
Here we describe one interesting experiment, in which data was taken as a 
function of the number of bunch trains, at 100 mA, 6 GeV, and with the 900 
nTorr bump. For this experiment, we divided the standard 324 bunch train 
into 2, 4, and 9 trains, with a 12 bunch gap in between them, chosen to be 
large enough to clear out most of the N2+ ions. In each case, the individual 
bunch charge was adjusted to give approximately 100 mA total current.  
Table 1 lists the horizontal and vertical emittance measured by the pinhole 
camera, for each of the bunch patterns listed above. The nominal 
emittances are ϵx=1.83 nm and ϵy=0.024 nm. For a single train with no 
gaps, both emittances are significantly blown up due to the ions. With 2 
trains with a gap between them, both emittances are reduced, though still 
much larger than their nominal values, possibly due to “fast-ion” instability 
[6] and/or beam size blowup changing the trapping criteria [7].  Increasing 
the number of trains to 4 eliminated the horizontal blowup, but did not have 
much effect on the vertical. This suggests that 
(at least some of) the horizontal blowup was 
due to resistive wall instability. Finally, the 9 
train case shows very little blowup in the 
vertical plane. The combination of shorter 
trains and more ion clearing gaps is enough 
to nearly eliminate the instability.
These conclusions are supported by measurements of the vertical beam 
spectrum (Fig. 8). Based on calculations (Eq. 1), the expected ion frequency 
for N2 at the gas injection location is about 10 MHz. With no gaps, the 
measured frequency is actually�4 MHz, due to the beam size blowup in both 
planes. As the number of gaps is increased, the ion frequency moves to a 
higher and higher frequency, as the beam size gets smaller. With 9 gaps, 
the peak ion frequency is back at the expected 10 MHz. The overall 
amplitude of the spectrum also decreases with more gaps.  The same trend 
is seen in the Dimtel data. Fig. 9 plots the modal amplitudes for each of 
these cases. Because these modes are above the Nyquist frequency, their 
frequency is actually (323-nmode)xfrev, where frev=271 kHz. So this plot is 
consistent with Fig. 7: as the number of trains is increased, the modal 
amplitudes are reduced and shift to higher frequency.

Feedback system
A Dimtel iGp12-1296F feedback processor [4] is used to directly measure 
bunch-by-bunch beam motion. Vertical displacement output from a BPM 
processor is connected to the Dimtel front-end. It can capture up to 34 ms
of beam motion every 500 ms. Two types of data are measured with the 
Dimtel system: multi-turn and modal amplitude.  For multi-turn data, 
Y-plane motion of all 324 bunches over several thousand turns is measured. 
The strength of the modes as a function of time is computed from the 
frequency spectrum of this data.  For modal amplitudes data, the processor 
computes the amplitudes instantaneously for the selected side band 
frequency (the vertical tune in our case).  
Fig. 6 shows an example of multi-turn 
data taken with the Dimtel feedback 
system. It shows the strength of the 
324 modes over �9,000 turns. The 
upper half of these (i.e. modes 161 –
323) have a direct correspondence 
with the lower vertical betatron
sidebands, as shown in Fig. 4. It is 
interesting to note that the mode 
amplitudes are not constant in time. 
Rather, the instability seems to shift 
between different modes.

Ions are produced in an accelerator when the beam ionizes 

residual gas inside the vacuum chamber. If the beam is 

negatively charged, ions can become trapped in the beam’s 

potential, and their density will increase over time. Trapped ions 

can cause a variety of undesirable effects, including instability 

and emittance growth. Because of the challenging emittance and 

stability requirements of the APS-Upgrade storage ring, ion 

trapping is a serious concern.

To study this effect at the present APS, a gas injection system 

was installed. A controlled pressure bump of Nitrogen gas was 

created over a 6m straight section, and the resulting ion instability 

was studied using several different detectors. Measurements 

were taken using a pinhole camera, spectrum analyzer, bunch-

by-bunch feedback system, and a gas bremsstrahlung detector. 

Studies were done under a wide variety of beam conditions, and 

at different pressure bump amplitudes. In this paper we report on 

the results of some of these measurements, and discuss the 

implications for present and future electron storage rings.
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The gas injection system was installed in a spare insertion device straight 
section in Sector 25 of the APS.  As shown in Fig. 1, the gas injection 
mechanism was connected to a port on the flange upstream of the spool 
piece (where the ID would normally be located).  The system is operated 
from the mezzanine above the mechanism.  To create a controlled pressure 
bump, the gas system is first pressurized with ~10 psi of N2.  The leak rate 
is controlled by two gate valves, operated manually from the mezzanine.  
Below each gate valve is a pre-set manual leak.  Opening valve 5 in Fig. 1 
gives a ~100 nTorr bump, while valve 6 gives a ~900 nTorr bump.  A picture 
of the gas injection system inside the tunnel is shown in Fig. 2.  The trident 
on the upstream end of the spool piece contains both of the pre-set manual 
leaks, as well as a cold cathode gauge to monitor the pressure inside the 
system.

The ion pump located next to the gas injection location is disabled for the 
study.  A cold cathode gauge was installed on the downstream end of the 
spool piece, to measure the pressure near the peak of the bump.  In order to 
localize the bump, the other ion pumps indicated in the figure are kept on.  
The activated NEG coating in the chambers upstream and downstream of 
the gate valves provide additional pumping.  The measured pressures for 
one studies period are shown in Fig. 3. The cold cathode gauge near the 
center of the bump (SR25:CC1) reads a steady ∼900 nTorr for the first part 
of the study. About 2/3rds of the way through the study, the high pressure 
gate valve is closed, and the 100 nTorr leak valve is opened.  The pressure 
pump is essentially contained in the ∼6 m between 25:2IP4 and 26:2IP1.

Diagnostics Results

Conclusions

System Setup

Abstract

A gas injection system has been designed and installed in the APS storage 
ring, for the purpose of studying ion instability. The system works as 
designed, and allows for two localized pressure bump amplitudes. 
Measurements have been taken with a pinhole camera, spectrum analyzer,
feedback system, and gas bremsstrahlung detector, in a wide variety of 
beam conditions. Measurements taken with a single train with no gaps show 
a significantly blown up beam size in both planes, and a corresponding 
reduction in the ion frequency. These effects persist (at a lower level) when 
ion clearing gaps are introduced, suggesting that the ion-induced beam size 
blowup reduces the effectiveness of the gaps. Using more gaps helped 
mitigate the instability further, with 9 gaps mostly eliminating the effect.
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Pinhole camera
The horizontal and vertical beam size at the APS is 
measured by a pinhole camera located in a bending 
magnet beamline, and the emittances are calculated 
from the measured beam size using the beta function 
and dispersion derived from a calibrated model.

Fig. 5 shows two example images from the pinhole 
camera. The top plot shows a beam image that is 
blown up vertically due to ions. The bottom image 
shows a case where the ion instability has been 
mitigated using train gaps (see Results section).

Gas Bremsstrahlung detector
Gas bremsstrahlung (GB) radiation is generated when high-energy electrons 
circulating in the storage ring interact with residual background gas 
molecules in the vacuum chamber. For our experiment, a detector was set 
up to measure GB photons generated inside the pressure bump. If properly 
calibrated, such a detector can provide a direct measurement of the gas 
pressure at the beam location.  GB photons enter the upstream end of a 
Pb:Glass detector. A high-energy photon will create an electromagnetic 
shower consisting primarily of electrons, positrons, and photons.  The 
electron and positron energies are high enough to generate visible Cerenkov 
radiation, which is detected by the a photo-multiplier tube (PMT).  This in 
turn generates a negative output electrical signal. The height of the pulse 
recorded by the calorimeter PMT corresponds to photon energy. There are 
four channels with different set 
thresholds; pulses exceeding the 
threshold are counted. Thus the 
detector also provides a rough 
measurement of the photon energy 
spectrum.  Fig. 7 shows an example 
measurement taken with the GB 
detector. The three channels shown 
have different thresholds, but all the 
signals are roughly proportional to 
the beam current. Quantitative 
analysis of these data is underway.

Figure 1: Layout of gas injection system.

Figure 3: Measured pressures inside the 

pressure bump during a study.
Figure 2: Picture of the gas injection system 

inside the tunnel.

Figure 4: Example spectrum analyzer 

measurement for 324 bunches. The full 

measurement is shown by the black lines

and is dominated by revolution harmonics; 

peaks at the lower vertical betatron

sidebands are shown as red diamonds.

Figure 6: Measurement from the Dimtel

feedback system, showing unstable modes 

over ~9,000 turns.

Figure 7: Gas bremsstrahlung detector 

measurement. Each channel corresponds to 

a different photon energy threshold.

Figure 9: Modal amplitudes for different 

numbers of trains.

Figure 8: Vertical beam spectrum for different 

numbers of trains.

Equation 1: Ion frequency

Spectrum analyzer
The clearest signature of ion instability is peaks in the lower vertical betatron
sidebands of the revolution harmonics, near a characteristic ion frequency 
given by Eq. 1. Here Ne is the bunch population, rp=1.54x10-18 m is the classical 
proton radius, Sb is the bunch spacing, 
σx and σy are the beam sizes, and 

A is the atomic mass of the ion.

Measurements of the vertical beam 
spectrum were taken using a Keysight
N9020B MXA in spectrum analyzer 
mode. The spectrum was taken using 
ten consecutive sweeps, in order to 
get good frequency resolution 
(150 Hz) over the whole range 
(88 MHz for 324 bunches). 
The spectrum data is postprocessed
to find peaks, and filtered to pick out 
peaks at the lower vertical betatron
sidebands, where ion instability  is 
observed. This process is illustrated in 
Fig. 4. Here we observe a clear ion 
frequency peak at 7 MHz.


