the desired 
vertical-longitudinal correlation in the photon beam distribution. The tilts vary around the ring, 
depending on the betatron and synchrotron phase advances from the crab cavity location. Because the 
length of the drift space between the slit and the source point is usually large (typically 𝐿𝐿 > 10 m), it is 
ideal to have a more pronounced 𝑦𝑦′-𝑧𝑧 tilt than a 𝑦𝑦- 𝑧𝑧 tilt at the source point in order to have a large 𝑦𝑦- 𝑧𝑧 
tilt at the slit location (when a simple drift optics from source point to slit is used). In this case we may 
ignore the 𝑦𝑦- 𝑧𝑧 tilt at the source point, and the minimum pulse duration that is selected by an 
infinitesimal slit aperture can be given by [2.1, 2.2] 

𝜎𝜎𝑧𝑧,𝑚𝑚𝑚𝑚𝑚𝑚 ≈
1
𝐶𝐶21

�
𝜀𝜀𝑦𝑦
𝛽𝛽𝑦𝑦

+ 𝜎𝜎𝜃𝜃2,        (2-1) 

where 𝐶𝐶21 is an element in the decoupling matrix of the one-turn transfer matrix at the source 

point which signifies the 𝑦𝑦′-𝑧𝑧 slope (i.e., 𝑑𝑑𝑦𝑦
′

𝑑𝑑𝑧𝑧
= 𝐶𝐶21, likewise 𝑑𝑑𝑦𝑦

𝑑𝑑𝑧𝑧
= 𝐶𝐶11), 𝜀𝜀𝑦𝑦 is the vertical eigen-

emittance, 𝛽𝛽𝑦𝑦 is the vertical beta function, and 𝜎𝜎𝜃𝜃 is the photon divergence.  

Eq. (2-1) indicates that, to shorten the photon pulse, it is desirable to have a large 𝑦𝑦′-𝑧𝑧 slope at the 
source point and a small photon beam vertical divergence. The slopes are given by [2.2] 

P1: at source point 
P2: at slit 

Drift space:  
𝑦𝑦 = 𝑦𝑦0 + 𝐿𝐿𝑦𝑦0′ , 
𝑦𝑦′ = 𝑦𝑦0′ . 
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𝐶𝐶11 = 𝜖𝜖 �𝛽𝛽1𝛽𝛽2
2sin 𝜋𝜋𝜈𝜈𝑦𝑦

cos (𝜋𝜋𝜈𝜈𝑦𝑦 − Ψ12),     (2-2) 

𝐶𝐶21 = 𝜖𝜖 �𝛽𝛽2/𝛽𝛽1
2sin 𝜋𝜋𝜈𝜈𝑦𝑦

[sin�𝜋𝜋𝜈𝜈𝑦𝑦 − Ψ12� − 𝛼𝛼1 cos�𝜋𝜋𝜈𝜈𝑦𝑦 − Ψ12�],  (2-3) 

where 𝛽𝛽1 and 𝛽𝛽2 are the vertical beta functions at the source point and the crab cavity location, 

respectively, 𝛼𝛼1 the vertical Courant-Snyder 𝛼𝛼 function (𝛼𝛼 = −𝛽𝛽′

2
) at the source point, 𝜈𝜈𝑦𝑦 is the vertical 

tune, Ψ12 is the vertical phase advance from the crab cavity to the source point, and 𝜖𝜖 = 𝑒𝑒𝑒𝑒𝑒𝑒
𝐸𝐸0

 is the 

coupling strength parameter of the crab cavity, with 𝑉𝑉 the deflecting voltage, 𝑘𝑘 = 𝜔𝜔
𝑐𝑐

 the wave number, 
𝜔𝜔 = 2𝜋𝜋𝑓𝑓, 𝑓𝑓 the frequency, 𝑐𝑐 the speed of light, e the electron charge, and 𝐸𝐸0 the beam energy.  

The photon beam vertical divergence consists of contributions from the electron beam divergence 
(𝜎𝜎𝑦𝑦′,𝑒𝑒

2 = 𝜀𝜀𝑦𝑦
𝛽𝛽𝑦𝑦

) and the single photon divergence. The latter is a property of the radiation that depends on 

electron beam energy and undulator parameters. 

For a planar undulator of length L having N periods and strength K the single photon divergence 𝜎𝜎𝜃𝜃𝑛𝑛  of 
the nth harmonic radiation at wavelength 𝜆𝜆𝑚𝑚 is approximated by  

𝜎𝜎𝜃𝜃𝑛𝑛 = �𝜆𝜆𝑛𝑛
2𝐿𝐿

= 1
2𝛾𝛾
�1+𝐾𝐾2/2

𝑁𝑁𝑚𝑚
         (2-4) 

where 𝛾𝛾 is Lorentz energy factor [2.3]. This divergence must be small enough to produce a suitable 
longitudinal-vertical chirp in the convolved electron-photon bunch phase space from which a short pulse 
can be sliced as depicted in Fig. 2-1. While the maximum acceptable photon divergence from a radiation 
source that will lead to effective short pulse slicing is a complex function of electron bunch chirp, 
radiation source and beam line optics properties, it is generally true that good performance will result if 
the photon beam divergence is comparable or less than the few- µrad electron beam divergence.  Multi-
keV X-rays having < 10 µrad divergence are obtained at, say, the 5th harmonic from low-K (of order 1) 
undulators having a large N (of order 100) in the 3-GeV SPEAR3 storage ring.  In comparison, wigglers in 
SPEAR3 typically have small N and large K (>10) and consequently have larger X-ray divergence, making 
them unsuitable for obtaining short pulses using the crab cavity technique. More study is needed to 
determine if elliptically polarizing undulators (EPUs) having moderate K would benefit from this method.  

Vertical emittance in an electron storage ring typically arises from 𝑥𝑥-𝑦𝑦 coupling and spurious vertical 
dispersion and is characterized by the coupling ratio 𝜀𝜀𝑦𝑦/𝜀𝜀𝑥𝑥. In [2.2] it was found that crab cavities in the 
ring introduce a new source of vertical emittance. It comes from the tilted equilibrium distribution in the 
𝑦𝑦-𝛿𝛿 and 𝑦𝑦′-𝛿𝛿 planes, where δ = ∆E/E0, the normalized electron energy deviation from nominal energy E0. 
As electrons emit photons in bending magnets, random deviations in (𝑦𝑦, 𝑦𝑦′) coordinates from radiation 
energy loss amount to an extra diffusion process, which increases the equilibrium vertical emittance. 
The emittance increase is given by [2.2] 

𝜀𝜀𝑦𝑦 = 𝐶𝐶𝑞𝑞𝛾𝛾2
<ℋ𝑐𝑐>
𝐽𝐽𝑦𝑦𝜌𝜌

,      < ℋ𝑐𝑐 >= 𝜖𝜖2𝛼𝛼𝑐𝑐2𝐶𝐶2𝛽𝛽2
12

2+cos2𝜋𝜋𝜈𝜈𝑦𝑦
(cos2𝜋𝜋𝜈𝜈𝑠𝑠−cos2𝜋𝜋𝜈𝜈𝑦𝑦)2

,     (2-5) 

where 𝐶𝐶𝑞𝑞 = 3.83 × 10−13 m, 𝐽𝐽𝑦𝑦 = 1 is the vertical damping partition, 𝜌𝜌 is the bending radius, 𝛼𝛼𝑐𝑐 is the 
momentum compaction factor, 𝐶𝐶 is the ring circumference, and 𝜈𝜈𝑠𝑠 is the synchrotron tune. 
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Figure 2-2. Crab cavity-induced vertical emittance growth for the SPEAR3 10-nm lattice calculated with 
two methods: 1) “Ohmi envelope”-numeric integration through elements; and 2) “Formulas”-using Eq. 
(2-5). Assuming a 6th harmonic crab cavity with 2 MV total deflecting voltage located in 1S straight 
section (reproduced from [2.2]). 

 

Figure 2-2 shows the calculated vertical emittance as a function of vertical tune for the SPEAR3 10-nm 
lattice, assuming a 6th harmonic crab cavity is located at 1S and the total deflecting voltage is 2 MV. 
Depending on the vertical tune, the vertical emittance can vary from above 10 nm to below 100 pm. For 
comparison, the vertical emittance in SPEAR3 from 𝑥𝑥-𝑦𝑦 coupling is typically below 10 pm. As an example, 
the single photon divergence for BL15 undulator at photon energy of 12.5 keV is 𝜎𝜎𝜃𝜃 = 5.09 µrad rms, 
which is equal to the divergence of an electron beam with 𝜀𝜀𝑦𝑦 = 130 pm. Therefore, the emittance 
contribution from crab cavities could dominate the short pulse performance.  

Although the minimum pulse length and the short pulse flux can be calculated with formulas, in all short 
pulse performance prediction calculations we use particle tracking to determine the equilibrium 
electron distribution at the source points and the photon beam distribution at the slits. The tracking 
code Accelerator Toolbox (AT) [2.4] is used. It is benchmarked with Elegant [2.5] and good agreement 
was found. Because particle tracking includes the actual distribution of accelerator elements and 
nonlinearities, the tracking results are more realistic. Details of particle tracking simulations are given in 
section 2.7.  

2.2 Crab cavity configuration for cancellation 

In the two-frequency crab cavity regime, the effects of crab cavities of the two frequencies should 
cancel for half of the buckets. A complete cancellation means zero net change to both phase space 
coordinates 𝑦𝑦 and 𝑦𝑦′. To avoid complication from the storage ring optics, it is necessary to put crab 
cavities of both frequencies in the same straight section. In addition, complete cancellation requires not 
only that the slopes of the “crabbing” kicks cancel, but also that the crab cavities be placed in a way such 
that the kicks do not translate to the position coordinate. In other words, we need both the first and 
second integrals of the crabbing kicks to be zero: 

∫ 𝑔𝑔(𝑠𝑠′)𝑑𝑑𝑠𝑠′ = 0𝐿𝐿
0 ,  and  ∫ 𝑑𝑑𝑠𝑠 ∫ (𝐿𝐿 − 𝑠𝑠)𝑔𝑔(𝑠𝑠′)𝑑𝑑𝑠𝑠′𝐿𝐿

𝑠𝑠 = 0𝐿𝐿
0 ,   (2.6) 

where 𝑔𝑔(𝑠𝑠) is the derivative of vertical kick with respect to time for a crab cavity at location 𝑠𝑠,  

𝑔𝑔 = 𝑑𝑑𝑦𝑦′
𝑑𝑑𝑑𝑑

∝ 𝑉𝑉𝑑𝑑𝑓𝑓.      (2.7) 
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It is easy to show that if the crab cavities having two frequencies are placed symmetrically about the 
center point along the 𝑠𝑠-axis, then the second integral is automatically zero if the first integral is zero. 
The simplest configuration would use three crab cavities, one cavity with the first frequency at the 
center, two cavities with the second frequencies and equal deflecting voltages on each side at equal 
distances from the first cavity, as shown in Figure 2-3.  

 
Figure 2-3. Schematic of the three-cavity configuration for complete cancellation. 

 

If the crab cavities are not arranged in a symmetric configuration to cancel the second integral, the 
vertical emittance will increase. For example, if there are only two crab cavities separated at 0.25 m 
apart, with 𝑉𝑉1 = 1.0 MV and 𝑉𝑉2 = 0.93 MV for the two frequencies, respectively, the projected 
emittance for the regular bunches becomes 30 pm (for the 7-nm lattice with 0.06% 𝑥𝑥-𝑦𝑦 coupling). If 
kicks of the two frequencies are interleaved with small separations, the vertical emittance can be very 
small. If 10 kicks of each frequency with the above voltages are interleaved over a 2-m long structure 
(0.1 m separation), the projected vertical emittance is about 12 pm for the regular bunches.  

2.3. Choice of lattice 

The vertical eigen-emittance has a significant impact on the short pulse performance in the crab cavity 
scheme. The emittance contribution from the crab cavities is typically much larger than the usual 𝑥𝑥-𝑦𝑦 
coupling contribution. As shown in Eq. (2-5), the crab cavity-induced emittance depends strongly on 
lattice parameters, such as the momentum compaction factor and the vertical tune. Therefore, it is 
crucial to choose a lattice that minimizes the vertical eigen-emittance. On the other hand, low horizontal 
emittance is also required to meet the needs of regular photon beam users. 

SPEAR3 is currently operating with a low emittance lattice with horizontal emittance 𝜀𝜀𝑥𝑥 = 10 nm. In the 
near future, when the emittance upgrade project is complete, it will operate with a lattice with 𝜀𝜀𝑥𝑥 = 6 
nm. In the past SPEAR operated with an achromatic lattice (no dispersion in the straight sections) which 
has larger horizontal emittance. The momentum compaction factors of these lattices differ. The 
horizontal tunes for the achromat lattice and the 10-nm lattice are both around 𝜈𝜈𝑥𝑥 =14.13, while the 6-
nm lattice has 𝜈𝜈𝑥𝑥 = 15.32. From Eq. (2-5) and Figure 2-2 we found that a higher vertical fractional tune 
is preferred for lower vertical eigen-emittance. However, the high horizontal fractional tune of the 6-nm 
lattice makes it difficult to have a high vertical fractional tune because the working point in tune space 
would be too close to a horizontal-vertical difference resonance line. Therefore, we consider a lattice 
with 𝜈𝜈𝑥𝑥 = 15.13, whose horizontal emittance is 7 nm. Parameters of the above lattice options are listed 
in Table 2-1.  

For the 7-nm lattice, we can increase the vertical tune to 6.32 to reduce the vertical eigen-emittance for 
the tilted bunch. This lattice has been tested on the machine. Nonlinear dynamics optimization of the 
lattice in simulation has demonstrated that it can achieve the desired dynamic aperture and momentum 
aperture for operation. In the following we use this 7-nm, 𝜈𝜈𝑦𝑦 = 6.32 lattice as the nominal crab cavity 
lattice. In the future we may explore the possibility of operating the 6-nm lattice with high vertical 
fractional tune. 
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Table 2-1.  Comparison of parameters for lattice options. 

Parameters Achromat 10-nm lattice 6-nm lattice 7-nm lattice 
Tunes 𝜈𝜈𝑥𝑥, 𝜈𝜈𝑦𝑦 14.13, 6.22 14.106, 6.177 15.32, 6.18 15.13, 6.32 
Emittance 𝜀𝜀𝑥𝑥 (nm) 14.6 9.6 6.1 6.7 
Dispersion (m) 0 0.1 0.12 0.1 
Effective emittance 
𝜀𝜀𝑥𝑥,𝑒𝑒𝑒𝑒𝑒𝑒 (nm) 14.6 10.1 6.7 7.2 

Momentum compaction 
factor, 𝛼𝛼𝑐𝑐 (× 10−3) 1.18 1.62 1.45 1.45 

 

2.4. Choice of crab cavity parameters 

The frequencies of the two crab cavity systems should be an 𝑛𝑛th harmonic and an 𝑛𝑛 + 1
2
 harmonic of the 

fundamental RF frequency of 476.314 MHz, respectively. For even-number buckets (i.e., bucket 0, 2, 
4, …), the kicks of the two crab cavity systems add up. For odd-number bucket, the kicks should cancel. 
For exact cancellation at the center of the bunch, the deflecting voltages of the two systems should be 
related by 𝑛𝑛𝑉𝑉1 = �𝑛𝑛 + 1

2
�𝑉𝑉2. However, it is more desirable to cancel the kicks for all particles in the 

bunch as a whole. It was found that a slight over-compensation with 𝑉𝑉2 helps minimizing the overall 
perturbation to the bunch by the two crab cavity systems [2.1]. For example, for SPEAR3 with bunch 
length at 𝜎𝜎𝑧𝑧 = 20 ps rms and when 𝑛𝑛 = 6, the optimal ratio is 𝑒𝑒2

𝑒𝑒1
≈ 0.933, as compared to 6

6.5
= 0.923.  

Considerations on the choice of crab cavity frequencies include straight section space availability, 
physical aperture, availability of power sources, and beam dynamics-related factors such as impedance, 
higher order modes, and injection. In SPEAR3 a 4.5-m straight section is available to install the crab 
cavities. With the new SPEAR3 septum (to be installed in summer 2018 shutdown), the horizontal half 
aperture will be 15 mm at the septum (limited from the inner side). The crab cavities should not reduce 
the ring aperture. Hence we specify that the horizontal full aperture should be equal or greater than 36 
mm, with some headroom given to alignment tolerance and potential difference in 𝛽𝛽𝑥𝑥. The vertical full 
aperture should be equal or greater than 12 mm, as is required to avoid a large contribution of vertical 
impedance.  

The coupling strength of a crab cavity is proportional to the product of its frequency and deflecting 
voltage (𝜖𝜖 = 𝑒𝑒𝑒𝑒𝑒𝑒

𝐸𝐸0
). Therefore, to achieve the same short pulse performance, one could choose to 

increase the crab cavity frequency and decrease the deflecting voltage, or vice versa, while keeping their 
product fixed. For example, the combination of 𝑛𝑛 = 6 and 𝑉𝑉1 = 1 MV would give equal short pulse 
performance to the combination of 𝑛𝑛 = 3 and 𝑉𝑉1 = 2 MV.  

For the APS-SPX project [1.6], the crab cavity frequency was at 2815 MHz. There has been considerable 
R&D effort on crab cavity design at such a frequency. This frequency is close to the 6th harmonic (𝑛𝑛 = 6) 
of the SPEAR3 RF system (𝑓𝑓𝑟𝑟𝑒𝑒 = 476.31 MHz). To leverage on the crab cavity R&D progress of the APS-
SPX project, the preferred crab cavity frequencies are 𝑓𝑓1 = 6𝑓𝑓𝑟𝑟𝑒𝑒 = 2858 MHz and 𝑓𝑓2 = 6.5𝑓𝑓𝑟𝑟𝑒𝑒 = 3096 
MHz. Simulation has shown that with deflecting voltages of 𝑉𝑉1 = 1 MV and 𝑉𝑉2 = 0.93 MV for such a 
system, the short pulse performance would be attractive. If the deflecting voltages are increased to 𝑉𝑉1 =
1.5 MV and 𝑉𝑉2 = 1.4 MV, the short pulse performance will be moderately better. Based on the crab 
cavity designs for APS-SPX, it is feasible to install cavities having these frequencies and deflecting 
voltages in a SPEAR3 4.5-m straight section.   
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One alternative may be to increase crab cavity frequencies to the C band, for example, with 𝑛𝑛 = 10. The 
benefits are that the required deflecting voltages will be smaller and required the longitudinal space will 
be shorter. However, higher frequency cavities typically require smaller aperture. For the S-band QMiR 
cavity design for APS-SPX [4.6], the vertical aperture is 12 mm. Two such cavities would contribute 
vertical broad-band impedance up to 50% of the existing SPEAR3 ring impedance (see Section 5).  If the 
vertical aperture of the cavity gets smaller, the impedance contribution would be significantly higher. 
This approach would be problematic as higher impedance will limit the single bunch current through the 
transverse mode coupling instability (TMCI). If an elliptical cavity design is used, it may be difficult to 
work with a large horizontal aperture of 36 mm at this frequency.  

Another alternative is to decrease the crab cavity frequency to the L band, with 𝑛𝑛 = 3. The deflecting 
voltages have to double from the n = 6 case. This would be more difficult to achieve as not only the 
required deflecting voltages are higher, but also the longitudinal space for a certain deflecting voltage 
may increase due to longer wavelength. In addition, higher deflecting voltage leads to higher maximum 
kick to the injected beam and in turn higher vertical orbit offset. Simulation shows that with 𝑛𝑛 = 3 and 
𝑉𝑉1 = 2 MV, there will be significant injected beam loss for the tilted bunch. Higher deflecting voltage 
may also impact the Touschek lifetime as the Touschek particles with large energy deviations will 
acquire large phase offsets through synchrotron oscillation, receive higher vertical kicks from the crab 
cavities, and potentially be lost to the small vertical apertures (see Section 2.8) 

2.5. Effect of bunch train gap transient 

One goal of the two-frequency crab cavity scheme is to minimize the impact of crab cavities on the 
regular, non-tilted beam. This condition is met when the kick-vs-time slopes of the two cavity systems 
cancel. Ideal cancellation occurs only when the beam arrives at the cavities at the appropriate phases (at 
the zero crossings of the crabbing field vs. time waveform). If, however, the beam bunches arrive at the 
cavities at different phases, then the cancellation will not be complete and the beam will be disturbed 
by the crab cavities.  

Phase shifts on a bunch train can be caused by the ion clearing gap (which is also needed in timing 
experiments to isolate the camshaft bunch from the regular bunch train) in the fill pattern. This gap 
causes a transient in the beam loading in the fundamental RF cavities, which causes a bunch to see 
different RF fields, depending on its position in the bunch train, which in turn shift the bunches to 
different phases. If the gap transient-induced phase shift is large (>> 10 ps), the regular beam may have 
large vertical emittance which reduces the photon beam brightness.    

The gap transient-induced phase shift in SPEAR3 was recently measured at the normal operation current 
of 500 mA. For the worst case of a long train of 276 bunches and a gap of 96 buckets, the phase shift 
from first bunch to last bunch in the train is about 18 ps. If the 276 bunches are distributed in four equal 
trains of 69 bunches separated by 24 buckets, the phase shift in each bunch train is about 5 ps (see 
Figure 2-4 left). The maximum phase deviation from the ideal cancellation condition is thus about 9 ps.  

The impact of the phase shift on the regular beam has been studied with particle tracking simulation. In 
the simulation a phase delay is added to the crab cavities and the equilibrium distribution is examined. 
As is shown in the Figure 2-4 right plot, for a delay of 10 ps there is no appreciable change from the case 
without phase shift. The vertical projected emittance of the regular beam for the phase shifts of 10 ps 
and 20 ps are 7.3 pm and 9.4 pm, respectively, up from the baseline of 6.5 pm for the case without 
phase shift. Vertical emittance at this level is acceptable. 
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Figure 2-4. Left: Gap transient-induced phase shifts in SPEAR3 measured at 500 mA for one bunch train 
or four bunch trains. Right: 𝑦𝑦-𝑦𝑦′ phase space distribution for a bunch that is on phase for ideal 
cancellation (Δ𝜙𝜙 = 0) or shifted away by 10 ps or 20 ps, for the SPEAR3 7-nm lattice with 𝜈𝜈𝑦𝑦 = 6.32 and 
crab cavity deflecting voltages are 𝑉𝑉1 = 1 MV (𝑛𝑛 = 6) and 𝑉𝑉2 = 0.93 MV (𝑛𝑛 = 6.5).   

 

2.6. RF phase noise tolerance  

In reality the amplitude and phase of the RF fields in the crab cavities both fluctuate. The random noise 
in the RF fields delivers stochastic kicks to the beam. These kicks may not have a significant impact over 
the tilted bunches as they are small compared to the main RF fields. However, they would cause an 
increase of the vertical emittance of the regular beam if the noise if above a certain level.  

CW operation of a superconducting (SC) cavity, and possibly a normal conducting (NC) cavity, can have 
high phase and amplitude stability. Measurements of high field operation of a TESLA SC cavity indicated 
that phase stability of 𝜎𝜎𝜙𝜙 = 0.01o and amplitude stability of 𝜎𝜎𝑢𝑢 = 1 × 10−4 can be achieved [2.6]. The 
noise is concentrated in the low frequency (<10 kHz) region. Very low frequency RF noise (<200 Hz) 
should not cause noticeable emittance growth as the corresponding time scale is longer than the 
SPEAR3 vertical damping time (5 ms). Its effect is equivalent to a phase shift and we know from section 
2.5 that even for a 10-ps phase shift (10.8o) the emittance growth is negligible. RF noise at frequencies 
on the order of the ring revolution frequency (order 1 MHz) perturbs the beam like white noise and it 
causes emittance to grow.  

We simulated the low frequency noise by adding a modulation to the RF phase and voltage. In the 
simulation the modulation frequency is chosen to be 1.24 kHz, and the modulation amplitudes are 
𝜙𝜙𝑚𝑚 = 0.01o rms and 𝑢𝑢𝑚𝑚 = 1 × 10−4. The high frequency noise effect is also simulated by adding 
Gaussian white noise to the phase and deflecting voltages on the pass-by-pass basis. The high frequency 
noise level is assumed as 𝜎𝜎𝜙𝜙 = 0.005o rms and 𝜎𝜎𝑢𝑢 = 0.5 × 10−4. Figure 2-5 shows a comparison of 
vertical projected emittance under low frequency noise with or without white noise for the 7-nm case 
for 2 × 105 turns. The 𝑥𝑥-𝑦𝑦 coupling ratio in the lattice is 0.06%. It is seen that the low frequency noise 
causes little increase of emittance, while the high frequency noise contributes a small increase of 
vertical emittance. The overall emittance increase is acceptable.  
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Figure 2-5.  Vertical projected emittance (at BL15) damps down to equilibrium for the 7-nm lattice (with 
0.06% 𝑥𝑥-𝑦𝑦 coupling). Low frequency phase and amplitude modulation are added, with modulation 
frequency of 1.24 kHz, and modulation amplitude of 𝜙𝜙𝑚𝑚 = 0.01o and 𝑢𝑢𝑚𝑚 = 1 × 10−4. High frequency 
(white) noise of 𝜎𝜎𝜙𝜙 = 0.005o and 𝜎𝜎𝑢𝑢 = 0.5 × 10−4 is added. Crab cavities are in a three-cavity 
symmetric configuration, with voltages arranged as (𝑒𝑒1

2
, 𝑉𝑉2, 𝑒𝑒1

2
) and 𝑉𝑉1 = 1 MV.  

2.7. Injection into tilted bunch 

The RF periods for the S-band crab cavities are about 330 ps. The rms bunch length of the SPEAR Injector 
beam is about 140 ps. So the full injected beam bunch length (5𝜎𝜎) covers more than two S-band 
wavelengths. After injection, part of the injected beam will see the maximum vertical kick of the crab 
cavities and could get lost at the small aperture locations around the ring. This will put an upper limit on 
the total deflecting voltage. In the general case without constraints on the vertical phase advances 
between the crab cavities to small apertures around the ring, and if only uncoupled linear motion is 
considered, the maximum deflecting voltage can be calculated with  

�𝛽𝛽1𝛽𝛽2
2 sin𝜋𝜋𝜈𝜈𝑦𝑦

𝑒𝑒𝑒𝑒𝑑𝑑
𝐸𝐸

× 2 = 𝑦𝑦𝑚𝑚,       (2-8) 

where 𝑦𝑦𝑚𝑚 is the minimum vacuum chamber half gap. The factor of two on the left hand side of Eq. (2-8) 
results from the fact that the injected beam will oscillate about the deflected closed orbit and therefore 
the actual maximum offset will be twice of the deflection. For 𝛽𝛽1 = 5.0 m at the BL 15 ID location and 
𝛽𝛽2 = 2.5 m at the crab cavity location, 𝑦𝑦𝑚𝑚 = 3.5 mm.  With 𝜈𝜈𝑦𝑦 = 6.32, we find the total deflecting 
voltage can be as high as 𝑉𝑉𝑑𝑑 = 2.5 MV. Because the injected beam comes in at a large horizontal offset 
and tumbles in the RF bucket, it will be coupled to the vertical plane through linear and nonlinear 
coupling resonances. Such effects may considerably reduce the allowed maximum deflecting voltage. 

The injection loss for the tilted bucket has been simulated by particle tracking. The 7-nm lattice with a 
linear coupling of 0.06% is used and the sextupole settings are optimized in nonlinear beam dynamics 
simulation.  The vertical minimum gap of 3.5 mm at the BL15 location and a 5-mm vertical aperture at 
the septum are included. The horizontal and vertical emittances of the injected beam are assumed 170 
nm and 17 nm, respectively. The initial horizontal offset is assumed to be at 𝑥𝑥0 = −7.5 mm. Particles 
are tracked for 20000 turns until they are damped to the equilibrium distribution. Particle loss occurs at 
the initial one thousand turns. The Figure 2-6 left plot shows the particle distribution in the 𝑦𝑦-𝑧𝑧 space at 
turn 1, turn 200, and turn 20000 for the 𝑉𝑉1 = 1.5 MV case. Figure 3-6 right plot shows particle loss ratio 
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in the first 2000 turns for the 𝑉𝑉1 = 1 MV and 𝑉𝑉1 = 1.5 MV cases (𝑛𝑛 = 6), respectively (corresponding 
total deflecting voltages are about 2 MV and 3 MV). The loss ratio is 5% for the 1-MV case and 28% for 
the 1.5-MV case.  

  

Figure 2-6.  (Left) particle distribution in 𝑦𝑦-𝑧𝑧 space at turn 1, turn 200, and turn 20000 for 𝑉𝑉1 = 1.5 MV 
(𝑛𝑛 = 6). (Right) injected particle loss history for the 7-nm lattice with crab cavity (𝑛𝑛 = 6) deflecting 
voltage of 𝑉𝑉1 = 1 MV and 𝑉𝑉1 = 1.5 MV, respectively.   

2.8  Touschek lifetime 

As the number of buckets to host the regular, un-tilted beam is halved with the two-frequency crab 
cavity scheme, the beam current in each bunch will double, going from about 1.8 mA/bunch to 3.6 
mA/bunch. The bunch will lengthen by about 8% as current is increased according to an empirical rule 
[2.7]. The Touschek lifetime for the regular beam will become about 4 hrs, about 60% of what it is today. 
With frequent fill in top-off mode, this level of Touschek lifetime is acceptable. Increasing the linear 
coupling between the horizontal and vertical planes can compensate the reduction of Touschek lifetime.   

 
Figure 2-7.  Local momentum aperture for the tilted bunch in SPEAR3 with the 3-crab cavity 
configuration with 𝑉𝑉1 = 0, 1 MV, and 1.5 MV. 

 

Touschek lifetime for the tilted beam will also be different because its vertical beam size and bunch 
current are different and its momentum aperture may also be affected. Touschek particles with large 
energy deviations will gain large phase offsets through synchrotron motion and in turn receive vertical 
kicks from the crab cavities. In addition to vertical oscillations arising from the horizontal to vertical 
coupling, the kicks may drive the particles to be lost at the small vertical apertures. In other words, the 
local momentum aperture may be reduced by the crab cavities. The local momentum aperture can be 
calculated through particle tracking. Figure 2-7 shows the local momentum aperture throughout the 
SPEAR3 ring for the 7-nm lattice (with 𝜈𝜈𝑦𝑦 = 6.32) with the deflecting voltage for the first crab cavity 
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frequency at 𝑉𝑉1 = 0, MV, 1.0 MV, and 1.5 MV, respectively. The minimum vertical half aperture is 3.5 
mm at the septum magnet. There is clearly a reduction in momentum aperture by the crab cavities, 
which may cause a challenge in the Touschek lifetime for the tilted bunch.   

The tilted bunch would be filled to high current in order to obtain high short pulse flux. This will 
aggravate the Touschek lifetime challenge. Fortunately, the vertical emittance for the tilted bunch is also 
large, which increases Touschek lifetime. For the 7-nm, 𝜈𝜈𝑦𝑦 = 6.32 lattice, the vertical slice emittance is 
𝜖𝜖𝑦𝑦 = 76 pm and 166 pm for the 𝑉𝑉1 = 1.0 MV and 1.5 MV cases, respectively. The calculated Touschek 
lifetime for a 20 mA (with total charge of 15.6 nC) tilted bunch is 1.2 hrs and 1.5 hrs, for the two cases, 
respectively. The Touschek lifetime becomes actually higher when the deflecting voltage is increased 
because of the increased vertical slice emittance. For a 20-mA bunch with a 1.2-hr lifetime, 1.4 mA is lost 
during the 5-minute period between fills and needs to be replenished. Touschek lifetime at this level is 
acceptable for the camshaft bunch.  

2.9  Crab cavity transverse field requirements 

The tracking studies in sections 2.6-2.8 model the crab cavities with no transverse variation in the 
vertical crabbing kick.  The actual crab cavities will have finite transverse dimensions, giving vertical kicks 
that vary in 𝑥𝑥 and 𝑦𝑦.  The transverse field variation for the SPEAR3 crab cavities will need to be 
determined numerically.  Figure 2-8 shows the transverse variation of the vertical kick for a crab cavity 
considered for the SPX project at APS [1.6]. 

 
Figure 2-8. Vertical kick from APS SPX prototype crab cavity as a function of transverse position. 

 

This transverse variation can be compared to the SPEAR3 insertion device field integral specifications, 
which limit 𝑦𝑦′ from nonlinear fields to 4 + 2.5 𝑥𝑥[𝑐𝑐𝑐𝑐] µrad, for |𝑥𝑥| < 1.7 cm.  At 𝑥𝑥 = 3 mm (the 
maximum 𝑥𝑥 in figure 2-8), the ID field specifications would limit 𝑦𝑦′ to 4.75 µrad. The crab cavity kick at 
𝑥𝑥 = 0 and 𝑧𝑧 = 2𝜎𝜎𝑧𝑧 (40 psec) is about 0.3 mrad.  Figure 2-8  shows that the kick varies by about 7% at 
𝑥𝑥 = 3 mm, so the nonlinear kick is 0.07 ∗ 0.3 mrad = 21 µrad, which exceeds our field integral 
specifications by more than a factor of four.  Since the kick in Figure 2-8 is changing quickly at 𝑥𝑥 = 3 mm, 
the specification would be exceeded further for larger 𝑥𝑥 using this particular kicker.   

To study the impact of the nonlinear field variation of the crab cavities on the storage ring nonlinear 
beam dynamics, we modeled the field variation as RF multipoles and included them in the tracking 
studies. The only RF multipole considered is the RF sextupole since this will be the leading term given 
the symmetry requirement. Two identical RF sextupoles were included in the model whose effects add 
together The integrated strength for one RF sextupole was varied from 0 to 0.5 𝑐𝑐−2 (at the maximum of 
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the RF waveform). The injection loss rate and the Touschek lifetime are shown in Figure 2-9. It is seen 
that while the lifetime drops moderately with RF sextupole strength, the injection loss becomes 
substantial for both the tilted bunch and the regular bunch when the integrated sextupole strength is 
above 0.2 𝑐𝑐−2. The phase space evolution of the injected beam indicates that the injected beam is 
driven to large oscillation amplitude gradually, probably owing to some lattice resonances. 

 
Figure 2-9.  injection loss rate (left) and Touschek lifetime (right) for the 𝜈𝜈𝑦𝑦 = 6.32 lattice, 𝑉𝑉1=1 MV case 
when RF sextupoles are included in tracking.  
 
For an integrated RF sextupole strength of 0.2 𝑐𝑐−2, the beam sees a change of kick of 6% at the 
horizontal displacement of 10 mm. This is stringent compared to the Figure 2-8 data. However, 
nonlinear beam dynamics optimization for the lattice model with RF sextupoles included may alleviate 
the injection loss. And, in reality the two types of crab cavities may have some cancellation in their 
sextupole strengths as both are located in one straight section and they have the same structure type 
while are opposite in phases.   

2.10 Short pulse-picking  

Radiation from the regular high charge un-kicked, long pulse bunches is a source of background noise 
for the timing experiments which use only the short pulse radiation. A method is needed to separate 
long pulse radiation from that of the short pulses. One way to do this is to put the two types of beams 
on different vertical orbits at the radiation source points. This could be achieved by using a fast kicker 
that kicks only the tilted bunch. However, fortunately for the crab cavity scheme, the crab cavities 
themselves can serve as the fast kicker; no additional kicker is needed. By shifting the phases of the crab 
cavities away from zero-crossing, the crab cavities apply vertical kicks to the beam which generate a 
vertical closed orbit offset. If a local orbit bump is created at the source point with vertical orbit 
correctors, the short pulse beam can be put back to the original un-perturbed orbit while the long pulse 
beam acquires an orbit offset at the beam line source point.     

This technique is illustrated in Figure 2.10, in which case the crab cavities in SPEAR3 straight section 8S 
(𝑉𝑉1 = 1 MV) is shifted in phase by Δ𝜙𝜙𝑐𝑐 = 0.2 rad, having minimal effect on the long bunch. The 
reduction to the crabbing strength by the small phase shift is only 2% as it scales as cosΔ𝜙𝜙𝑐𝑐. The vertical 
kick by the crab cavities causes an orbit offset throughout the ring. An orbit bump is then created at the 
BL15 source point (at 𝑠𝑠 = 169.8 m) to cancel the orbit shift for the short pulse beam. This results in an 
orbit shift for the long pulse beam. The separations between the short and long pulse beams at the 
source point are ∆y’ = −31.7 µrad and ∆y =  −159 µm, which corresponds to a position shift of 587 µm 
for the long pulse beam at the slit 13.5 m away in the photon beam line.  The radiation spot size for the 
long pulse beam at the slit is 𝜎𝜎𝑦𝑦,𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 = ~71 µm (radiation divergence is 𝜎𝜎𝜃𝜃 = 5.09 µrad for BL15 at 
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12.5-keV photon energy, electron beam divergence is 𝜎𝜎𝑦𝑦′ = 1.4 µrad). If the slit accepts radiation with 
only |𝑦𝑦| < 374 µm (i.e., filtering out the long pulse at the 3𝜎𝜎 point), the short pulse flux after the slit is 
26.3% of that from the total bunch. Such a separation is more than enough.   

 
Figure 2-10.  Closed orbits for long pulse beam and short pulse beam when the crab cavity phases are 
shifted by 0.2 rad and a local orbit bump is created to cancel the orbit shift at the BL15 source point 
point (s  = 169.8 m). The angle separation at the BL15 source point is 31.7 µrad. The crab cavities are in 
straight section 8S (s = 100.3 m).   

2.11 Expected short pulse performance 

Short pulse performance is determined by the equilibrium distribution of the tilted bunch at the source 
points, the photon optics between the source point and the slit, the charge in the tilted bunch, and 
bunch lengthening due to potential well distortion of the high charge in the bunch.  

The equilibrium distribution of the electron beam is found with 6D particle tracking simulation using the 
tracking code AT [2.4]. Radiation damping and quantum excitation in bending magnets are included. 
Crab cavities are placed in the 4.5-m long matching straight section 8S. 10000 particles are launched 
from the center of the 6D phase space and tracked for 30,000 turns, corresponding to 4.4 vertical 
damping times, which is enough for the electron bunch to settle to its equilibrium distribution. 

In this calculation we assume the simple optics with a drift space between the source point and the slit. 
The photon beam distribution at the source point of each beamline is obtained from the electron beam 
distribution by adding a random deviation to the 𝑦𝑦 and 𝑦𝑦′ coordinates according to the single photon 
emittance and radiation divergence angle 𝜎𝜎𝜃𝜃. The single photon emittance of 𝜆𝜆/4𝜋𝜋 for photon energy of 
8 keV is assumed. For BL12-2 the radiation divergence is 𝜎𝜎𝜃𝜃 = 7.19 µrad. For a proposed new in-vacuum 
undulator beamline located in 10S matching straight, the photon divergence is 𝜎𝜎𝜃𝜃 = 4.77 µrad. For all 
other beamlines,  𝜎𝜎𝜃𝜃 = 6.36 µrad which corresponds to BL15 and BL17 parameters.  The photon beam 
distribution generated at the source point is propagated through the drift space to the slit. The length of 
the drift space between the source point and the slit is assumed to be 10 m. Figure 2-11 shows the 𝑦𝑦-𝑧𝑧 
distributions of photon beams for all beamlines.  

The y-z photon distributions for different beam lines using this method, assuming a cavity deflecting 
voltage of the 6th harmonic of 𝑉𝑉1 = 1 MV, the 7-nm lattice with 𝜈𝜈𝑦𝑦 = 6.32, and that all the beam lines 
have undulator insertion devices, are shown in Fig. 2-11.  For all beam lines in the figure, except for a 
new 10S beam line, the crab cavities are located in the 8S matching straight since that location provides 
appropriate vertical phase advances from the crab cavities to beamlines. For the 10S beamline, optimal 
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short bunch performance is obtained with the cavities located in the 1S straight section.  As noted 
earlier, many of SPEAR3’s existing beamlines are wiggler beamlines having large vertical divergences 
that prevent them from taking advantage of the short pulse mode.  However, for the sake of illustrating 
the potential of short pulse application at SSRL, we use photon parameters of BL15 and BL17 for these 
wiggler beamlines instead, assuming the possibility of a future replacement of undulator sources at the 
same locations if scientifically justified. 

  

Figure 2-11.  Photon distribution in 𝑦𝑦-𝑧𝑧 plane at 10.0 m downstream of the source points with drift-
space optics for 𝑉𝑉1 = 1 MV. The new 10S beamline (‘10S-BL’) data are assuming the crab cavities located 
in 1S. All other beamlines assume crab cavities in 8S. Photon energy is 8 keV. Photon divergence is 𝜎𝜎𝜃𝜃 =
7.19 urad for BL12-2,  𝜎𝜎𝜃𝜃 = 4.77 µrad for 10S-BL, and 𝜎𝜎𝜃𝜃 = 6.36 µrad for all other beamlines. 

  

Figure 2-12. Fraction of flux vs pulse duration (fwhm) for all beamlines with drift-space optics for 𝑉𝑉1 = 1 
MV with same conditions as described in FIg. 2-11. No bunch lengthening is included. 

The fraction of photon beam accepted by the slit and the pulse duration of the accepted beam are 
calculated with the beam distribution selected with a given slit aperture. By varying the slit aperture, 
one can obtain a curve of the fraction of short pulse flux vs. short pulse duration. Figure 2-12 shows such 
curves for all beamlines for the same simulated case. 

Short pulse durations for a number of flux levels at all beamlines using drift space optics are shown in 
Table 2-2, for both the 𝑉𝑉1 = 1 MV and 𝑉𝑉1 = 1.5 MV cases.  Among all 12 beamlines (including the future 
BL17 and a proposed 10S beamline), six can produce short pulses of 5 ps (fwhm) or less with 6% of the 
total flux, with 𝑉𝑉1 = 1 MV. The other six beamlines produce short pulses 10 ps (fwhm) or less. Only one 
beamline, BL10, does not give pulses shorter than 10 ps (not shown). Increasing the deflecting voltage to 
𝑉𝑉1 = 1.5 MV further decreases the pulse length by about 10-25%.  
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It is worth noting that optical phase space manipulation can be implemented in the photon beamline to 
maximize the 𝑦𝑦-𝑧𝑧 correlation at the slit (Section 3). By mapping the photon beam distribution at the 
maximum 𝑦𝑦-𝑧𝑧 correlation location (which could be before or after the source point) onto the slit 
location with imaging optics, similar short pulse performance can be achieved at all beamlines (for the 
same photon energy and undulators parameters).   However, imperfections in photon optics may smear 
the photon distribution and reduce the performance gain.  

 

Table 2-2 (drift space optics).  Short-pulse duration (fwhm in ps) at various levels of flux fraction of the 
total beam for all SPEAR3 beamlines, assuming undulator insertion devices, for the 7-nm, 𝜈𝜈𝑦𝑦 = 6.32 
lattice, with crab cavities located at 8S straight (except for 10S-BL, for which crab cavities are in 1S), and 
𝑉𝑉1 = 1 MV or 1.5 MV (𝑛𝑛 = 6). Beamlines that presently have undulator IDs suitable for short-pulse 
production are shown with bold text. The flux numbers out of the parentheses are for zero bunch 
charge without bunch lengthening. The flux numbers inside the parentheses are for a 20-mA camshaft 
bunch with bunch lengthening (bunch is lengthened by 60%).  The blue-highlighted beam line source 
points have the best electron bunch tilt for short-pulse performance with these assumptions.     

beam line 
6% (3.8%) flux 10% (6.3%) flux 15% (9.4%) flux 20% (12.6%) flux 

V1=1 MV 1.5 MV V1=1 MV 1.5 MV V1=1 MV 1.5 MV V1=1 MV 1.5 MV 
5S (BL7) 3.7 2.8 4.4 3.5 5.5 4.6 6.8 5.7 
7S(BL9) 3.8 2.8 4.5 3.5 5.6 4.6 6.9 5.7 

11S(BL6) 4.0 3.1 4.7 3.7 5.8 4.7 7.1 5.9 
12S(BL5) 9.1 7.0 9.4 7.3 9.9 7.9 10.7 8.6 

BL15 4.0 3.1 4.7 3.7 5.9 4.7 7.1 5.9 
BL17 7.6 5.5 7.9 5.9 8.5 6.6 9.3 7.5 

15S(BL11) 4.2 3.0 4.8 3.7 5.9 4.7 7.1 5.9 
16S(BL4) 6.4 4.8 6.8 5.2 7.5 5.9 8.4 6.9 
BL12-1 3.4 2.9 4.2 3.5 5.5 4.5 6.7 5.7 
BL12-2 7.1 5.6 7.6 5.9 8.3 6.6 9.1 7.6 

17S(BL13) 7.2 5.7 7.6 6.0 8.3 6.6 9.2 7.5 
10S-BL 6.2 5.3 6.8 5.7 7.6 6.3 8.7 7.2 

 

The actual short pulse photon flux depends on the beam current in the titled camshaft bunch. For 
SPEAR3 at the nominal operation condition, the single bunch current limit is about 27 mA and is limited 
by TMCI instability. Measurement with the pinhole camera has shown that there is no increase of 
horizontal beam size with 20 mA per bunch, which indicates the bunch current is still below the micro-
bunching instability level. Therefore, the camshaft bunch could be filled up to 20 mA (15.6 nC). 

Bunch length in an electron storage ring typically increases with increased bunch charge due to the 
potential well distortion effect with inductive impedance above transition. Bunch lengthening in SPEAR3 
has been systematically measured [2.7]. According to the measurements, at 20 mA per bunch, the 
bunch lengthens by approximately 55% for the 10-nm lattice (𝛼𝛼𝑐𝑐 = 1.62 × 10−3) and by 65% for the 
achromat lattice (𝛼𝛼𝑐𝑐 = 1.18 × 10−3). The lower emittance lattices (7-nm or 6-nm lattices) have 
momentum compaction factor of 𝛼𝛼𝑐𝑐 = 1.45 × 10−3. Therefore, for the lower emittance lattices, at 20 
mA, the beam bunch length should increase by 60%.  

The pulse duration results in Table 2-2 are obtained through tracking simulation that does not include 
bunch lengthening. When the bunch is lengthened, the vertical to longitudinal slope at the center of the 
bunch should remain the same. Therefore, the bunch duration for a given slit aperture should not 
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change. However, as the charge density decreases with the bunch length, the flux of the selected short 
pulse will decrease. For example, for a 20-mA camshaft bunch, the slit aperture that would select 10% of 
the flux at zero charge will select 6.3% of the flux. The effective short pulse charge is hence 0.98 nC for 
the corresponding slit aperture.  

The performance calculations in this section do not include the limitations imposed by realistic photon 
beam optics. See X-ray optics section 3 for more details. It is worth noting that asymmetrically cut 
crystals could be exploited to improve short pulse performance and that the crab cavity location could 
be changed to optimize the performance of one or more selected beamlines. 
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3.  X-ray optics  
The X-ray optics and beam transport system modify the photon beam emitted by the chirped source to 
deliver an X-ray beam with the desired time, energy, and focus characteristics to the sample. As noted 
earlier, in the simplest configuration the X-ray optics consist of a slit which selects the desired time 
structure coupled with a monochromator and focus mirrors or lenses to provide the desired energy 
bandwidth and focus spot size. In this case, the timing slit, monochromator, and focus mirrors or lenses 
operate largely independently of each other to control the X-ray beam time, energy, and focus structure, 
respectively. Introducing offcut Bragg diffraction crystals in the monochromator can compress the X-ray 
beam time structure at the expense of modifying both the energy bandwidth and focus properties.  

Including non-ideal characteristics of real optics introduces further complications which impact the X-ray 
beam time structure, energy bandwidth, intensity, and focus. This chapter elucidates the potential of 
the chirped beam source subject to the limitations imposed by likely X-ray optics for a representative 
purpose built SSRL beam line.  

3.1. Representative beam line performance using slits for pulse duration control 

This case study employs a crab cavity, as described in Section 2, located in the 1S matching straight in 
SPEAR3 with the X-ray beam line undulator located in the 10S matching straight of SPEAR3. A small crab 
cavity phase shift is introduced to differentiate the orbits of the chirped and the unchirped bunches per 
the pseudo single bunch scheme described in Section 2.10. (The y-y’ orbit offset between the chirped 
and unchirped bunches is 206 μm by 45 μrad at the center of 10S.) The chirped beam phase space at the 
10S source is depicted in Figure 3-1.  
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Figure 3-1. The chirped beam at the center of 10S in position – time space (left) and in angle – position 
space (right). 

 

 
Figure 3-2. The effective position – time correlation of the chirped beam at the virtual source point 
located 13.75 m upstream of the 10S straight (left) and the angle – position correlation of the chirped 
beam virtual source (right). The virtual source is characterized by σy = 74 μm and σy’ = 19.2 μrad. 

 

Note that in Figure 3-1 the angle-position plot of the chirped beam is not an upright ellipse. From the 
perspective of the photon optics this source is equivalent to an upright ellipse virtual source located 
13.75 m upstream of the physical source as depicted in Figure 3-2. In contrast with the chirped source 
the un-chirped source is an upright ellipse at the physical center of the 10S straight. Accordingly any X-
ray beam line focusing optics will operate on the chirped and un-chirped beams differently leading to 
these beams focusing at different locations along the beam line. As we shall see this influences the 
chirped beam selection somewhat in optics designed for use with the pseudo single bunch concept. 

The photon source for this study is a 20-mm period by 170-period in vacuum undulator (IVU20) tuned 
for 8.0-keV radiation on the fifth harmonic. As depicted in Figure 3-3 the beam line optics consist of a 
pulse duration selection slit located just downstream of the beam line front end, a symmetric Bragg 
diffraction double crystal monochromator (not depicted), a vertically focusing mirror focusing on a slit 
for pseudo single bunch selection, and Kirkpatrick-Baez (KB) focusing mirrors.   
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Figure 3-3. The beam line optics vertical schematic. The physical source is at left with the chirped source 
beam envelope represented by solid rays and the unchirped source beam envelope represented by 
dashed rays. The pulse duration selection slit is located 9 m from the source followed by a double crystal 
monochromator (15 m, not depicted) and a vertically focusing mirror at 23.6 m. A pseudo single bunch 
selection slit is located at the focus (25.6 m). Finally the beam is focused at 30.0 m on both axes using KB 
mirrors (27.6 m vKB and 28.5 m hKB). 

 

The differentiated orbits of the pseudo single bunch scheme coupled with the 23.6-m mirror provide a 
26-μm centroid separation between the chirped and unchirped beams at the 25.6-m selection slit. At 
this location with a 250 nrad rms mirror slope error the chirped beam is focused to 4.1 um rms while the 
unchirped beam is 2.1um rms (though the actual unchirped beam focus waist is located 93 mm 
downstream of the slit). The pseudo single bunch selection slit does an excellent job (>>106) of 
suppressing the unchirped beam core. As such the chirped beam contamination will be dominated by 
the diffuse scatter of unchirped beam from short wavelength roughness of the pseudo single bunch 
selection mirror so proper attention to mirror roughness is essential. (It should be noted that the pseudo 
single bunch scheme effectiveness relies upon low aberration optical concepts utilizing high quality 
mirrors. The older wiggler X-ray beam lines at SSRL with their reliance upon toroid optics for good fan 
acceptance are not well suited to the pseudo single bunch application owing both to the larger radiation 
cone emitted by the wigglers and the aberration prone grazing incidence toroid focusing optics.) 

The final focus of the chirped bunch is depicted in Figure 3-4. The illustrated 22-μm by 11-μm fwhm 
focus is for essentially full acceptance of the pulse length selection slit. For real imperfect mirrors, 
reducing the pulse length by closing down the pulse length selection slit will reduce the vertical focus 
dimension slightly. Figure 3-5 shows the calculated focal spot 8-keV flux for a 20-mA chirped timing 
bucket as a function of photon pulse duration. Experiments that require 10-4 energy bandpass would 
utilize a Si(111) monochromator  yielding about 9x1011 photons/sec into a 10-ps fwhm pulse. 
Experiments that can tolerate the broader bandpass of a 2.5-nm Mo-B4C multilayer monochromator 
would see >2x1013 photons/sec into a 10-ps fwhm pulse. These flux numbers translate into 7x105 
and >1.6x107 photons per 10-ps pulse for the Si(111) and multilayer monochromators, respectively. For 
the simulated source and optics, the flux drops off significantly for photons pulses shorter than about 5 
ps fwhm. 
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Figure 3-4. The focus of the chirped beam with the pulse selection slit essentially wide open as 
determined by ray tracing. This focus simulation does not include mirror slope error effects. However, 
250 nrad rms slope error KB mirrors introduce only a minor (sub-micron) effect on the focus dimensions. 

 

 
Figure 3-5.  Calculated 8-keV flux vs. photon pulse duration for a Si(111) monochromator (dashed blue 
line) and a 2.5-nm Mo-B4C multilayer monochromator (solid red line). The photons per 10-ps pulse are 
7x105 and >1.6x107 for the crystal and multilayer monochromators, respectively. 
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As noted in Section 2, the flux vs pulse length curve is a function of the phase advance from the crab 
cavity to the undulator source point as well as the specifics of the undulator and X-ray beam line optics. 
In Figure 3-6 we illustrate this effect by depicting the calculated flux vs pulse length with the crab cavity 
located in the 8S straight and BL17 with its IVU22 undulator (87 each 22 mm periods)  in the 14S 
standard length SPEAR3 straight. The X-ray optics are conceptually similar to that of the previous 
example. Note that the shorter undulator produces somewhat less flux than the previous example, but 
the change in the source and beam line characteristics allow a shorter 3 ps fwhm minimum pulse. This 
comparison demonstrates the importance of locating the crab cavity for optimal impact on the target 
beam lines. Further assessment of various combinations of crab cavity location and target beam lines for 
time domain studies is needed to identify the optimal crab cavity location. 

 

 
Figure 3-6. Calculated 8keV flux vs. photon pulse length for two different crab cavity and beam line 
locations: (a) crab cavity in 1s with an IVU20 in the 10S matching straight per Figure 3-5 and (b) crab 
cavity in 8S with the BL17 IVU22 in the 14S standard straight. In each case both Si(111) and 2.5-nm Mo-
B4C multilayer monochromator results are presented. 

 

3.2. Asymmetrically cut Bragg monochromator crystals for pulse compression 

As depicted in Figure 3-7, cutting monochromator crystals to introduce an angle between the crystal 
surface and the Bragg diffraction planes provides a means to compress the photon beam temporally. 
The crystal offcut angle is tailored to rotate the photon beam position - time phase space ellipse vertical 
downstream of the monochromator thus resulting in a minimal X-ray pulse duration. 

A crystal offcut angle α introduces an asymmetry factor b = sin(θB -  α) / sin(θB +  α) where α is positive 
when the beam incident angle on the crystal surface is less than the Bragg angle θB. The Darwin rocking 
width of a symmetrically cut perfect crystal, ωs, is modified by the offcut such that the accepted incident 
beam angular width is ωs/√b and the exit beam angular width is ωs√b. Thus crystal cut asymmetry 
modifies the full 6-dimensional phase space of the photon beam [3.1]. 
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Figure 3-7: Asymmetrically cut crystal geometry with incident beam from the left. α is positive as 
depicted and L1 > L2  to rotate the position – time ellipse and compress the X-ray pulse length. 

 

The offcut angle results in a position dependent photon path length. For rays separated by a distance d 
as shown in Figure 3-7, the path length difference for a single crystal reflection is 

ΔPath1 = d*[1/tan(θB – α) – 1/(b*tan(θB + α))].    (3-1) 

For a typical double crystal monochromator with both crystals featuring the same offcut, the total path 
length difference is  

ΔPath2 = d*[1/tan(θB – α) + 1/(b*tan(θB – α)) – 1/(b*tan(θB + α)) – 1/(b2*tan(θB + α))].  (3-2) 

With ΔPath in mm the path length difference introduces a time difference ΔT(ps) = ΔPath/0.3.  

For the 10S beam line discussed above, the beam position - time phase space at the monochromator 
located 15 m from the source is depicted in Figure 3-8. The slope of the ellipse is 0.033 mm/ps such that 
a 1-mm acceptance requies 3r0.3-ps beam compression to yield a minimum pulse length. Solving  

Figure 3-8. The 8-keV photon time – position phase space at the monochromator of the 10S beam line. 
A Si(111) double crystal monochromator with each crystal offcut by 10.357° rotates the phase space 
ellipse vertical such that the minimum pulse length of 5.9 ps fwhm is obtained. 
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equation 3-2 for a 30.3 ps/mm compression indicates a downward reflecting Si(111) double crystal 
monochromator with α = 10.357°. These values will rotate the position – time ellipse and compress the 
beam to the minimum 5.9-ps fwhm pulse. In addition to compressing the beam temporally, this offcut 
(b=0.1652) increases incident beam angular acceptance to 84.23 μrad and the monochromator exit 
beam height is increased by a factor 1/b2 or 36.6x. This 36.6-fold increase in beam height poses a major 
acceptance challenge for the grazing incidence vertical focusing mirrors. A 500-mm long mirror with a 
typical grazing incidence angle of 7 mrad is acceptance limited to about a 3.5-mm vertical beam height. 
Utilizing a longitudinally graded multilayer-coated mirror increases the incident angle to about 31 mrad 
allowing a 15-mm incident beam height or 0.4mm beam acceptance into the monochromator. The 
calculated flux for this optics configuration is about 1.3x1012 into the 5.9-ps fwhm pulse or about 2.5x 
what is achieved with the symmetrically cut Si(111) monochromator results depicted in Figure 3-5. 

While the asymmetrically cut crystal optics can offer more flux at the shortest pulse length, the scheme 
introduces a number of compromises: (a) the crystal cut asymmetry and graded multilayer mirrors limit 
the photon energy tune range; (b) increased diffuse scattering from the multilayer-coated mirror and 
larger beam convergence angle degrade the efficiency of the pseudo single bunch selection scheme 
resulting in more unchirped beam contamination of the transmitted X-ray beam; (c) the need for 
multilayer focusing mirrors increases both the focal spot size and beam convergence angle thus 
substantially degrading the X-ray beam brightness delivered to the experiment; and (d) the 
longitudinally graded multilayer-coated mirrors required for the asymmetrically cut crystal optical 
concept degrade the performance of the symmetrically cut Si(111) and multilayer monochromator 
optics unless the beam line focusing optics are substantially complicated through the inclusion of both 
traditional KB mirrors and longitudinally graded multilayer mirrors. As such, the greater flexibility and 
reduced complexity of the slit-based X-ray pulse duration selection scheme featuring a symmetrically cut 
crystal or multilayer monochromator is likely preferable to the asymmetrically cut monochromator 
crystal X-ray pulse compression scheme. 
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4.  Crab cavity system  
4.1  Introduction 

In order to design an appropriate cavity system to generate two harmonically related frequencies that 
will deflect the beam, one needs to optimize a number of parameters.  In brief, the cavities must 
produce the required deflection in the available space without significantly degrading other beam 
parameters.  The Design Parameters section outlines the considerations for the design of a general 
accelerating cavity system.  The SPEAR3 design team will choose its baseline design based on previous 
work, done both at SLAC and elsewhere, in the design of deflecting RF cavities.  The following sections 
summarize the advantages and disadvantages of known designs and point to the direction that the 
design team will follow to develop their RF deflector designs. 



Page 29 of 48 
 

4.2  Design parameters 

Field strength 

First, the cavities must provide the required deflecting voltages in order to tilt the beam.  As discussed 
below, this requirement can be met by several different designs. 

Beam aperture 

The SPEAR3 electron bunch horizontal size is much larger than the vertical.  Dispersion effects and 
dynamics of injected bunches in the ring both require that the horizontal aperture be significantly larger 
than the vertical aperture.  This requires that the transverse cross-section of the RF deflectors be 
rectangular or elliptical, with the larger dimension in the horizontal direction. 

Cavity location 

The deflecting system has to generate two different, locked frequencies in order to deflect a fraction of 
the bunches while leaving the others undisturbed. This requirement limits the distance between which 
the deflections from the different frequencies occur.  All bunches experience the same deflection from 
the first frequency cavity and drift before they are deflected by the second frequency cavity.  Proper 
magnitude and phase of the deflection in the second cavity can remove the linear effects of this drift 
from the “unperturbed” bunches, but not the higher order terms. In order avoid the complication of 
nonlinear lattice effects, the crab cavities should be placed in the same straight section. This also 
eliminates the dependence of deflection magnitude and phase of the second cavity on the linear lattice. 
For complete cancellation in the vertical phase space, the second integral of the total kicks should also 
be zero. This could be done by symmetrically situating the crab cavities as discussed in section 2.2 (Fig. 
2-3).  

Collective effects – multi-bunch Instabilities 

The presence of the crab cavities in the storage ring introduces long range wakefields that could be 
expanded into resonant cavity modes (so called higher order modes or HOMs) in addition to the desired, 
vertically deflecting mode.  The circulating beam current could be described by a comb of frequencies 
nominally spaced at increments of the ring revolution frequency with longitudinal synchrotron and 
transverse betatron beam oscillation sidebands that can interact with these higher order modes.  If an 
HOM is excited with sufficient strength by a one of the revolution harmonic sidebands, this excitation 
may lead to coupled bunch instabilities and degradation of the beam emittance.  For longitudinal HOMs, 
the dangerous frequencies are the upper synchrotron sidebands; for transverse HOMs, the dangerous 
frequencies are the lower betatron sidebands. The modes resonant at revolution harmonics themselves 
don’t destabilize the beam but increase the power dissipation in the cavity walls which, while not 
necessarily an issue for properly-cooled normal conducting cavities, can add an appreciable heat load 
for superconducting cavity cryogenic systems.  If the shunt impedance of a sideband-driven HOM is 
sufficiently low, modern multi-bunch feedback systems can maintain the stability of the beam.  
Therefore all HOMs in the cavity structure must either be designed such that their shunt impedances are 
below a minimum so that they can be damped by a feedback system or not cause appreciable extra heat 
load.  Another method is to tune frequencies of HOMs so that they do not overlap a dangerous 
revolution harmonic or sideband. 

The number of HOMs in a structure increases with number of its cells.  Multi-cell structures have near 
each desired frequency a set of so called “same pass-band” modes that can also create beam 
instabilities. Specifically for the operating mode, it can be very challenging to reduce the shunt 
impedances of these same pass-band modes, since their frequencies are very close to the high-Q 
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operating mode.  Providing a path to decrease Q-value of these modes typically reduces the operating 
shunt impedance of the structure. 

From previous experience, most of the R&D work in a successful cavity design is concentrated on 
reducing the detrimental effect of undesired modes, both same pass-band and HOMs, in order to ensure 
beam stability. 

Collective effects – single bunch lengthening and energy spread 

Each time a beam bunch passes by a discontinuity in the vacuum chamber, it excites electromagnetic 
wake fields that act back on the beam. Short range wakefields generated by the head of a bunch affect 
the tail of the bunch, typically leading to bunch lengthening, change of intra-bunch energy spread, and 
in some cases to head-tail instability. The design of deflecting cavity which includes the transitions to 
ring beam pipes must minimize the effect of these short range wake fields on the stored beam. 

The short range wakefields of the deflector increase with the number of deflector cells and decrease as 
the minimum aperture of the cell increases.  For the particular SPEAR3 bunch structure and the RF 
frequencies of interest for the deflector, the total impedance of the short range wakefields scales 
approximately linearly with the number of cells and as 𝑎𝑎−2.8, where 𝑎𝑎 is the radius of the minimum 
vertical aperture of the deflector.  Therefore, in order to minimize short range wakefields and their 
effects, it is advantage to increase the aperture of the structure at the expense of its length. 

Also, the efficiency of the RF deflector typically increases with decreased size of the beam aperture.   But 
reducing the aperture size increases short range wake fields.  Therefore, minimizing the strengths of 
these short range wakes reduces the efficiency of the cavity. The optimal beam aperture will be found 
during the deflector’s design. 

Cavity length 

SPEAR3 will install the RF defecting cavities in a straight section that, due to physical constraints on the 
experimental floor, cannot be used as a beamline. This section has an available length of 4.5 meters.  
This length is sufficient to accommodate all of the potential designs. 

RF power 

The RF power needed to provide the required defecting kick depends, of course, on whether or not the 
cavity is room temperature or superconducting. If the cavity is superconducting the CW RF power is 
estimated to be less than 10 kW for each structure. This power could be generated by solid state 
amplifiers. For a normal-conducting structure, the power requirements are significantly greater, on the 
order of 100 kW. This power level may exceed the capability of reasonably sized solid state amplifiers, 
but commercial S-band klystrons with average powers of 120 kW are available. 

Cooling 

The RF deflectors must be cooled and their temperature has to be precisely maintained in order to 
maintain the cavities at their desired resonant frequency. For all structures, cooling is required to 
remove the heat generated by both the RF source and the beam that is dissipated on the cavity walls 
and RF loads. For a normal conducting structure, the resistance of the copper means that there can be 
hot spots in the cavities where the wall current densities are large; internal cavity cooling must be 
engineered to keep the temperature of these hot spots at acceptable levels.  If the structure is 
superconducting, the wall resistance is orders of magnitude lower than copper, so the heat load from 
the RF power will be much less, but the expense of cooling will be much greater because it will be done 
at liquid helium temperatures. In the case of a superconducting system, the heat deposited by the beam, 
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as well as that conducted to the cold section of the structure from the neighboring warm vacuum 
chambers must be accounted for and removed. 

The cost and complexity for the superconducting system will be greater than that for the room 
temperature system, but these issues have been addressed and solved for practical RF deflectors (e.g. 
the KEK-B crab cavities). 

4.3  Deflecting cavity options 

The approach to the RF deflector design follows the evolution of methods that have been considered for 
other, similar applications, most notably the Short Pulse X-ray (SPX) project of the Advanced Photon 
Source (APS) [1.6].  The result of our study in the future will select the best of the candidate approaches, 
which include, in addition to candidates for the SPX project, innovations used in the designs of new 
normal conducting accelerating structures at SLAC. 

SLAC SPX design 

Valery Dolgashev of SLAC conducted a design study for a 2.815 GHz deflecting cavity for SPX [4.1].  One 
of the constraints on the design was that it be very compact in length and have large transverse kick of 2 
MeV per cavity.  The resulting design was the three-cell cavity, heavily mode-damped, shown in Figure 
4-1.  The damped long range wakefields are shown in Figure 4-2. 

b  

Figure 4-1.  Normal conducting cavity design for APS SPX. 
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Figure 4-2. Heavily damped long range wakefields in APS SPX normal conducting RF deflector: a) 
longitudinal, on-axis wakefields; b) horizontal wakefields. 

 

The design met the required shunt impedance, gave the necessary kick strength, damped the HOMs to 
strengths that would not drive the beam unstable, and reduced the pass-band modes to levels that 
could be compensated by external feedback. The very conservative requirements for a large kick 
strength, a large vertical aperture, and a compact length required a very high power RF source and 
dedicated engineering effort to remove the heat generated by the RF. The details of the approach are 
published in [4.1 - 4.4]. 

Figure 4-3.  JLAB SRF single cell cavity design. 

JLab SRF design 

Because of the large power required for the normal conducting structure designed above, APS revisited 
their specifications and modified them. In particular they relaxed the constraint on the allowable length.  
With the new constraints, APS could accommodate twelve single-cell superconducting RF cavities. This 

x

a) b)
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design is shown in Figure 4-3 [4.5]. The cavities are uncoupled so there are no same pass-band modes to 
damp, only HOMs.  This design was relatively complex and expensive. 

Fermilab/ANL QMiR design 

Because of the complexity and cost of the twelve single-cell SRF cavity SRF implementation proposed by 
JLab, Fermilab (FNAL) and the Argonne Physics group collaborated on another simpler and more 
compact cavity design: a quasi-waveguide multi-cell resonator (QMiR) [4.6, 4.7]. The structure is a 
rectangular waveguide with three “dimples” that trap the modes of the transverse deflecting fields. The 
side view in Figure 4-4a shows the vertical electric fields and the top view in Figure 4-4b shows the 
magnetic fields in the horizontal plane. Figure 4-5 shows an assembled Niobium prototype of the QMiR 
structure, which is 21 inches in length. Four cavities would be used for kicking and four for un-kicking. 

 
Figure 4-4. QMiR structure electric fields (a, side view) and magnetic fields (b, top view). 

 

 
Figure 4-5. QMiR prototype. 

 

Significant R&D has been devoted to the development of the QMiR structure, both at FNAL and Argonne.  
FNAL has concentrated on the RF design while the ANL Physics group has concentrated on the 
fabrication, construction, and testing of the SRF structure. A prototype has been built and preliminary 
cold tests have been performed. Additional R&D is required to complete the design. The current 
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structure is tailored for the SPX application, but the transverse field quality is insufficient for SPEAR3 use. 
Geometric changes are required to achieve the required field uniformity as well as to modify the 
frequency and vacuum chamber aperture required for the SPEAR3 short bunch application. More details 
about the 2K, ~100-W capacity cryogenic system and other associated infrastructure requirements are 
given in Appendix A.3. 

SLAC normal conducting deflector design  

The high power RF structures group in the Technical Innovation Directorate (TID) at SLAC is investigating 
a 15-cell standing wave structure design for the SPEAR3 short bunch crab cavity project (Appendix A.2).  

The design has an racetrack cell profile with a circular nose-cone iris (Figure 4-6).  Total four structures, 
two for each frequency, are needed to produce the 2-MV deflecting voltage at CW operation. The four 
structures will be arranged in a symmetric order, F1-F2-F2-F1, to minimize the side effects of the system 
to the un-crabbed bunches. The RF power is fed in via a single waveguide RF power at the middle cell of 
the structure in the vertical plane. Waveguide HOM couplers are located only in the horizontal plane, 
leaving space in the vertical plane for implementing cooling channels. The HOM couplers couple to the 
cells magnetically. By alternating the waveguide coupling orientation to the cell, all the vertical, 
horizontal and monopole modes will be damped by these sets of HOM couplers. The total structure 
length is about 3 meters. A total ~60 kW RF power will be required to produce the 2-MV deflecting 
voltage.  

 
Figure 4-6.  15-cell standing wave structure with input and HOM/LOM couplers. 
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5.  Collective effects  
The parasitic modes in the crab cavities may be excited by the high current electron beam. These modes 
can cause resistive heating and drive coupled bunch instabilities. The narrow gaps in the cavities and the 
transition from the regular vacuum chamber to the cavities may contribute broadband impedances 
which could lead to a reduction of single bunch current limit. Calculations and discussions of these 
effects are given in the following.  

5.1 Heating from monopole modes 

The total stored beam current for standard operation in SPEAR3 is 500 mA, which is also the current for 
the fundamental RF (476.3 MHz) harmonics. If the frequency of a monopole mode resonance happens 
to overlap with the an RF harmonic, the mode will be excited to a voltage of 𝑉𝑉 = 2𝐼𝐼𝑅𝑅, where 𝐼𝐼 = 0.5 A 
is beam current and 𝑅𝑅 is the shunt impedance for the monopole mode. The heat dissipation in the crab 

cavity from this mode would be 𝑃𝑃 = 𝑒𝑒2

2𝑅𝑅
= 2𝐼𝐼2𝑅𝑅. If we limit the heating power to 10 W, a reasonable 

level that can be handled by the cavity’s cryogenic cooling system, the shunt impedance should be less 
than 20 Ohms. This is for the worst case when the mode frequency is exactly a multiple of the RF 
frequency; the current at other revolution harmonics are lower. It may be a reasonable conservative 
assumption for the HOM modes in a dense spectrum for which individual tuning is impossible. 

For the few isolated monopole modes, it may be possible to tune the mode frequency away from the 
revolution harmonics. In this case, the induced voltage is 𝑉𝑉 = 2𝐼𝐼 𝑅𝑅

𝑄𝑄
𝑒𝑒
2Δ𝑒𝑒

,, where 𝑓𝑓 is mode frequency, Δ𝑓𝑓 

is frequency shift from a revolution harmonic, and 𝑄𝑄 is the quality factor for the mode. By “parking” a 
mode away from the beam signal, much higher shunt impedance can be tolerated.  

5.2 Longitudinal coupled bunch instability threshold 

Monopole mode resonances in crab cavities can drive longitudinal coupled bunch instabilities (CBI). The 
CBI could be stabilized by damping mechanisms. If the growth rate of a coupled bunch mode is lower 
than the damping time, the mode remains stable. For a full, uniform fill pattern, the longitudinal 
impedance threshold is given by Eq. 5-1 [5.1]: 

𝑍𝑍𝑙𝑙,𝑑𝑑ℎ = 2𝜈𝜈𝑠𝑠𝐸𝐸/𝑒𝑒
𝜏𝜏𝑠𝑠𝛼𝛼𝑐𝑐ℎ𝐼𝐼𝑏𝑏𝑒𝑒

,             (5-1) 

where 𝜈𝜈𝑠𝑠 is the synchrotron tune, 𝐸𝐸 the electron beam energy, 𝑒𝑒 is the electron charge, 𝜏𝜏𝑠𝑠 the 
longitudinal damping time, 𝛼𝛼𝑐𝑐 the momentum compaction factor, ℎ the harmonic number, 𝐼𝐼𝑏𝑏 the bunch 
current, and 𝑓𝑓 the frequency of the monopole mode that drives the CBI.  
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For SPEAR3, 𝛾𝛾 = 5870.8, ℎ = 372, 𝜈𝜈𝑠𝑠 = 0.0094, 𝛼𝛼𝑐𝑐 = 1.46 × 10−3, and the radiation damping time is 
𝜏𝜏𝑠𝑠 = 3.1 ms. Here the 7-nm lattice is assumed for the synchrotron tune and the momentum compaction 
factor. At the operation condition the total current is ℎ𝐼𝐼𝑏𝑏 = 0.5 A. For a mode with frequency at 𝑓𝑓 = 3 
GHz, the longitudinal impedance threshold is 𝑍𝑍𝑙𝑙,𝑑𝑑ℎ = 8.3 kOhm.  

5.3 Transverse coupled bunch instability threshold 

Parasitic dipole modes of the crab cavities can drive transverse coupled bunch instabilities. The 
transverse impedance threshold is given by the condition that the growth rate of the coupled bunch 
mode is equal to the damping rate, and is given by Eq. 5-2: 

𝑍𝑍⊥,𝑑𝑑ℎ = 𝛾𝛾𝜈𝜈𝛽𝛽
𝜏𝜏𝑑𝑑

𝑒𝑒𝑍𝑍0
ℎ𝐼𝐼𝑏𝑏𝑟𝑟0

,        (5-2) 

where 𝜈𝜈𝛽𝛽 is the betatron tune, 𝑍𝑍0 ≈ 377 Ohm is the vacuum impedance, 𝑟𝑟0 = 2.82 × 10−15 m the 
classical electron radius, and 𝜏𝜏𝑑𝑑 is the damping time. Eq. (5-2) applies to the case with a full, uniform fill. 
Smooth approximation of betatron motion is assumed.  

For the high tune 7-nm lattice of SPEAR3, the vertical tune is 𝜈𝜈𝑦𝑦 = 6.32. The vertical radiation damping 
time is 𝜏𝜏𝑦𝑦 = 5.3 ms. For a uniform fill of a total current of 0.5 Amp, the vertical impedance threshold is 
𝑍𝑍𝑦𝑦,𝑑𝑑ℎ = 0.30 MOhm/m. The horizontal tune is 𝜈𝜈𝑥𝑥 = 15.13 and the horizontal radiation damping time is 
𝜏𝜏𝑥𝑥 = 4.2 ms. The horizontal impedance threshold is 𝑍𝑍𝑥𝑥,𝑑𝑑ℎ = 0.91 MOhm/m.  

Bunch-by-bunch feedback can substantially increase the transverse coupled bunch instability (TMCI) 
threshold as it provides much faster damping rate than radiation damping. SPEAR3 already has the 
amplifier and electronics for the bunch-by-bunch feedback system. After a broadband kicker is installed 
in an upcoming upgrade, the bunch-by-bunch feedback will be fully functional. The design damping rate 
is about 0.2 ms. We may need to reserve a certain damping power to counter other sources of CBI, such 
as impedances from future insertion devices or ion driven instability. If we assume the damping time by 
the bunch-by-bunch feedback for the crab cavity parasitic modes is 𝜏𝜏𝑑𝑑 = 1.0 ms for both the horizontal 
and vertical planes, the transverse impedance threshold will be 𝑍𝑍𝑦𝑦,𝑑𝑑ℎ = 1.90 MOhm/m and 𝑍𝑍𝑥𝑥,𝑑𝑑ℎ = 4.73 
MOhm/m, respectively.  

 
Figure 5-1. Vertical impedance of SC QMiR crab cavity is compared to the threshold determined by 
radiation damping. The horizontal axis shows frequency normalized by SPEAR3 revolution frequency.  

 

The SC QMiR crab cavity design for the APS-SPX project has very few parasitic modes. No horizontal 
dipole mode is strong enough to drive the CBI. There is only one vertical dipole mode that can drive CBI 
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(Figure 5-1) [5.2]. The transverse impedance of this mode exceeds the threshold set by radiation 
damping. However, it is below the threshold set by the bunch-by-bunch feedback. In addition, the 
frequency for a single mode could be tuned away from the revolution harmonics to avoid being excited 
by the beam.  Future work will extend this study to the revised SC QMiR design for SPEAR3 and to the 
any normal conducting crab cavity system chosen for the SPEAR3. 

5.4 Transverse impedance and TMCI threshold 

Short range transverse wakefields drive the transverse mode coupling instability (TMCI). Typically the 
TMCI instability limits the single bunch current in electron storage rings. The crab cavities may have 
small apertures inside that cause the beam to leave intense wakefields behind. Such wakefields amount 
to a contribution to the broadband impedance of the storage ring. 

The vertical impedance of the SPEAR3 storage ring has been characterized with beam based 
measurements [6.3]. It was found that it can be represented with a broadband resonator model with a 
resonant vertical impedance of 𝑍𝑍𝑦𝑦 = 0.165 MOhm/m, 𝑄𝑄 = 1, and resonant frequency 𝑓𝑓𝑟𝑟 = 37 GHz. 
Adding the contribution of resistive wall impedance, the total kick factor for the ring is about 𝑘𝑘 = 2000 
V/pC-m when the bunch length is lengthened to 𝜎𝜎𝑑𝑑 = 30 ps (see Figure 6-2). The calculated TMCI bunch 
current threshold is about 27 mA, which agrees with measurement very well.  

In order to maintain a relatively high single bunch current limit we nominally specify that the total crab 
cavity kick factor contribution should not exceed 1000 V/pC-m, which is 50% of the existing ring. This 
level of impedance would reduce the single bunch current limit to 18 mA. However, with the help of the 
bunch-by-bunch feedback, the bunch current limit should be able to be restored to above 20 mA [5.5].  

 
Figure 5-2.  Vertical kick factor for the existing SPEAR3 ring as a function of bunch length [6.3]. 

 

The APS SC QMiR crab cavity has a minimum gap of 12 mm between the three protrusions, which causes 
a large contribution to the vertical impedance. At the bunch length of 𝜎𝜎𝑑𝑑 = 30 ps, the kick factor for one 
crab cavity is 500 V/pC-m [6.4]. Using the three-cavity configuration, the contribution of kick factor from 
the crab cavities is 1500 V/pC-m, which is 75% of the existing ring. This will significantly reduce the single 
bunch current limit. A revised design having sufficient transverse field quality for SPEAR3 may have even 
higher impedance. 

However, a QMiR cavity with a 12-mm gap can provide up to 2 MV deflecting voltage, which is more 
than the SPEAR3 design requirement. This is especially true for the two flanking crab cavities, which only 
need to provide up to 0.7 MV apiece. The minimum gap can be increased to lower the vertical 
impedance contribution, at the loss of deflecting voltage. Using the insertion device kick factor scaling 
rule, 𝑘𝑘𝑦𝑦 ∝ 𝑔𝑔−2.2, where 𝑔𝑔 is the gap [5.6], we found that the crab cavity contribution can be halved if 
the gap is increased to 16 mm. Thus an SC crab cavity approach would meet the impedance specification.   
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Recent design studies of a normal conducting crab cavity have led to potential solutions that meet the 
deflecting voltage requirements, but contribute high transverse impedance (see section 4.3 and 
Appendix A.2). The crab cavity kick factor contribution is as high as 2000 V/pC-m, a factor two higher 
than the nominal specification.  However this situation may still be acceptable since the single bunch 
current limit can be increased by operating the ring with high chromaticity. For the 10-nm lattice, it was 
shown by experiment that when the vertical chromaticity is increased to +5, the single bunch current 
limit is above 60 mA. Similar measurements will be made for the 7-nm lattice. However, increasing 
chromaticity may cause a reduction of dynamic aperture for the 7-nm lattice, which already faces a 
nonlinear dynamics challenge. The feasibility of using a NC crab cavity with high impedance with a high 
chromaticity lattice will be addressed with experimental studies on SPEAR3.  
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6.  Operational implications  
The impacts of 2-frequency crab cavity operation on beam dynamics and beam quality were discussed in 
Section 2.  In short,  

1. The shift in main RF cavity phase induced by bunch pattern gap transients was measured (Sec. 2.5) 
to be no more than ~ 0.17o ( ~10 ps) for the fill patterns envisioned for SPEAR3.  The resulting effect 
on the cancellation of the 2-frequency kicks for un-kicked bunches was found to be quite small, 
causing no appreciable degradation of beam quality for those bunches. 

2. The effect of RF phase and amplitude noise in the SC crab cavity system on vertical beam 
emittance growth was shown to be small in Sec. 2.6 as long as those noise levels are maintained to 
~0.01o rms and ~10-4 rms, respectively, or better.  This level of stability is expected for the SC cavity 
system, and possibly for an NC cavity system. 

3. Injection into a crab-kicked bucket, studied in Sec. 2.7, will result in ~5% beam loss for the nominal 
2-MV total kick voltage.  The beam loss increases as cavity voltage is increased.  Beam loss on the 
order of 10%-20% for the very few kicked bunches in the ring is acceptable. 

4. The impact of crab cavity operation on bunch lifetime was analyzed in Sec. 2.8.  Lifetime for the un-
kicked bunches will be reduced by ~40% from the normal operational lifetime to ~ 4h, a 
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consequence of storing twice as much current per bunch.  The lifetime of the high-current short 
bunches will be on the order of 1 h.  These lower lifetimes will necessitate more frequent top-up 
injection than for normal operation to maintain the same average current constancy.  Even more 
frequent topping-up will be needed for short bunches, which can be accommodated by monitoring 
individual bunch current and filling respective bunches as needed. 

5. The impact of crab-kicked bunches on vertical beam emittance was studied in Sec. 2.8.  Kicked 
bunches will have larger vertical emittance and beam size than un-kicked bunches.  In Sec. 2.8 it was 
shown that the vertical slice emittance for kicked bunches will range from ~75-150 pm-rad, 
depending on crab kick voltage, compared with 10 pm-rad for the un-kicked bunches.  The effect of 
these vertical beam parameters on photon beam properties are addressed in Section 3. 

Other potential impacts on accelerator operations include: 

6. The accelerator start-up schedule after a shut-down must include, for an SC cavity system that has 
been brought to room temperature during the shut-down, time for SC cavity cool-down (~4 days, 
down to ~2 days if extra manpower shifts are added) and cryogenic system checks [6.1].  With a 
normal conducting crab cavity system, RF conditioning should be easy for the ~1 MV/m system and 
can be done in parallel with the main RF cavity conditioning without any additional time in the 
schedule. 

7. The impact of the crab cavity system on stored beam when not under power requires more study.  
To first order, detuning the cavities when they are not operating should eliminate any effect on the 
stored beam as long as the beam passes through the center of the cavities so as not to induce any 
transverse modes and the Q of the unpowered cavities does not overlap a beam betatron sideband 
that would otherwise drive transverse modes. The Q of warm cavities is broader than for SC cavities 
so the likelihood of overlapping a betatron sideband is higher.  In any case, the transverse 
multibunch feedback system would act to mitigate cavity mode-driven beam instability if it has 
sufficient kicker power. Again, more analysis of these conditions is needed, and it is noted that such 
a study was done for the LHC [6.2]. 

8. The impact of a quench of SC cavities on the stored beam depends on the scale of the quench 
event.  Some quench events happen very quickly with a commensurate fast RF system recovery that 
causes little more than a transient in beam quality.  In the case of a quench that causes the RF 
power to trip off for one frequency cavity, the LLRF control system should be configured to 
automatically detune the quenched cavity and turn off and detune the other frequency SC cavity.  It 
is possible that beam would not be lost in this situation, but beam loss in this relatively uncommon 
event would be acceptable.  
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7.  R&D and future studies 
The analyses and design concepts presented in this report are preliminary and further study is required 
for the next stage of design, including 

1. Continue accelerator physics studies (impedance, collective effects, effects on normal bunches, crab 
cavity transverse field requirements, optimal tuning, pulse-picking details, etc.) to define parameters, 
sensitivities, tolerances, etc.  

2. Determine if 5.5th and 6th harmonics of the SPEAR RF frequency will be used instead of the 6th and 
6.5th. 

3. Study optimal crabbed source parameters and X-ray optics configuration, including photon pulse 
compression with asymmetrically cut crystals, for obtaining minimal photon pulse length. 

4. Develop plan for beam tests of photon pulse compression using asymmetrically cut crystals. 

5. Investigate straight section 2S as crab cavity location. This implies a short SC cavity system and 
implementing a new injection system for SPEAR to eliminate the 2S injection kicker. 

6. Develop detailed design of crab cavity and related systems design (cavities, loads, cryo, power 
sources, LLRF, conventional facilities, etc.), including a detailed impedance model.  Cavity design 
might be done at SLAC or in collaboration with ANL/FNAL, and include superconducting and normal 
conducting options. 

7. Fabricate a prototype unpowered cavity structure (for either the superconducting or normal 
conducting cavity design options) that can be installed in the SPEAR3 ring (with up- and down-
stream isolation valves) for test, measurement and verification of the calculated impedance model.   

8. Study the impact on stored beam of operating SPEAR with unpowered crab cavities. Can they be 
detuned to minimize any effects? 

9. Study in detail a MHz kicker system for selecting one or more short pulses in the ring.   

10. Investigate other pulse selection methods. 

11. Determine if masking is needed to prevent synchrotron radiation from crabbed electron bunches 
from striking in-vacuum undulator surfaces. 

12. Develop a full system layout. 

13. Develop system Performance Requirements Documents (PRDs). 

These studies may require an approximate 3 to 4 man-year effort, engaging accelerator and beam line 
physicists and engineers from the Accelerator and SSRL directorates, and possibly collaborators from 
other labs (e.g. ANL in the case of superconducting crab cavity design).  Funding might be provided from 
some combination of SLAC program development and LDRD sources, SSRL program support and BES 
accelerator development funds through an R&D proposal.   The goal of these studies would be to 
establish the basis for a proposal to BES to construct a 2-frequency crab cavity system for SSRL. 
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APPENDICES 

A.1  Summary of short bunch methods for SPEAR3  
A number of possible technologies have been considered that might achieve these design goals, 
including: 

1. Pseudo single bunch operation [A.1.1] 

This method was developed at the ALS and is now fully functional.  A fast transverse kicker is used to 
vertically deflect a single bunch onto an oscillatory orbit around the nominal closed orbit. The 
vertical betatron frequency is set to the quarter integer tune so that on completing the second turn 
around the ring, the bunch orbit will have advanced 180 degrees, enabling it to be kicked back on 
axis using the same kicker.  Apertures together with the possibility of using a beam chopper in 
selected beam lines can be adjusted to view radiation coming from the single off-axis bunch and not 
the rest of the on-axis stored beam.  While this method does not reduce bunch length, it does 
enable radiation from a single bunch to enter a beam line with a repetition rate fixed by the kicker 
pulser rate, which can be as high as the revolution frequency (1.28 MHz in SPEAR).  The cost for this 
implementation is relatively inexpensive (~ 1.5 M$). 

2. Resonant crabbing [A.1.2, A.1.3] 

Resonant crabbing is a cost-effective method for generating short photon pulses with high 
repetition rate from a synchrotron radiation storage ring for time-resolved experiments.  Similar to 
the two-frequency crab cavity method described above, the electron bunches are tilted vertically (y, 
y') vs. position along the bunch, z.  This produces a similarly-tilted photon beam, which when 
collimated by a vertical slit, produces short photon pulses that can be used for timing experiments.  
Resonant crabbing is similar to the single-kick crabbing method described in [A.1.2] where chromatic 
tune shift creates phase variation in electron betatron oscillations within a bunch, causing the bunch 
to tilt in y.  Simulations show that resonant crabbing has the potential for a much higher short pulse 
repetition rate than single-kick crabbing.  The simulations show that ~10 ps fwhm photon pulses 
could be delivered at a 320 kHz repetition rate.  Resonant crabbing could deliver these short pulses 
for timing experiments while simultaneously delivering high average current, low emittance beam to 
other photon beamlines.  As shown in Table 1-1, the performance is not as good as two-frequency 
crab cavities.  The cost, however, is low (< 1 M$), because the vertical betatron oscillations are 
driven with the vertical multibunch feedback kicker.  Resonant crabbing could be a first step toward 
developing two-frequency crabbing. 

3. Short pulse injection from the LCLS-II SC linac [A.1.4, A.1.7]  

The LCLS-II superconducting (SC) linac, which will come on-line in ~2019, will be capable of 
producing short electron bunches at repetition rates up to ~1 MHz (or more) and thus many more 
than are needed for X-ray FEL operation.  The simple concept is that unused bunches might be 
extracted from the 4-GeV or higher energy linac at 3 GeV and transported to SPEAR through a 
transfer line that bypasses the downstream linac complex, following a path through the linac Beam 
Switchyard to another transfer line that follows the original Beam Line 17 transport line used to 
inject into SPEAR from the SLAC linac.  The resurrected BL 17 line would merge with the Booster-to-
SPEAR transport line, enabling a short bunch from the SC linac to be injected into a gap in the 
normal stored beam bunch pattern that has been filled by normal injection from the Booster.  Once 
injected into SPEAR, the short bunch would circulate for one or more turns before being kicked out 
and replaced with a new bunch from the linac. A high power beam dump with incumbent radiation 
shielding in SPEAR is needed to receive the kicked-out bunches (e.g. a 300-kW beam dump would be 
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pass 1 pass 2 pass 3 

needed to fill a 1-nC, 3-GeV bunch in SPEAR at a 100-kHz repetition rate assuming that 300 kW, ~1/3 
of the future maximum linac beam power, is made available for SPEAR). While in principle this 
method could be highly desirable in terms of providing sub-picosecond, low emittance bunches at 
relatively high repetition rates, the actual performance is compromised by significant bunch 
lengthening and energy spread increase (Fig. A.1-1), as well as emittance growth, caused by 
coherent synchrotron radiation from very short bunches having appreciable charge.  The achievable 
charge per bunch, which is a function of repetition rate from the linac, is also limited by beam power 
constraints in the linac, transport lines and in the SPEAR beam dump (see Table 1-1).  A yet-to-be 
defined method is required for an X-ray beam line to “pick” the radiation from the short bunch in 
the presence of the main stored beam.  As well as having numerous technical challenges related to 
extracting, transporting, injecting and dumping the short bunches from the linac, this 
implementation would be extremely expensive (>> 50 M$). 

 

Figure A.1-1.  Evolution of phase space (bunch length horizontal vs. bunch energy spread vertical) as a 
function of turn around the SPEAR ring for a bunch having charge 0.3 nC and initial length 5 ps fwhm 
showing CSR-induced micro-bunching and dilution of the centroid bunch charge. 

4. Longitudinal bunch compression using 2-frequency SC RF cavities  [A.1.5, A.1.6, A.1.7]  

First conceived and now being planned as the Variable Pulse Length Storage Ring (VSR) Project for 
the BESSY-II light source in Berlin, this method employs two sets of superconducting rf cavities, one 
operating at the Nth harmonic of the main ring RF and one operating at the (N+0.5)th harmonic.  For 
the SPEAR 476.3-MHz main RF, N = 3, so the two cavity systems would be operating at 1429 MHz 
and 1667 MHz and operating voltages of 20 MV and 17.1 MV, respectively . The cavity voltage 
waveforms are phased so that every other bucket in SPEAR would see the sum of the two cavity 
voltages, resulting in a compression of bunch length of ~7, while the voltages would cancel for the 
other interleaved buckets, leaving bunch length unchanged.  The main ~500 mA average beam 
current would be stored in the uncompressed buckets while one or more short bunches having 
much lower average current would be stored in compressed buckets in one or more gaps in the 
main fill pattern.  Since there are only half as many uncompressed buckets as there are for standard 
operation, more charge is required in these bunches than for standard operation to reach 500 mA, 
causing a reduction in lifetime. While short pulse X-radiation is a produced by the complete bunch 
charge, the charge is limited to the nC level for few-ps bunches by CSR effects. A yet-to-be 
determined short-pulse picking method is also required for this mode, with ideas now being studied 
by the BESSY-II team.  There are also several technical issues, including having to design new cavities 
matched to SPEAR requirements, mitigating cavity heating by HOMs excited by the large stored 
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beam current, and possibly having to reduce the length of booster bunches being injected into the 
short buckets. This implementation would be relatively expensive due to the high-voltage SC cavities 
and their associated cryogenic system (order 50 M$). 

5. Transverse bunch crabbing using 2-frequency crab cavities [1.7] 

As discussed in this report, this method builds on the scheme being pursued for the Short-Pulse X-
ray (SPX) facility at the APS [1.6] where transverse crab cavities were to be used to kick and un-kick 
electron bunches within a localized sector of the APS ring. An electron bunch passes through the 
zero-crossing of a transverse deflecting RF cavity so that the head of the bunch is kicked one 
direction and the tail the other direction, leaving the bunch center unperturbed (to first order).  This 
“crab” kick causes tilt along the bunch that varies with location at the betatron frequency as it 
propagates around the ring; the tilt at any given location does not vary with time. X-ray radiation is 
emitted in different directions from different longitudinal slices of the bunch as it passes through 
insertion devices and bending magnets.  The direction of radiation from each bunch slice for a 
particular source magnet is a function of the magnet location relative to the phase of the tilt 
oscillation at that location.  Radiation from a central bunch slice, which will have fraction of the 
pulse length of the entire bunch, can be intercepted in a beam line using an appropriate set of 
apertures that blocks radiation from other bunch slices and, with an appropriate combination of 
crab cavity phase and local orbital bump, from the radiation from un-crabbed bunches.  Similar to 
the 2-frequency RF longitudinal compression method, two frequencies, the 6th and 6.5th harmonics 
of the 476.3-MHz main RF frequency, are used to crab kick every other bucket with a combined 
voltage of 2-3 MV while leaving the interleaved buckets un-kicked, necessitating higher charge, and 
lower lifetime, in the un-kicked bunches than for normal operation to reach 500 mA.  While the 
intercepted photon pulse is generated by only a fraction of the total electron bunch charge, with 
smaller slices producing shorter pulses, the total bunch charge can be much larger than for the CSR-
limited short bunches produced using longitudinal compression so that the effective short-pulse 
charges for the two methods are similar.  The advantages of the 2-frequency crab cavity method 
include not only that short-pulse picking is readily achieved but also that the SC cavity systems are 
much less challenging and less expensive than the SC longitudinal RF systems.  Even more cost 
reduction might be realized using normal conducting cavities that employ modern high efficiency RF 
technology developed at SLAC.   
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A.2  SLAC normal conducting cavity design 
The major challenges of using normal conducting RF accelerating structures operating in CW mode in a 
storage ring like SPEAR3 include the requirements for CW RF drive power, structure cooling and precise 
temperature stabilization,  and  strong suppression of the unwanted high-order modes (HOMs), lower 
order modes (LOMs) , and same pass-band modes  that can be excited by the stored beam so that the 
beam quality can be preserved.  Care must be given to develop effective HOM damping schemes given 
that HOM damping couplers not only add complexity to the geometry, but might also affect the 
efficiency of the operating mode.  Developing a high efficiency crab cavity structure for SPEAR3 will give 
the high power RF design group within the Technical Innovation Directorate at SLAC the opportunity to 
find mitigating solutions for these challenges.  

Comprehensive studies and comparisons were performed on a few design concepts for a normal 
conducting crab cavity system for SPEAR3. These studies included the elliptical cell with various shaped 
iris ( racetrack nose-cone and circular nose-cone)  openings and the QMiR type multi-cell RF dipole 
cavity. The elliptical cell with a racetrack nose-cone iris and the RF dipole designs were found to 
potentially provide higher RF efficiency than the conventional design of elliptical cell with a circular iris. 
However, these two designs suffer deficiencies in field uniformity and high short-range wakefields that 
make them not viable options. The design of an elliptical cell with a circular node-cone iris appeared to 
be a balanced choice between RF efficiency and field quality for the SPEAR3 application.  

A.2.1  RF design and structure parameters 

Cell Shape 

The deflecting structure consists of a set of “pi-mode” deflecting cells. The cell has a racetrack cross 
section with a circular beam iris opening. The SPEAR3 beam injection requires a larger aperture only in 
the horizontal plane. In principle one can chose an elliptical iris opening to benefit the RF efficiency. 
However the tight tolerance in multipole fields and short-range wakefield dictated the choice of a 
circular iris for the design in concern. The circular iris eliminates the higher multipole RF fields of the 
deflecting mode (the racetrack cell shape induces negligible multipole fields) and minimizes the short-
range wakefields as compared to an elliptical opening. The trade off here is a moderate reduction of RF 
efficiency. The cell profile in the longitudinal plane has a rounded top and a nose cone around the beam 
opening. The nose cone draws the RF fields closer to the beam axis which improves the shunt 
impedance. The choice of an elliptical cell profile over a circular profile is due to HOM/LOM damping 
design considerations. Figure A.2.1 shows a cell profile for the SPEAR3 S-band crab cavity. 

 

 
Figure A.2-1. Elliptical “pi-mode” deflecting cell with a nose-cone to enhance the shunt impedance. 
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Iris Aperture and structure length 

There are two RF parameters that are critical in the choice of structure aperture and length for the  
normal conducting RF design – the RF power requirement, which turns directly to cooling requirement, 
and the short-range wakefield, to which the damping has no effect. Both the shunt impedance and the 
short-range wakefield have strong dependences on the iris aperture. A smaller iris leads to a high shunt 
impedance design that reduces the cooling demand for the CW operation. However the short-range 
wakefield increase quickly as the iris aperture gets smaller. A longer (total) deflector length could ease 
the level of cooling as for a given total deflecting voltage the deflecting gradient drops linearly with the 
total length which results in a quadratic drop in RF heating per unit length. On the opposite, the short-
range wakefield increase linearly with the structure length. Figure A.2.2 shows the RF power 
requirement and the short-range wakefield as functions of aperture and total structure length. The x-
axis in the figure is the total length of the (two frequency) structures. The thin solid lines are the RF 
power requirement per meter structure. The thicker dashed curves are the total RF power needed for 
the four (two frequency) structures. The dotted lines are the total short-range wakefield of the four 
structures. The colors represent for different iris apertures. 

 
 

Figure A.2-2 RF power and short-range wakefield dependence on iris aperture and total structure 
length 

 

Tradeoff needs to be made between the short-range wakefield and the RF power (or structure cooling). 
Preliminary studies suggested that a short-range wakefield up to 1500 V/pC/m might be acceptable with 
some re-tuning of lattice parameters. A max 25 kW per meter structure cooling could be achievable. 
These caps on top of the Figure A.2.2, it immediately roles out any designs which has an iris apertures 
smaller than 18 mm as shown in Figure A.2.2.  Compared the gain and loss in wakefield and RF power for 
the 20 mm and 22 mm aperture options, the 20 mm design appears to be a more balanced choice. So 
we have tentatively chosen the 20 mm iris aperture as the baseline design for the SPEAR3. 

With the choice of 20 mm iris aperture, the choice for the total structure length could be any where 
between 2.5 m to 3 m. Since the structure length is quantized by integer number of cells, which leaves 
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us two options: 1) four 13-cell structure of total length of 2.624 m and 2) four 15-cell structures of total 
length of 3.028 m. We will decide on one of these two options after more detailed analysis done on 
beam dynamics and thermal cooling. In this report, we took the 15-cell as an example. 

 

Figure A.2-3. A 0.75-meter S-Band deflecting structure consisting 15 “pi-mode” cells. 

 

Parameter table 

Table A.2-1 are the major parameters of 15-cell S-band CW normal conducting structure. Four such 
structures are required for SPEAR3. 

Table A.2-1. RF parameters of a 15 cell deflecting structure. 

Frequency (MHz) 2856 

Cell length (cm) 5.245 

Cells/structure 15 

Structure length (m) 0.787 

Beam aperture (mm) 20 

R/Q (Ω/m) 1598 

Q0 15517 

R (MΩ/m) 24.8 
RF power per 0.787 m structure (kW) 
(VT=0.5MV/structure) 12.8 

 

The gradient for a CW normal conducting structure is generally much lower than that for a low duty 
factor pulsed operating structure due to RF power and structure heating considerations. At a total 2 MV 
deflecting voltage, the gradient for the 3-meter option is 0.67 MV/m. The RF power required to produce 
the required deflecting voltage is about 12.8 kW per structure. At this power level, both the 
conventional klystron and the solid-state amplifier are viable options. 

A.2.2. RF power coupler 

The RF power coupler will be a single waveguide coupler located at the middle cell in the vertical plane 
(deflecting plane). The coupling beta is 1.0 as there is no beam loading in these cavities. The coupler 
cavity geometry will be symmetrized to minimize the electric center offset due to the coupling hole.  
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A.2.3. HOM damping couplers 

An efficient HOM damping scheme will be developed to meet the beam dynamics requirements for 
SPEAR3. On-cell waveguide damping is being optimized. This damping scheme requires two HOM 
couplers on each of the cells: one for HOMs in the deflecting plane and one for both the LOM and HOMs 
in the non-deflecting plane.  

The LOM/HOM couplers are the rectangular waveguides oriented vertically shown in Figure A.2-3. These 
waveguides have a cutoff frequency lower than the operating mode in order to damp the lower order 
mode (accelerating mode). Due to the dipole symmetry, the operating mode will not couple to the TE10 
mode of the coupler waveguides, however it could couple to the TE20 mode of the coupler waveguides 
causing RF power leakage. Utilizing a racetrack cell geometry, the lower order mode frequency is raised 
so that the LOM/HOM coupler can have a smaller dimension such that its TE20 mode cuts off the 
operating mode, avoiding RF power leakage through the LOM/HOM couplers. 

The HOM couplers oriented in the horizontal direction shown in Figure A.2-3 are for damping the 
vertical HOM.  These couplers have a cutoff frequency above the operating mode to avoid RF power 
leakage. 

The alternating orientation of the HOM couplers allows both the vertical and horizontal HOM couplers 
to be placed on the horizontal plane. This configuration leaves the top and the bottom part of the 
structure open for thermal cooling integrations. 

The optimization of the LOM and HOM couplers are in progress. 

A.2.4 Thermal design 

The thermal and mechanical analysis of the cavity is in progress. 

A.2.5  Conclusion 

A significant amount of research and development has already been done to study effective RF 
transverse deflecting cavities for storage ring applications.  There appear to be several workable 
solutions that can be used to generate the required fields while maintaining the desired properties of 
the electron beam.  Further study into the details of each design and the cost of construction and 
operation will help us choose the best design for the SPEAR3 short bunch application. 
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A.3  Preliminary cost estimates 
NOTE:  The following cost estimates are very preliminary and have not been subjected to complete 
bottoms-up assessment or review.  More accurate estimates may result in significant changes. 

Table A.2-1.  Superconducting QMIR crab cavity system rough cost estimates. The values in the 
first three rows (green) for the QMIR cavity and cryogenic system are based on estimates from 
ANL (Z. Conway, private communication, May 2016) that have been conservatively increased by a 
total of ~3 M$ in anticipation of additional costs that might be incurred at SLAC. 

Component Labor M&S Total 
crab cavities 1.5 M$ 0.5 M$ 2 M$ 
cryomodule 1.5 M$ 1 M$ 2.5 M$ 

cryo system/distribution (2K, ~100-W) 0.5 M$ 6 M$ 6.5 M$ 
RF power system (SSA, 12 kW tot) 0.5 M$ 1 M$ 1.5 M$ 
vacuum/mechanical components* 0.5 M$ 0.5 M$ 1 M$ 

conventional systems (power, water) 0.3 M$ 0.3 M$ 0.6 M$ 
LLRF + controls 0.7 M$ 0.3 M$ 1 M$ 

Installation 0.5 M$ 0.2 M$ 0.7 M$ 
AP support 0.5 M$  0.5 M$ 
Sub-total   16.3 M$ 

Contingency (40%)   6.5 M$ 
Total   22.8 M$ 

Operations cost/yr 0.5 FTE 0.65 M$1 ~0.8 M$ 
1Assumes 12-month operation per year (8760 h) and 480 kW wall plug power to keep cavities 
cold for a total of 4204800 kW-h at $0.08/kW-h (336 k$/yr); 314 k$ maintenance M&S.  

 

Table A.2-2.  Normal conducting crab cavity system rough cost estimates. 

Component Labor M&S Total 
crab cavities 2.5 M$ 0.5 M$ 3 M$ 

RF power system  
(2 klystrons @~70 kW CW each) 1 M$ 1 M$ 2 M$ 

vacuum/mechanical components 0.5 M$ 0.5 M$ 1 M$ 
conventional systems (power, water) 0.3 M$ 0.3 M$ 0.6 M$ 

LLRF + controls 0.7 M$ 0.3 M$ 1 M$ 
Installation 0.5 M$ 0.2 M$ 0.7 M$ 
AP support 0.5 M$  0.5 M$ 
Sub-total   8.8 M$ 

Contingency (40%)   3.5 M$ 
Total   12.3 M$ 

Operations cost/yr 0.25 FTE 0.25 M$1 ~0.3 M$ 
1Assumes 10-month operation per year (7200 h) and 350 kW wall plug power to provide 140 kW 
cavity power (40% efficiency) for a total of 2520000 kW-h at $0.08/kW-h (200 k$/yr) and 50 
k$/year maintenance M&S. Operating hours could be less, depending on short-bunch schedule. 
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