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Abstract 
Subsequent to an extensive smoothing of the vacuum chamber 
a comprehensive study of the SPEAR impedance « t i under
taken. Bunch length, synchrotron quadrupole mode frequency, 
and parasitic mode loss were measured as functions of beam 
current. The results showed that, although the gross longi
tudinal impedance had indeed been reduced, the 'capacitive' 
component had also decreased relative to the 'inductive'—to 
the extent that previously compensated potential well distor
tion now induced bunch lengthening at low currents, and the 
turbulent threshold had actually been lowered. A specially de
signed multi-cell disc-loaded 'capacitor' cavity was shown to 
be capable of removing this effect by restoring the original 
compensation. A model of the new SPEAR impedance is also 
obtained. 

In the summer of 1983 the SPEAR II vacuum chamber was 
extensively rebuilt with the aim of reducing the impedance, 
which had then been well-understood for some time. The 1984-
85 high energy physics run commenced with the commission
ing of new 'minr-0' Interaction region insertions from which 
the expected luminosity enhancement was not realised. This 
provoked a comprehensive machine study of impedance driven 
effects, in light of the rebuilt vacuum chamber, which might 
contribute to limit the luminosity—on which we now report. 

The SPEAK 'Capacitor' 
Inductive storage ring vacuum chamber components are el

ements such as steps, shallow cavities and bellows that tend to 
lengthen the bunch as the beam current is increased. The aver
age slope of the induced voltage is opposite in sign to the slope 
of the rf wave, therefore reducing the slope Been by the par
ticles. Capacitive vacuum chamber components are elements 
such as deep cavities that tend to shorten the bunch with cur
rent since the slope of the induced voltage has the same sign 
aa the rf wave, whether an object is inductive or capacitive 
depends critically on the length of the driving charge—vacuum 
chamber objects tending to appear more capacitive for shorter 
bunches while to a sufficiently long bunch even a deep cavity 
will appear inductive. 

In old SPEAR II the balance of inductive and capacitive 
vacuum chamber components was tilted slightly toward the 
latter at the nominal bunch length—at low currents the bunch 
length actually decreased with current'. In the changes made 
to the vacuum chamber in 1983 mostly large, capacitive ob
jects wen removed—such as two PEP 5-cell rf cavities—leaving 
the machine more inductive and resulting in increased bunch 
lengthening. Built before the impact of vacuum chamber dis
continuities on an election ring's performance was fully appre
ciated, SPEAR contains many untapered changes in vacuum 
chamber cross-section. Probably the dominant contributors 
to the ring's Impedance, the inductive nature of SPEAR could 
be reduced by smoothing them—an enormous undertaking. In
stead we attempted to achieve the same effect on bunch length
ening by adding a capacitive device to the ring. The use of a 
special insertion to modify the reactive impedance of a storage 
ring has been previously discussed by Briggs and Neil and a 

capacitive device was once installed in the CERN ISR for the 
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same purpose. 
SPEAR has 2 meters of free straight section centered on 

an unused interaction region. Our exercise was to design a de
vice that is as capacitive as possible and that will fit in these 
2 m. An important constraint on the design is that the device 
may not cut into the beam stay-dear region—a cone that has 
a minimum radius of 1 cm at the interaction point, and that 
flares out to 7 cm at each end of the 2 m space. We investi
gate the properties of structures that seem likely to be good 
'capacitors'—two variants of a periodic sequence of deep cylin
drical^ symmetric cavities—using the program TBCI.* We 
compare the results to those for 15 PEP rf cells which we es
timate to have an impedance equivalent to what was removed 
from the ring. 
'Capacitor' Design: An indicator of the capacitive or induc
tive character of a device is the average slope of the longitudinal 
wakefield in the core of a gaussian driving charge. We define 
the capacitance parameter 
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with oM the bunch length and WM[s) the slope of the longitudi
nal wake at position s within the bunch. If we chooae a positive 
value of the wakefield to signify energy loss and the bunch is 
moving in the —3 direction, a > 0 for a capacitive wake and 
a < 0 for an inductive wake. 
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Fig. 1. The parameter a for 2* m of a periodic structure with 
simple irises (left plat) and one with reentrant irises (right}, 
as a reliction of structure period p, for bunch lengths of 2 
cm and 5 em. The cavity geometry is sketched at the top. 
Results are given for iris radius a = 3.5 cm (the solid lints) 
and for a = 5.0 cm (the dots). 

Consider the two periodic, cylindrically symmetric struc
tures that are sketched at the top of Fig. 1-a simple disk-
loaded structure and a periodic reentrant cavity structure. In 
order to be most effective as capacitors we will avoid contribu
tions from the outer cavity walls that make the wakefield more 
inductive by keeping them a sufficient distance from the struc
ture axis far all combinations of parameters that we present so 
that no wave generated by the head of the beam reflects back 
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in time to affect the tail. For both devices the walls separat
ing the cavities are i cm thick; in the reentrant cavity design 
the iris protrusions axe 0.8 cm thick and extend 2 cm into the 
cavity, The beam sees only a smooth tube when the period p 
is 1 cm for the disk-loaded structure and when p = 5 cm for 
the reentrant cavity structure. We compare the capacitance of 
2 m of these structures w;th that of IS PEP rf cells. A PEP 
cell is a. deep, reentrant cavity with an iris radius of 5 cm; the 
total length of IS PEP cells is 6 m. 

The plots of Fig. 1 show the dependence of a—as com
piled by TBCI—on the period length p of our two example 
structures, for o x = 2 cm and 5 cm. In general a tends to 
rise to a maximum as p increases, and then to level off or de
crease gradually. A significant difference between the effect 
of the two structures is that a is negative for the disk-loaded 
structure when the gap is small, but is always positive for the 
reentrant cavity, a depends strongly on bunch length in both 
cases, decreasing as the bunch length increases. At the short 
bunch length a also decreases as the iris aperture a is increased; 
however, at the longer bunch length its dependence on aper
ture is not very pronounced. The reentrant cavity makes the 
better capacitor over the parameter range explored. At ox = 2 
cm and with a = 3,5 cm the peak value of a is 2.5, (at p = 6 
cm], for the reentrant cavity whereas the peak value is 2.2, 
(p - 12 cm), for the disk-loaded structure, a = 2.5 for 15 PEP 
cells at the same bunch length. 
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Fig. 2. The left half of the SPEAR capacitor. The right half 
is given by the reflection of this figure about the dashed line 
at the right. 

The device that was built and temporarily installed in the 
ring—which we call the 'SPEAR capacitor', shown in Fig. 2 
-is our reentrant structure with 14 cells but with iris apertures 
tapered (from a minimum a of 1.2 cm at the interaction point 
to a maximum of 7.5 cm at the ends) to hug the luminosity stay 
clear cone in order to maximize its effect. The capacitor was 
fabricated from 31.% cm TD stainless Bteel tubing into which 
irises of magnetic stainless steel (chosen to damp cavity modes 
and avoid multitum effects) were brazed. 

Fig. 3. The capacitance parameter a as a function of bunch 
length <r» for the 14 cell capacitor (the solid line), for IS 
PEP rf cells (dashes), and for a 22 cell disk-loaded structure 
(dots). 

Fig. 3 shows that a decreases much slower with a, for the 
PEP cells than for the capacitor— at a, = 2 cm the capacitor is 
75% as effective as 15 PEP cells, whereas at a, = 5 cm it is only 
25% as effective. In order to make the capacitor more effective 
we need to increase its length and/or reduce the iris apertui »s. 

The results shown for the simple disk-loaded structure include 
the iris apertures tapered tc follow the stay clear. 

New SPEAR II Impedance 
3unch length measurements were performed using a IMA-

CON 500 streak camera, calibrating its time base by filling 
two adjacent buckets in SPEAR. Gathering sufficient syn
chrotron light at low currents (ss 0.5 mA) requires reducing 
the collimation such that a resolution of only 2.4 cm (compa
rable to the natural bunch length at nominal rf voltages) is 
achieved—otherwise the resolution (which adds in quadrature 
to the actual bunch length) is a quite tolerable 1.2 cm. Each 
measurement we report represents an average of 10 separate 
observations—the associated errors signify one standard devi
ation about the mean. 
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Fig. 5. Bunch length measured by a streak camera es. the 
Chao-Gareyte variable in which selling is expected above the 
turbulent threshold, a) New SPEAR II b) New SPEAR II 
including the capacitor—exhibiting a reduced bunch length. 

The totality of such measurements are shown in Fig. 5 in 
which use is made of the (single machine) scaling variable 

I a, hi 
V„„ 2irJSi/J 

where the over-voltage V0 = [V^j,-(energy loss per tum/e) 2)*, 
ap is the momentum compaction, h the harmonic number, E 
the beam energy, and u, the incoherent synchrotron tune at 
beam current 1 = 0. For SPEAR at E = 2.07 GeV the radia
tive energy loss per turn = 125 keV and the contribution of 
parasitic mode losses at the currents studied & lOkeV so that 
practically V„ S Vgr- Scaling in / /V, is characteristic of tur
bulent or mode-coupling instability driven bunch lengthening 
and is expected to break down at sufficiently low currents where 
the dominance of pure quantum fluctuations, possibly accom
panied by potential well distortion, sets in—i.e., points cor
responding to different V 0 / £ 3 will lie on different curves, the 
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locations at which they depart from the scaling curve repre
senting the turbulent threshold. The data in both cases arc 
consistent with turbulent scaling over the entire range of pa
rameters studied which included a variation ir. I ' P J of well over 
a factor of two. This indicates that the turbulent threshold 
may occur at quite low current though it is not possible to rule 
out some scaling violation associated with potential well dis-
tortior -'ngendered bunch lengthening toward the lower //V' 0 

range of the data. That this may indeed be the case is sug
gested by the observation of a discontinuous change in slope in 
the dependence of the beam centroid phase (relative to the rf 
phase) on current for / /V„ £ 1.9 mA/MV at V„ = 0.77 MV and 
B = 1.55 GeV. After the installation of the capacitor a simi
lar kink was seen for I/Vc as 3.3 m A / M V at V„ = 1.81 MV and 
E = 2.07 GeV. This may be contrasted with the old SPEAR II 
measurement of a kink at / /V„ = 3.9 m A / M V at V„ = 0.77 MV 
and E = 1.55 GeV. 
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Fig. 6. Shift in the frequency of the quadrupole made 
Ai/.j _ </„ - 2„tl. a) New SPEAR II. b) New SPEAR II 
including the capacitor. 
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quadrupole oscillations 
Al-,2 = l-.j - 2 f . | (II) 

where va\ is the (essentially unshifted} coherent dipoie fre
quency. The data, taken at E = 2.07 GeV displayed in Fig. 
6 are well described for small currents by 

The data are well parameterized by 
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prior to the installation of the capacitor, and by 
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with the capacitor in the ring. Old SPEAR II has been de
scribed by 

(I MV\°™ a, = 0.591cm f^ — J , 

The same general scaling argument that lead to the scaling 
variable then tells u s the behavior of the reactive component 
of the longitudinal impedance function 

Zr ~ w M T , u £ (2»)870MH* (7) 

Z , ~ w s r o , u & (2sr)870MHz (8) 

before the capacitor, and 

Z / ~ w ° - M (9) 
including the capacitor, over all frequencies sampled by the 
bunch. Both differ significantly from the old S P E A R II behav
ior 

Z, ~ u - ° " (10) 
To gain additional information on the reactive impedance, 
measurements were also performed of the shift with current 
in the frequency of artificially excited single bunch coherent 

A f , 2 * I -4 .5 ±0 .5 ) x l O " " — - , 
- . mA 

I S 5 m A (12) 

independent of VR? and showing no measurable dependence on 
the presence of the capacitor. The small current behavior is 
most sensitive to the high frequency nature of the impedance, 
and the fact that the absolute slope with current of the shift 
is seen to decrease with increasing current (increasing bunch 
length) is qualitatively consistent with the monotone decreas
ing behavior of the impedance toward lower frequencies infered 
from the bunch length measurements. To be more quantita
tive we consider the impedance function smeared over the form 
factor of the bunch 

<Z/> i /« 
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which we regard as a function of u = l / o , and which is closely 
related to the capacitance parameter of the previous section. 
Then for small values of the current 

< Z i > i / . , S 4 v ^ u , ? „ — i v r j - (14) 

where it is assumed that the quadrupole frequency shift is 
reduced to about 1/2 the small amplitude incoherent syn
chrotron frequency shift by the charge density decreasing ef
fects of the quadrupole oscillations themselves. At small cur
rents a, ~ l / i», as VRF varies so that the observed constancy 
of the quadrupole frequency shift implies that the impedance 
is changing in direct proportion to the bunch length over the 
range of the data (wherein it changes by about 60%), or 

<Zi>u S3810 
turn V (Z*) lS60MHi 
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(15) 
out to at least about 2500 MHz—which is not completely dis
similar from old SPEAR II, albeit commencing at somewhat 
higher frequencies. The capacitor appears to have little effect 
in this high frequency domain, consistent with the expectation 
A ( A v , i ) l s P E P cans •» 0.S x 10~*I/mA. 

Our overall semi-quantitative picture of the new SPEAR II 
reactive impedance prior to the introduction of the capacitor 
is then that at low frequencies [u t= (2jr) 730 M H Z ) it is a very 
rapidly increasing function of frequency (7), slowing consid
erably at u K (2x) 900MHz but continuing to increase (not 
too much faster than a Bimple inductor or broad-band res
onator) and then to undergo a rapid turnover so as to reach, 
by u ft ( 2 T ) 1560 MHz a regime in which it decreases- u~' 
around a rather modest absolute magnitude (15). The ad
dition of the capacitor successfully modified this behavior— 
for u % (2ir)730MHz) starting from about the same magni
tude the rapid rise was dramatically slowed (9) such that at 
u « (2?r)950MHz (from the ratio of the bunch lengths) Zs 

becomes roughly 3.5 times smaller. 
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