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Abstract 
We present the history and analysis of different wake 

field effects throughout the operational life of the PEP-II 

SLAC B-factory. Although the impedance of the high and 

low energy rings is small, the intense high-current beams 

generated a lot of power. The effects from these wake 

fields are: heating and damage of vacuum beam chamber 

elements like RF seals, vacuum valves , shielded bellows, 

BPM buttons and ceramic tiles; vacuum spikes, vacuum 

instabilities and high detector background; and beam 

longitudinal and transverse instabilities. We also discuss 

the methods used to eliminate these effects. Results of 

this analysis and the PEP-II experience may be very 

useful in the design of new storage rings and light 

sources. 

INTRODUCTION 

Intensity dependent effects play an important role in the 

operation of high luminosity colliders. The SLAC PEP-II 

asymmetric B-factory storage ring collider nominally 

collided 1700 bunches of 3.0 A of 3.1 GeV positrons on 

1.75 A of 9.0 GeV electrons consisting of a low-energy 

positron storage ring (LER) situated above a high-energy 

electron storage ring (HER). The rings intersect at an 

interaction point (IP) within the BaBar detector sustaining 

a luminosity of 1.2×10
34

 cm
−2

 s
−1

 at the Y(4S) resonance.  

Achieving this high luminosity was partially due to the 

increase of operating currents [1]. The high current 

positron beam holds the record for the number of anti-

matter particles stored: 1.5 x 10
14

.  

Higher current means more power in coherent and 

incoherent radiation. At the end of the PEP-II run the 

LER current was increased to a new world record of 3.2 

A. During the energy scan, synchrotron radiation power 

in the high-energy ring exceeded the level of 10 MW in 

continuous operation, at or near the world record for a 

lepton storage ring. This large amount of power, produced 

by 11 RF stations was captured by the wall of the Cu 

vacuum chamber and then was carefully taken out by a 

water-cooling system. Additionally to large incoherent 

radiation, we got bursts of coherent radiation in the form 

of wake fields.  

 

 

The design of the PEP-II beam chamber was very 

challenging. We used shielded bellows and shielded 

vacuum valves, which had water-cooled flanges. The 

transitions from elliptical cross-section to circular cross-

section were long and smooth. Masks in the interaction 

region were smoothed. Collimators were designed in a 

way not to produce longitudinal fields. In order to watch 

for possible heating of the beam chamber elements, we 

installed many thermocouples around the ring.  

The history of the wake field effects started almost 

from the very beginning of PEP-II operation. 

TINY VERTEX BELLOWS AND A LARGE 

BABAR DETECTOR 

High order mode (HOM) heating was observed in the 

PEP-II interaction region vacuum system [2]. The 

interaction region vacuum chamber brings the two ring 

vacuum chambers into a common chamber. In a particular 

region both beams (LER and HER) excite traveling wake 

fields or trapped Higher Order Modes (HOMs), which 

may interfere with each other depending on the beam 

phases.   

 

Figure 1: Vertex bellows in interaction region. 

The interaction point (IP) has a vertex chamber 50 mm in 

diameter and 400 mm long. It is a double walled Be 

chamber with water-cooling to remove induced HOM 

power. It is connected to a RF shielded bellows that 

connects to a larger chamber made of Glidcop and Cu. It 

is also designed to absorb synchrotron radiation with 

masks that necessitate bumps in the vacuum surface. 

One thermocouple (Fig.1), located near the vertex 

bellows showed higher readings than expected and caused 

concern about excessive heating in that region.  
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Figure 2: Modulation of heating by changing the phase of 

the electron beam.  The curve corresponds to 5.4 GHz. 

With beam currents of 0.8 A (e
-
), on 1.5 A (e

+
),  at this 

time, it typically read 150 F, a rise of 90 F above the 

cooling water temperature. To determine if any single 

HOM resonance was responsible for the heating, the RF 

phase of the HER was then moved relative to the LER 

and a modulation of the temperature was measured (Fig. 

2). 

 

Figure 3: History correlation of the amplitude of the 5.59 

GHz mode (green line) and heating power (red line), 

calculated from the bellows temperature. 

We also measured the spectrum of the fields generated 

in the interaction region using signals from a BPMs 

located 50 cm from the bellows. We found one mode at 

the frequency of 5.59 GHz, the power amplitude of which 

was correlated with the bellows heating power, which we 

calculated from the bellows temperature T.  We estimate 

the heating power by a formula 
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cT is a bellows temperature at zero currents, c  is a 

cooling time of an exponential temperature decay, 

measured after the beams abort. K is a constant, which 

can be estimated from the total power, which is removed 

from the Be beam pipe. The correlation between 

amplitude of RF mode and estimated power is shown at 

Fig. 4. The complicated shape is due to the change of the 

beam (electron and positron) currents. 

Thermocouples on the water exit pipes and knowledge of 

the flow rates gave an estimate of the power removed 

from the vertex Be chamber. This estimate was around 

600 W for the currents noted above. With simple 

temperature measurements, we were able to determine the 

nature of heating in a particular region of the interaction 

region vacuum system. The current dependence identifies 

HOM as the source of heat. The response to RF voltage 

shows the expected bunch length sensitivity and quadratic 

relation with the beam currents.  

We also measured the Q-value of HOMs, trapped in the 

interaction region using a gated spectrum analyser. The 

gated signal coincides with the time gap where no beam is 

present and the amplitudes exponentially decay. To 

calculate the equivalent Q-factor of the modes we 

measured mode amplitudes in a small time window at the 

beginning and the end of the gap. We found a Q-value of 

the interesting mode of order of 2500. We also found 

another mode at 4.6 GHz, which may be correlated with a 

beam chamber trapped mode located near the vertex 

bellows.

 

Figure 4: Q-values of trapped modes at interaction region, 

measured from the BPM button signal in the time gap 

between bunch trains. The circled peaks show amplitude 

correlation the thermocouple temperature. 

We also did a computer analysis [3] of the cavity behind 

the fingers of vertex bellows and found a resonant dipole 

mode of 5.46 GHz, which is very close to the measured 

value. The calculated field distribution in a cavity is 

shown in Fig. 5 (left plot). The maximum heating (red 

colour) was at the convolution edges just near the place 

where the convolutions are welded. We also found a 

quadrupole mode with a frequency of 6.19 GHz, which 

produces more heating at the convolutions (Fig. 4, right 

plot). 

 

Figure 5: Field distribution inside a bellows cavity for 

dipole (left) and quadroupole (right) modes. Red colour 

corresponds to a higher field; blue colour corresponds to a 

smaller field. Green is in the middle, as it shown under 

the plot. 



It is interesting to note that the other vertex bellows 

situated at the other side of the Be chamber did not show 

a large rise in temperature. This may be because the 

vacuum chamber near that bellows had a much smoother 

design. In order to understand how the vertex bellows 

cavity can be excited we made a computer model of the 

interaction region, which is shown in Fig 5.The 

synchrotron radiation mask (grooves) worked like a mode 

transformer of the symmetric bunch field into dipole, 

quadrupole and other azimuthal harmonics. Some trapped 

modes in the beam chamber were observed in Omeg3P 

calculations [4].  

 

Figure 5: Computer model of the interaction region. Red 

colour correspond to a higher field; green colour shows a 

smaller field, yellow is in the middle. 

There was a large concern that this heat may destroy the 

convolution welding. In 2003 we opened the BaBar 

detector and installed more cooling around the vertex 

bellows. This helped and we did not have further 

problems in this location even at higher currents. 

Nevertheless, we designed a bellows replacement, which 

can survive much higher currents [5]. This bellows 

contains water-cooled absorbing ceramic tiles, which 

strongly damp the Q-value of the modes excited in the 

bellows cavity and may take more than 2 kW power 

outside the bellows cavity at the projected 3-4 A beam 

currents. 

VERY THIN GAPS IN RF SEALS  

During the 2001 PEP-II run an unusual behaviour of a 

valve body temperature [6] was observed in the low 

energy (positron) ring. The high positron current had 

elevated temperatures on different vacuum chamber 

elements like bellows and vacuum valves. The 

temperatures, measured by thermocouples, generally 

varied monotonically in accordance with the positron 

current. However, thermocouples placed on vacuum valve 

2175 showed oscillations of temperature with a period of 

3-8 minutes. The amplitude of the oscillations was of the 

order 5–20 F. The oscillations happened from time to 

time, when the positron current reached 1000 mA and 

more. A typical temperature oscillation is shown in Fig. 5. 

It was assumed that the gasket (RF gap ring), which is 

placed in the joint between the vacuum valve and the 

vacuum chamber, could have dimensions that are 

incorrect thereby producing a very small gap. We 

suspected that the gap size could be of order 100 microns. 

The positron beam through this size of a small gap could 

excite a cavity formed by the flange sides and the gaskets. 

Later we found traces of breakdowns (Fig. 6, right plot). 

 

Figure 6: Vacuum valve temperature (red) and positron 

current (green). Right photo shows traces of breakdowns. 

We did calculations of the loss factor of a simple model 

of a cavity and a small gap for different gap size and 

different beam radii. The left plot at Fig. 7 shows the loss 

factor. 

Figure 7: Loss factor as a function of the gap size. 

It can be seen that the loss factor is almost constant but 

vanishes quickly at the gap size of 100-200 microns. 

However, the field in a gap goes up at smaller gap size 

(right plot at Fig.7). This can be the explanation of the 

mentioned above breakdowns. Simultaneously we found 

that several other valves had high temperatures. Fig. 8 

shows photos of two valves destroyed   by breakdowns of 

intensive HOMs excited in a valve cavity (Fig. 7). 

Figure 8: Discharges in shielding fingers of vacuum 

valves and geometry of the valve flange. Note damaged 

fingers. 

We have studied different models to understand how 

the temperature oscillations could occur. Here we discuss 

one model. A vacuum valve flange consists of two 

stainless steel parts, as it seen in right plot of Fig. 8. The 

parts are connected through a small circular Cu ring. 

Depending on the temperature difference, the circular ring 

may not connect well with these parts and radial gaps 

could form on both sides of the ring. When the inner part 

of the flange is heated, as was discussed before, the size 

of these gaps decreases with the temperature and thermal 



contact is improved. The heat energy flows to the outer 

flange part, which was cooled with a fan and a Cu water-

cooled disk. The temperature then goes down and the 

radial gap opens up once again. We developed a two-

dimensional computer model to simulate this thermal 

effect. We found temperature oscillations, which are in 

good qualitative agreement with the experimental 

measurements. 

Understanding the importance of small gaps in the 

beam pipe led us to a better design of the RF gap rings. 

After changing the gap rings we never saw the 

temperature oscillations return. 

GAP RING, VACUUM SPIKES AND 

LONGITUDINAL INSTABILITY 

We had another experience with a gap ring that was 

installed incorrectly. At the end of 2005, the beam in the 

PEP-II Low Energy Ring became affected by an 

instability with a very fast growth rate, but with a varying 

threshold [7]. Fig. 9 shows the statistics of aborts and X 

and Y position of the beam during the instability. The 

upper plot of Fig. 8 shows the beam loss starts with some 

delay (~100 turns) after beam excitation. Simultaneously 

we watched vacuum spikes in the region near one of the 

RF cavities (Fig. 10). The impression was that somewhere 

we had breakdowns, which disrupted the RF feedback 

system. We opened the vacuum chamber near this cavity 

and found a gap ring which had not been installed 

correctly. The right photo at Fig. 11 shows the gap ring, 

which has a cut in order to make it easier to install. The 

left photo shows how the ring was installed. One part of a 

sharp edge of the ring was inside the chamber as the 

middle part of the ring. These discontinuities in the 

chamber made it easy for trapped modes to be localized at 

this place. The sharp edges of the ring concentrate the 

electric field of the trapped modes and increase the 

probability of a discharge, when the beam current reaches 

some threshold. The electrical discharge produces 

vacuum spikes, which can be seen in the nearby ion 

pump. Also the beam particle dynamics may be affected 

by the vacuum spikes. Sometimes breakdowns can 

happen several times before the beam aborts, as can be 

seen in Fig. 10. The discharge also transforms the stored 

energy of the trapped modes into a spectrum of high 

frequency waves which may freely propagate along the 

beam chamber and out through the BPMs and RF 

couplers in the cavities, which are used for RF feedback. 

Unexpected signals destroy the feedback system leading 

to particle loss and finally abort of the beam. 

We solved the problem by properly installing a new 

gap ring. After that we no longer saw this kind of 

instability.  

 
Figure 9: X (blue) and Y (green) beam position during the 

fast instability. Red line shows bunch charge (TMT). 

Right plot shows statistics of aborts. 

 

 

Figure 10: Vacuum spikes (blue line) during each abort. 

Green line shows LER current. 

 

Figure 11: Gap ring in the vacuum chamber and out. 

RESONANCES IN HER SHIELDED 

BELLOWS 

There was a very interesting effect we observed while 

monitoring the temperature of the HER bellows. Fig. 12 

shows a typical example. While increasing the HER 

current, the temperature of some HER bellows would go 

up and then go down. We suggested this effect may be 

explained by an excitation of the resonance modes in the 

cavity behind the shielded fingers. Eigen-mode analyses 

using MAFIA code showed that several modes could be 

in resonance with bunch spacing frequencies. One of the 

modes is shown at the right plot in Fig. 13.  



 

Figure 12: HER bellows temperature as a function of 

HER current. 

 

Figure 13: Resonance mode in the cavity behind the 

bellows shielded fingers. 

One side of a bellows is fixed, but other side is attached 

to a 5 m long Cu chamber. The long chamber absorbs the 

synchrotron radiation from the bend magnets. With 

increasing currents, the chamber temperature increases, 

the chamber length changes and the bellows section has to 

take this change. In this way, the bellows mode frequency 

may be changed and be in a resonance with the bunch 

spacing frequencies. We found later that these excitations 

happen when the bellows fingers are damaged (Fig. 13, 

left plot). 

It is interesting that we have found one broken bellows 

in the high-energy ring by looking at the wake field 

signals from the low energy ring [8]. We designed a 

special device for watching wake fields in the low-energy 

ring near the interaction region (about 50 m from the IP). 

As we did not want to disturb the smoothness of the 

vacuum chamber, we used an existing vacuum port that 

had an RF screen, through which the HOM fields may be 

coupled to RF antenna. The screen was modified to allow 

more HOM power to leak through the screen. We had 

previously measured the spectrum of the HOMs using 

antennas, installed in the high voltage connections of a 

vacuum pump [9]. In that case, the HOM fields had to 

penetrate the RF screens and the pump itself in order to 

arrive at antenna. In this case, we decided to install a rod 

type RF antenna inside one arm of the pump cross to 

make it easier for the fields to go from the beam vacuum 

chamber to the antenna. In the arm, opposite to the 

antenna, we installed a water-cooled HOM absorber to 

capture and measure the HOM power. Thermocouples 

were attached to the supply and return water pipes to 

measure the difference in water temperature. A photo of 

the pump cross with a pump, an antenna and a HOM 

absorber is shown in Fig. 14. 

 

Figure 14: LER ring. Pump cross with a rod type antenna 

and HOM absorber. Coupling slots in the RF screen filter 

the transverse fields. 

To increase the coupling between the beam vacuum 

chamber and the antenna we made longitudinal slots by 

connecting the holes in the RF screen (Figure 14). 

Longitudinal slots allow only the transverse fields to 

couple to antenna. In this way, we did not increase the 

longitudinal impedance of the beam pipe. The cross pipe 

size is 35 mm in diameter, so the minimum frequency, 

which may be seen by antenna, is 4.8 GHz. 

Watching an antenna signal in a single-bunch LER 

operation (upper plot of Fig.15) we see a signal coming 

from this location and a signal excited at the interaction 

region (IR). A positron bunch is coming from the 

interaction region to this location. Wake fields from IR 

are traveling with a group velocity, which is less than 

speed of light and gives some delay coming to the 

location of the antenna. Signal with a large delay may 

only come from beam chamber elements, located 

downstream of the antenna location.  

 

Figure 15: Oscilloscope signal from the antenna in a 

single bunch LER operation (upper plot) and in a single 

bunch HER operation (lower plot). 



We thought that the antenna might also see the wake 

fields excited by an electron (HER) bunch, because the 

separate LER and HER rings have a mutual 5-meter long 

vacuum chamber at the IR. Therefore, wake fields excited 

in one ring can propagate to another through the IR. In a 

single-bunch HER operation we expected to see the signal 

of the wake fields generated by the HER beam at IR. The 

signal should be approximately the same as what we see 

during single-bunch LER operation (Figure 4), but with a 

smaller amplitude as the bunch charge is smaller. 

However, what we actually saw was very different. The 

bottom plot of Fig. 15 shows this signal. There is a second 

large maximum or second signal with a delay to the first 

one of approximately 07-0.8 µsec. The HER bunch 

travels away from the antenna at the IP so the delayed 

signal can be excited only after the HER bunch has 

passed IR. Fig. 16 shows the location of the antenna, IR 

and location, from which the delayed signal can come. 

 

Figure 16: PEP-II region map with position of LER 

antenna, interaction point (IP) and a HER bellows at the 

distance of 120 meters from the IP. 

 Using the time delay we estimated the distance between 

the interaction point (IP) and possible HOM source. The 

second (delayed) signal arrived at the antenna location 

after the first signal with a time delay equal to double the 

time needed for a bunch to travel from the IP to the HOM 

source location. The answer was about 105-120 m. At the 

time when we did this measurement, there was no 

indication of HOM heating in this region.  Later when we 

increased the HER current and RF voltage, HOM heating 

became a problem in this region as well. We found a 

temperature rise at the “9062” bellows which is located 

around 100 m from IP, approximately at the same 

location, predicted by the antenna measurement. When 

we removed this bellows we found that it was completely 

broken.  We may suggest that initially this bellows was 

not installed carefully. The reason for this can be the short 

length of the bellows fingers, which sometimes makes it 

difficult to install in tight locations. The deformed fingers 

produced a discontinuity of the smooth beam pipe and 

increased coupling to the bellows cavity. This led to the 

wake field excitation at this location, which we observed 

at the antenna. Later, with increasing currents and a 

shorter bunch length the stored energy in the resonant 

modes of the bellows cavity was enough to melt fingers 

due to arcs and electrical discharges. The photo of this 

bellows is shown at Fig. 17. 

 

 

Figure 17: Damaged and melted fingers of “9062” 

bellows. 

After the replacement of the bellows, we did another 

antenna measurement and found that the second signal 

had disappeared. The history plot of the temperatures in 

9062-bellows showed that the HOM antenna found the 

damaged elements before it was uncovered due to the 

temperature elevation. 

“FALLEN” BPMS 

The HOM spectrum measured with the antenna is 

shown in Fig. 18. This spectrum was taken during a 

multi-bunch operation. The observed spectrum has a 

maximum at 7.38 GHz and smaller peaks in a 3 GHz 

frequency band. That confirms that HOMs generated in 

this region have significant power at the BPM resonant 

frequency. To monitor the beam position, hundreds of 

beam position monitors (BPMs) line the beam vacuum 

chamber. Each BPM consists of a round button electrode 

15 mm in diameter which is mechanically press fitted to 

the 50 Ohm feed-through connector.  

 

Figure 18: HOM spectrum power [db] (not-calibrated), 

measured in a multi-bunch operation. 

   While running at a shortened bunch length (9 mm at 

RF voltage of 4.5 MV) some of the upper button 

electrodes heated up enough to fall off their mounts at the 

LER current 2.4 A. The upper electrode fell onto the 

lower electrode as shown in Fig. 19 (left plot) which not 

only shorted the underlying electrode but also became a 

large obstacle for the beam fields, increasing the current 

though the lower electrode. 



 

Figure 19: A button of an upper BPM fell off onto a lower 

button (left plot). Melted feed-through of a lower button 

and the fallen upper button (right plot). 

 The origin of the heating is the wake field generated by 

an intense short bunch passing by the vacuum chamber 

discontinuity due to a through hole in a BPM button. The 

effect of beam fields on a PEP-II BPM are examined [10-

11]. Scattering parameter analysis reveals resonant 

behaviour near the frequency of 7 GHz. Time domain 

simulations show that maximum electric fields in the 

BPM are located at the up beam and down beam extremes 

of the BPM button corresponding to an excited dipole 

resonant mode in the BPM environment. At a resonant 

condition when a BPM mode is a harmonic of a bunch 

spacing frequency the fields of many bunches will be 

summed. Shorter bunches and higher currents will also 

raise the maximum electric field at the BPM, which can 

approach the breakdown voltage. As there is no cooling of 

the button, a small amount of power (10W) is all that is 

needed to get the observed high temperatures up to near 

the melting point. 

To remedy the situation, we invented a BPM puller that 

could be slid down the beam pipe, positioned under the 

BPM and then grab and pull the BPM button off of the 

pin in the ceramic feed-through. We initially thought we 

had lost the beam information from these BPMs but we 

were able to alter the electronics so that the signal coming 

from only the pins could be detected and used as beam 

position information. 

COLLIMATORS AND A BURNED        

FEED-THROUGH CABLE 

A temperature rise was found in the vacuum chamber 

elements in a junction of straight and arc chambers of the 

LER. The power in the wake fields was high enough to 

char beyond use the cable connector to the feed-through 

for the titanium sublimation pump (TSP) filament [12]. 

This pumping section is 5.5 m long and consists of the 

beam chamber and an ante-chamber. Electromagnetic 

fields, excited in the beam chamber penetrate to the ante-

chamber and then through the filament feed-through of 

the TSP. To confirm that these electromagnetic fields 

were present a small ceramic tile with a high loss tangent 

was placed near the TSP feed-through on the cable just 

outside of the pumping chamber. A thermocouple 

attached to this tile showed a strong temperature rise. In 

order to study the spectrum of the fields, a short wire 

antenna was also placed there. The antenna was 

connected directly to a spectrum analyser. Measurements 

show a wide frequency HOM spectrum with a maximum 

in the 2-3 GHz region. Based on these measurements a 

special water-cooled HOM absorber (Fig.20) was 

designed and installed in the vacuum chamber.   

 

Figure 20: Water-cooled HOM absorber. 

As a result, the HOM power in the section decreased and 

the temperature rise went down. Thermocouple readings 

from the ceramic tile attached to the feed-though are 

shown in Fig. 21. The left side of the plot is the 

temperature before the HOM absorber was installed, and 

the right side shows the temperature after the HOM 

absorber installation. The temperature rise decreased by at 

least a factor of two even though the positron current 

increased by 40%.   

 

Figure 21: Thermocouple readings (F) before and after 

HOM absorber is installed.  

 The power loss in the absorber reached 1200 W for a 

positron beam current of 2.4 A.  

The absorber helped us find the source of the HOMs. We 

did not find any significant correlations of the HOM 

power with the beam position in the vacuum chamber, but 

we found a strong correlation with the vertical beam 

position near vertical collimators, which are many meters 

away from this chamber. Fig. 22 shows the HOM power 

in the absorber (red line) and the vertical beam position 

near the collimator that is 15m away (blue line) and the 

collimator that is 65m away (green line). It can be seen 

that a 10 mm vertical change in beam orbit at the closer 

collimator reduced the HOM power almost two times. 

The same (~ 10 mm) change of the beam position in the 

65 m collimator changed the power in the absorber by an 

additional 10%.  



 

Figure 12: HOM power in the absorber (red line) and the 

vertical beam position at the 15m collimator (blue line) 

and 65m collimator (green line). 

We observed almost the same power change in the arc 

bellows. This bellows also takes HOM power from the 

horizontal collimators (Fig. 23).  

 

Figure 23: HOM power (red line) in the arc bellows and 

beam position near vertical (blue and green lines) and 

horizontal collimators (pink and brown lines). 

Measurements indicate that the HOM power is almost 

linear with the RF voltage (Fig.24) and inversely 

proportional to the number of bunches. These relations 

give the following approximation for the HOM power P  
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were I is the positron beam current, 
bunches

N is the 

number of positron bunches  and 
RF

V  is the RF voltage.  

 

Figure 24: HOM power vs. RF voltage for a positron 

current of 1400 mA. 

We performed wake field simulations and results 

showed very good agreement with these measurements.  

In the simulation we found that the beams at a collimator 

produce mainly dipole and quadrupole transverse fields 

(Fig. 25). 

 

Figure 25: Beams near collimator generate dipole and 

quadrupole transverse fields. 

At the beginning, the wake fields have a quadrupole 

structure, but later the dipole mode becomes the main 

component of the field. These fields can propagate long 

distances and penetrate through the shielded fingers into 

bellows and vacuum valve cavities.  

 

Figure 26: Loss factor as a function of a Y and X beam 

position. 

The calculated loss factor, presented in Fig. 26 

confirms that beams excite more fields when they 

approach the vertical collimator in the vertical direction, 

whereas a horizontal displacement does not strongly 

change the HOM power. Simulations also confirm the 

quadratic dependence of the HOM power upon the bunch 

length in the range of 8 to 13 mm. 

We developed a new water-cooled absorber (Fig. 27) to 

capture the wake fields generated from collimators [13]. 

The absorbing ceramic tiles couple strongly to transverse 

fields through long, wide longitudinal slots, whereas the 

longitudinal field can freely propagate through the 

chamber. 

 

Figure 27: Straight section HOM absorber 



 

We installed this kind of absorber after each collimator 

(Fig. 28). 

 

Figure 28: HOM bellows-absorber in PEP-II 

MELTING OMEGA SEALS 

At the level of 1.7-1.8 A in the HER we encountered a 

stochastically distributed series of vacuum bursts almost 

everywhere in the arcs [14-15]. Thermocouples attached 

to flanges also showed random temperature rises and 

oscillations. RF omega seals installed between these 

flange joints were designed to keep the inside of the beam 

pipe RF smooth. This flex joint moves in order to 

compensate for beam pipe motion due to synchrotron 

radiation heating in the 5.4 m bend magnets. 

Unfortunately, we found that the flexibility was not 

adequate at the higher HER beam current leading to 

partially crushed seals. This let RF power leak into the 

volume behind these seals. As a result, nearly every one 

of the omega seals was damaged and partially melted 

(Fig. 29).  

 

Figure 29: HER temperature resonances and omega seal. 

The left plot shows the typical behavior of the flange 

temperatures with the HER current. Here we present 

temperatures of five consecutive flanges in the Arc 1. 

At first, as shown in the plot, the temperature is linear 

with the current, since the synchrotron radiation heating is 

proportional to the current. Then at some current, the 

temperature jumps up. This suggests that at some current, 

or more precisely at some chamber temperature, a gap 

appears in the beam pipe joints and the beam starts 

generating wake fields. These fields go into the gap and 

heat the stainless steel disk, which supports the omega 

seal. If the gap environment has a high Q-value for RF 

modes, then the heating may be much stronger. As there 

is no special water-cooling, the disk temperature can go 

very high and be limited only by thermal radiation. 

Resonance temperature behavior can be explained by the 

coupling through the gap and the existence of high Q-

value RF modes.  

 

Figure 30: HER flanges and flexible omega seal. Red 

arrows show the how the seal may be cooled by thermal 

radiation. 

On investigation, we found out that the space behind 

the omega seal has a fairly large volume. Fig. 30 shows 

neighbouring flanges and an omega seal with its support 

stainless steel disk. Some Cu parts of the flanges where 

the seal touched the surface show traces of breakdown 

(left photo in Fig. 30). The left beam pipe branches out 

from the flange disk, making a sort of coaxial RF cavity. 

If an omega seal starts to open a gap, then the open gap 

starts to behave like a capacitor of a quarter-wave cavity. 

Let us define the volume outside the seal as a “sealed 

cavity”. 

To make a quick estimation of the fields inside this 

sealed cavity we made a simple 2-d model, which is 

shown in Fig. 31.  

 

Figure 31: Computer model: HER flanges forming a 

sealed cavity and a flexible omega seal. 

In this model, an omega seal loses contact with the flange 

on both sides. We assume both open gaps have the same 

size. We made analyses using the code “NOVO” [16]. A 

bunch, moving in the beam pipe excites electromagnetic 

fields in the cavity through these gaps. The blue lines 

show the electric force lines of the excited field. The 

absorbed power P in the sealed cavity may be calculated 

according to the formula 
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2
b

P K I . 

We assume that half of the power goes inside the sealed 

cavity and half of the power travels in the beam pipe. The 

beam current I =1.8 A, the bunch spacing 
b

 = 4.2 nsec. 

The loss factor K is a function of the gap size and varies 

from 0.01 V/pC to 0.07 V/pC for the gaps of 0.1 to 1.0 

mm. We had an 11 mm bunch in the HER at RF voltage 

of 16.5 MV. The absorbed power in the sealed cavity at a 

gap size of 0.05 mm is approximately 60 W. The electric 

field increases with the smaller gap size and reaches a 

breakdown limit (we assume 30 kV/cm) when the gap 

size is less than 0.05 mm for a HER current of 1.8 A. 

These results show that breakdowns may happen in a gap, 

what is seen at Fig. 30. The stainless steel disk that 

supports the omega seal absorbs power that comes into 

the cavity. Its temperature increases until thermal 

radiation between the seal and the beam pipe start to 

work. We can estimate this power using the Stefan-

Boltzmann law for black body emissive radiation: 
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We assume that temperature T is of order of the 

melting point of Cu (1350K). The area is the surface of 

the seal facing the beam chamber and we assume an 

emissivity of 0.2. For these parameters, the thermal 

emission power is 55 W, which is very close to the power 

absorbed in the sealed cavity. Naturally, at this high 

temperature, there can be other ways for the radiation 

power to escape, for example, through stainless steel 

flanges. These effects will increase the power needed to 

reach the melting temperature. However, breakdowns and 

arcing in the gap will localize the power in the omega 

seal. Several seals were found where parts of the stainless 

steel disk had melted indicating the temperature had risen 

up to at least 1400K. 

The left flange of Fig. 30 has two holes, which 

connects the gap environment to a vacuum pump. The 

fields excited in the gap may propagate to the pump 

through these holes. We attached an antenna to the high 

voltage pump connector to study the spectrum of these 

fields. The spectrum showed a large peak at 3.8 GHz in a 

multi-bunch operation. We did a transient measurement 

during a time gap between bunch trains at this frequency. 

The measured signal is shown in Fig. 32. One can see that 

the damping time of this mode is at least 0.5 µsec, which 

means that this mode has a high Q-value of 1900. 

  

Figure 32: Transient signal [db] (not-calibrated) at 

frequency 3.8 GHz. 

An Inconel alloy was used to replace GlidCop omega 

seals. This material has a much better spring constant and 

is less prone to crushing as well as having more resistance 

to high temperatures. We also silver-plated the omega 

seal and stainless support disk assembly in order to 

produce a high conductivity surface and reduce the power 

absorption in the stainless steel. 

BEAM FIELDS ON CERAMICS 

In 2005 PEP-II achieved a peak luminosity of 1034
 cm-2 

sec-1 with beam currents of 2.94 A in the LER and 1.74 A 

in the HER just before shutting down for a month. Upon 

starting up again, we discovered we were unable to 

sustain LER currents much above 2 A without an abort 

occurring due to high radiation levels in the detector. The 

problem was the occurrence of very fast, very high 

pressure spikes in the vacuum chamber just upstream of 

the detector. The radiation levels in the detector caused by 

these gas events were too high and the beam had to be 

aborted [17-18]. This problem quickly became chronic. 

Several attempts were made to push through this limit 

with no success. A wide variety of experiments was 

conducted to isolate the source of the problem or 

eliminate possible causes. The HOM tiles located in the 

Q2-bellows had always been considered suspect. These 

Q2-bellows were situated at a distance of 2.2 m from IP. 

This bellows is the last shared vacuum element before the 

beams enter separate chambers. The ceramic tiles absorb 

HOM power of over 10 kW. Among the possibilities we 

considered was that the tiles got very hot and perhaps 

outgassed because of breakdowns due to the high electric 

fields initiated by the high LER and HER currents. In 

addition, to the geometrical wake (because of the very 

complicated geometry of the interaction region) the Q2-

bellows also produces Cherenkov radiation. The reason 

for this is the high permittivity of the tiles. The ceramic 

tiles are open to the beam, so they capture and store some 

part of the beam field and then these fields are radiated. 

After we checked the bellows drawings and an intonnel 

inspection it became clear that the omega seal that is next 

to the tiles had been designed incorrectly. The metal 

spring fingers of these seals were touching the tiles 

(which are insulators) instead of touching the metal 



surface under the tiles. Any sharp edge of a seal finger, 

which is very close to a ceramic tile may strengthen the 

electric field many times causing sparking or breakdowns. 

Then very fast high-pressure spikes can be easily 

explained by these stochastic breakdowns. To study this 

possibility we carried out computer simulations of the 

excitation of the electromagnetic fields in the ceramic 

tiles by the fields of circulating LER and HER bunches. 

In the model we assumed that the effect has more bunch 

charge dependence than total current dependence, and a 

higher current LER beam produces consistently higher 

fields and consequently higher radiation levels than the 

HER beam. The layout of the Q2-bellows in a vacuum 

chamber is illustrated in Fig. 33. If an omega seal touches 

a ceramic tile only, then a small gap opens up and the 

electromagnetic field can propagate inside the gap 

between two flanges. A sharp edge of the seal will 

concentrate the electric field, which will also be large at a 

ceramic edge. If the electric field is above the breakdown 

threshold, then a surface arc can develop on the tile and 

ceramic atoms will explode with a burst of ions appearing 

in the vacuum system. Once a surface track has been 

established the beam current threshold for producing 

another surface arc was lowered from 2.9 A to less than 2 

A. The tile material contained AlN+40% SiC. RGA 

studies of the vacuum bursts had indicated the presence of 

nitrogen. 

 

Figure 33: Layout of Q2-bellows (one half), which 

includes ceramic tiles and omega seal. 

The geometry of the simulation model and snapshots of 

the electric field force lines at different times are shown 

in Fig. 34. The black box approximates the omega seal, 

the ceramic tiles are shown as a concentration of 

electromagnetic fields (blue lines). The red curve shows 

the bunch shape. The green curve shows the electric field 

distribution along the transverse plane that touches one 

side of the gap. The pink curve shows the electric field 

along the surface of the vacuum chamber and ceramic 

tiles. Bellows fingers are approximated as a step in the 

vacuum chamber.  

 

 

 

Figure 34: Snapshots of the electric displacement force 

lines at different times during a bunch passage. 

Strong fields at the sharp corners of the omega spring 

and in the gaps between tiles are induced several times 

during the passage of the bunch. The direction of these 

fields is also changing in time, so they may produce 

current emission from a metal surface or from the tile 

surface. The time duration of the fields in ceramic tiles 

depends upon the permittivity and dielectric losses, which 

are in our case are 30   and tan 0.1  . We can 

estimate this time for a tile thickness d by the formula 

[19] 
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For 4  m md  the formula gives a field duration of 

2.9 nsec
tile

T  . This time is less than the time distance 

between two LER bunches (4.2 nsec), but is larger than 

the time between the arrival of the LER and HER bunches 

(2 nsec). So the field induced by a LER bunch can be 

strengthened by a HER bunch. However, fields in a cavity 

between stainless steel and Cu flanges may survive for a 

much longer time. We may estimate the filling time of the 

order of 20 nsec, which means the fields in a cavity will 

increase 8 times (including HER bunches).To find critical 

points we studied the electric field distribution at different 

parts of the Q2-bellows. In this simulation, the gap 

between the omega seal and the metal part was 0.5 mm 

and the bunch length was 13 mm. Fig. 35 shows the most 

critical point: the omega seal corner near a ceramic tile. 

Calculation resulted in a maximum value for electric field 

of 17.7 V/m/pC. 



 

Figure 35: Electric field distribution in the region between 

an omega seal and ceramic tiles. 

If we assume that the field may stay in the cavity 

between the flanges for 20 nsec, then the peak electric 

field can reach 40 kV/cm comparable to the breakdown 

limit for the ceramic material. Upon opening the beam 

chamber, we found electrical burn marks and lost material 

in two ceramic tiles (Fig. 36). A close look shows a small 

discoloration on the edge of the top row of tiles. The 

breakdown appears to start at the corner of the tile and 

then travel along the surface of the tile to the Cu 

underneath the tile. The damaged tile is a little closer to 

the LER than to the HER.  The omega seal that mated 

with the damaged tile has melted Cu edges. 

 

Figure 36: Q2-bellows and Ω-seal with traces of sparking. 

IP WAKE FIELDS AND A NEW Q2-

BELLOWS 

PEP-II IP region has a very complicated structure due 

to the conjunction of LER and HER beam pipes and 

various types of synchrotron radiation masks.  

Calculations and measurement showed that for a bunch 

length of 6-14 mm, the loss factor is an inverse quadratic 

function of the bunch length or linear with RF voltage. 

For shorter bunches (1-6 mm) the quadratic dependence 

changes to the exponent to 3/2. If we assume that fields 

generated by the LER beam are not coherent with fields 

generated by the HER beam, then the effective current is 

determined by the formula: 

2 2

eff LER HERI I I   

To estimate the Cherenkov radiation power we use 

formulas which were derived for a “thick” dielectric tube 

of radius a and length L [19]. In the case of a bunch 

length   larger than the effective dielectric wavelength 
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  , the loss factor is described by the formula 
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where the Z0 is the free space impedance and c is the 

speed of light. 

The dielectric constant of ceramic tiles is high (ε=22) 

even at higher frequencies (8 GHz). For a beam radius of 

50 mm the mentioned condition works well for a bunch 

length of 13 mm and the additional radiation loss factor is 

estimated to be 0.187 V/pC for the total tile length of 112 

mm. This number is comparable with a geometric loss 

factor 0.248 V/pC. That means we almost double the 

HOM power at the IP only because the ceramic tiles are 

exposed to the beam. The total IP HOM power is of order 

of 20 kW for a bunch spacing of 4.2 nsec. We compare 

this number with results of experimental measurement. 

To measure the HOM power dissipated in the Q2-bellows 

we used thermocouples installed at the supply and return 

water-cooling channels. We also measure the water flow. 

The HOM power as a function of the effective current is 

shown in Fig 37. The quadratic approximation (green and 

light blue lines) is also shown. The absorbing power 

reached 12 kW on the right side of the IP and 6 KW on 

the left side. 

 

Figure 37: HOM power in the Q2-bellows. LER RF 

voltage is 4.05 MV, HER RF voltage is 15.4 MV, number 

of bunches is 1722. 

A simple solution to cancel Cherenkov radiation is to 

isolate the ceramic tiles from the beam by a metal sleeve 

with longitudinal slots. We determined the required slot 

length by keeping the same absorption for the dipole and 



quadrupole modes. We designed a new Q2-bellows based 

on the wake field simulations [20]. The photo of the old 

and new absorber is shown in Fig. 38. 

 

Figure 38: Old (left) and new (right) Q2-bellows 

absorbers. 

Results of the power measurements with new Q2-

absorbers are shown at Fig. 39. The amount of absorbed 

power changed dramatically. We had been producing a lot 

of wake field power due to the ceramic tiles being open to 

the beam. It is very important to note that we did not 

observe any dramatic temperature change in the vertex 

bellows, which are situated between the Q2-bellows. This 

means the Q2-bellows absorb transverse fields well, and 

do not allow them to propagate to the inside section of the 

IP region. 

 

Figure 39: HOM power in all new Q2-bellows. 

LOSS FACTORS OF THE RINGS 

We also developed a method to measure loss factor of 

the rings using data from the RF feedback system [21]. 

These measurements showed that the loss factor of LER 

is on average 6 V/pC, and the loss factor of the HER is 

several times higher at 22 V/pC [22]. Wake field 

calculations produce good agreement for the LER, but 

cannot fully explain high loss factor that was seen in the 

HER [23]. 

NEG VACUUM PUMP HEATING 

A great deal of effort was made to minimize the 

vacuum pressure upstream of the interaction region for 

both beams. Special Non-Evaporable Getter (NEG) pump 

constructions were used and these pumps were placed in 

side chambers of the beam pipe with RF screens 

separating the pump from the beam [24]. These pumps 

were very effective in maintaining a low vacuum pressure 

until we discovered that some of the RF screens were too 

thin and were allowing HOM power into the pumping 

chambers. The NEG material is very lossy and ended up 

absorbing all of the HOM power. At a LER beam current 

of 2.2 A and with a bunch length of about 10-12 mm we 

found that certain NEG pumps located about 50 m 

upstream of the detector were absorbing enough RF 

power to achieve regeneration temperatures (nearly 400 

degC). Initially, we had no temperature information on 

the NEG pumps and had no idea any of the pumps were 

getting hot. NEG pumps start outgassing at temperatures 

significantly below regeneration temperatures (see Fig. 

40) and this region of the accelerator relied almost 

exclusively on NEG pumping so there were only a few 

ion pumps in the upstream 70 m from the IP.  

 
Figure 40: Plot of a NEG pressure as a function of NEG 

temperature. At about 350 degF (180 degC) the NEG 

starts to outgas. 

 

If a hot NEG had a nearby NEG that was staying cool 

we had no indication of a pressure increase as the cool 

NEG would pump out the gas from the hot NEG before 

any ion pump would see the pressure rise. Hence, greatly 

increased detector backgrounds were the first sign of a 

vacuum problem in this area.  

Fig. 41 shows a temperature rise for a NEG pump in 

the upstream LER and Fig 42 is a plot of the LER beam 

current over the same time period. 

 
Figure 41: This particular NEG pump achieved a 

temperature in excess of 500 degF (260 degC). Note the 

very long time scale of the heating. The plot is over about 

3 days of beam time. The long time scale was one of the 

reasons this problem was difficult to uncover. 



 
Figure 42: The LER beam current over the same time 

period as in Fig. 41. Note the decreases in the NEG 

temperature coincide with extended periods when there 

was no LER beam. 

 

Depending on the vacuum chamber design and on the 

space available, several different pumping chambers and 

RF screens were employed. Studies of NEG temperature 

increases indicated that essentially all screen designs were 

letting some amount of RF power into the pumping 

chamber but that some were very much worse than others. 

Modest HOM power leakage was OK as long as the NEG 

temperature did not get too high. 

The NEG pumps were thermally isolated from the 

water-cooled Cu vacuum chamber as much as possible in 

order to be able to heat the pumps to regeneration 

temperatures. This meant that small amounts of RF power 

(10-50 W) was more than enough to heat the NEG pumps 

up to very high temperatures. 

An analysis of the temperature data (obtained by 

inserting a thermocouple into the tube containing the 

heater rod for pump regeneration) led to the conclusion 

that screen designs where long z slots had been cut 

through the beam pipe wall with a thin copper mesh 

tacked to the wall on the pumping side of the slots were 

the least effective in blocking out the HOM power. 

A general conclusion reached after studying all of the 

various screens was that a good RF screen had to have a 

minimum hole depth through the screen material 

(generally Cu or Al) that was at least equal to the 

diameter of the hole. Even with this design, HOM power 

could begin to penetrate into the pumping chamber if 

there were local discontinuities that were generating high 

frequency HOM power. More hole depth is needed to 

supress higher frequency HOM power but this then tends 

to limit the amount of available pumping.  Fig. 43 shows 

a typical NEG pump used in the interaction region area 

and Fig. 44 shows two examples of screens. 

 

 
Figure 43: (left). Test module for the NEG pump. The 

wires leading from the pump material are a thermocouple. 

Figure 44: (right). The same chamber showing two 

different screen designs. The more difficult screen to see 

is a square hole design that proved to be more susceptible 

to letting HOM power into the pumping chamber. 
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