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Abstract. A system for bunch-by-bunch detection of transverse proton and antipro-
ton coherent oscillations in the Tevatron is described. It is based on the signal from
a single beam-position monitor located in a region of the ring with large amplitude
functions. The signal is digitized over a large number of turns and Fourier-analyzed
offline with a dedicated algorithm. To enhance the signal, band-limited noise is
applied to the beam for about 1 s. This excitation does not adversely affect the cir-
culating beams even at high luminosities. The device has a response time of a few
seconds, a frequency resolution of 1.6 x 107 in fractional tune, and it is sensitive
to oscillation amplitudes of 60 nm. It complements Schottky detectors as a diagnos-
tic tool for tunes, tune spreads, and beam-beam effects. Measurements of coherent
mode spectra are presented to show the effects of betatron tunes, beam-beam pa-
rameter, and collision pattern, and to provide an experimental basis for beam-beam
numerical codes. Comparisons with a simplified model of beam-beam oscillations
are also described.
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1 Introduction

In particle colliders, each beam experiences nonlinear forces when colliding with the opposing
beam. A manifestation of these forces is a vibration of the bunch centroids around the closed orbit.
These coherent beam-beam oscillation modes were observed in several lepton machines, including
PETRA, TRISTAN, LEP, and VEPP-2M [1, 2, 3, 4]. Although their observation in hadron ma-
chines is made more challenging by the lack of strong damping mechanisms to counter external
excitations, they were seen both at the ISR and at RHIC [5, 6, 7, 8]. Originally, one motivation for
the study of coherent beam-beam modes was the realization that their frequencies may lie outside
the incoherent tune distribution, with a consequent loss of Landau damping [9]. The goal of the
present research is to develop a new diagnostic tool to estimate bunch-by-bunch tune distributions,
to assess the effects of Gaussian electron lenses for beam-beam compensation [10, 11, 12, 13], and
to provide an experimental basis for the development of beam-beam numerical codes.

The behavior of colliding bunches is analogous to that of a system of oscillators coupled by the
beam-beam force. In the simplest case, when 2 identical bunches collide head-on in one interaction
region, 2 normal modes appear: a c-mode (or 0-mode) at the lattice tune, in which bunches oscil-
late transversely in phase, and a 7-mode, separated from the o-mode by a shift of the order of the
beam-beam parameter, in which bunches are out of phase. In general, the number, frequency and
amplitude of these modes depend on the number of bunches, on the collision pattern, on the tune
separation between the two beams, on transverse beam sizes and on relative intensities. Coherent
beam-beam modes have been studied at several levels of refinement, from analytical linear models
to fully 3-dimensional particle-in-cell calculations [1, 14, 15, 17, 16, 18, 19, &, 20].

In the Tevatron, 36 proton bunches (identified as P1-P36) collide with 36 antiproton bunches (A1—
A36) at the center-of-momentum energy of 1.96 TeV. There are 2 head-on interaction points (IPs),
corresponding to the CDF and the DZero experiments. Each particle species is arranged in 3 trains
of 12 bunches each, circulating at a revolution frequency of 47.7 kHz. The bunch spacing within a
train is 396 ns, or 21 53-MHz rf buckets. The bunch trains are separated by 2.6-us abort gaps. The
synchrotron frequency is 34 Hz, or 7 x 10~* times the revolution frequency. The machine operates
with betatron tunes near 20.58.

The betatron tunes and tune spreads of individual bunches are among the main factors that de-
termine beam lifetimes and collider performance. They are affected by head-on and long-range
beam-beam interactions. Three systems are currently used in the Tevatron to measure incoher-
ent tune distributions: the 21.4-MHz Schottky detectors, the 1.7-GHz Schottky detectors, and the
direct diode detection base band tune (3D-BBQ). The latter two can be gated on single bunches.
Detection of transverse coherent modes can complement these three systems because of its sensi-
tivity, bunch-by-bunch capability, high frequency resolution, and fast measurement time.

The basis for the measurement technique was presented in Ref. [21], and preliminary results can be
found in Refs. [22, 23, 24]. Several improvements, mainly in the data analysis, were implemented
and presented in a concise report [25]. In this paper, we describe the detection technique in detail.
We also present a wide set of measurements illustrating the performance of the device and the
response of the coherent mode spectra to various experimental conditions, such as betatron tune
separation, beam-beam parameter, and collision pattern.
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2 Modeling

The basic features of transverse coherent oscillations can be described by a simple model. In the
Tevatron, these oscillations are substantially nonlinear due to the properties of the lattice and of
the beam-beam force. Hence, the rigid bunch approximation cannot provide an accurate view of
the coherent mode spectrum. However, this approximation can be used for qualitative analysis of
the expected beam-beam mode tunes and their dependence on the the betatron tunes Q and the
beam-beam parameter per interaction point &.

We use a simple matrix formalism to compute the eigenmode tunes of the system of colliding
bunches. Besides employing the rigid bunch approximation, one more simplification is used. The
complete description of the system would require modeling the interaction of 72 bunches at 138
collision points. The analysis of such a system can be quite complex. Observations and analytical
estimates show that the difference in tunes between individual bunches is small compared to the
beam-beam tune shift. Thus, as a first approximation, it is possible to neglect long range interac-
tions. This limits the system to 6 bunches (3 in each beam) colliding at two head-on interaction
points. In the following discussion, we limit betatron oscillations to one degree of freedom. Be-
cause the system has 3-fold symmetry, the 1-turn map transporting the 12-vector of dipole moments
and momenta of the system of 6 bunches can be expressed as follows:

M = Mgp3 Mt3 Mgp2 MT2 M1 M71, (1)

where MTn (N = 1,2,3) are the 2x2 block-diagonal 12x 12 matrices transporting phase space co-
ordinates through the accelerator arcs, and Mgy are the matrices describing thin beam-beam kicks
at the IPs. For example, the matrix describing the interaction of proton bunch 1 with antiproton
bunch 2 at CDF and proton bunch 3 with antiproton bunch 3 at DZero has the following form:

1 000 0 000 0 0 0 0
—2mEP/B 1 0 0 0 000 2mEP/B 0 0 0
0 010 0 000 0 0 0 0
0 00 1 0 000 0 0 0 0
0 000 1 000 0 0 0 0
P 0 000 —27EP/B 1 0 0 0 0 2mEP/B 0 5
BBI 0 000 0 010 0 0 0 0 2
0 000 0 00 1 0 0 0 0
0 000 0 000 1 0 0 0
2mE/B 0 0 0 0 000 —21&%/B 1 0 0
0 000 0 000 0 0 1 0
0 000 27&B 0 0 0 0 0 —2m&/p 1

Here, 7 and £ are the beam-beam parameters for protons and antiprotons, and f3 is the amplitude
function at the IP. The Yokoya factor [15, 26] is considered to be equal to 1. The eigentunes of the
1-turn map are then computed numerically.

This model provides a quick estimate of the expected values of the coherent beam-beam mode
tunes for a given set of machine and beam parameters. The model cannot be used for accurate
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Figure 2: Schematic diagram of the apparatus.

calculation of the relative amplitude of these modes, which is determined by nonlinear effects such
as Landau damping. For the case of weak nonlinearities, this approach allows one to determine the
mode amplitudes by computing the projection of mode eigenvectors on the excitation vector [4].
In the case of the Tevatron experiments described below, this is not straightforward because a
wide-band noise source was used to excite the beam motion.

In Figure 1, an example of the dependence of the 6 eigenfrequencies on the beam-beam parameter
per IP is presented. As one would expect, at small values of £ (uncoupled oscillators) the mode fre-
quencies approach the bare lattice tunes; in this case, 0.587 for protons and 0.574 for antiprotons.
At values of & exceeding the difference between the lattice tunes, the modes are split and their
symmetry approaches that of the conventional o and 7 modes. The parameters of this calculation
are taken to resemble those of the beginning of the Tevatron Store 7754, when the beam-beam
parameter was & = £¢ = &P =0.01. A comparison with data is given in Section 5 (Figure 13).

3 Apparatus

The system for the detection of transverse coherent modes (Figure 2) is based on the signal from
a single vertical beam-position monitor (BPM) located near the CDF interaction point, in a region
where the vertical amplitude function at collisions is 8, = 880 m. The BPM is a stripline pickup,
with two plate outputs (A and B) for each of the two counterpropagating beams. The proton outputs
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are split: half of the signal is sent to the Tevatron BPM readout and orbit stabilization circuits; the
other half is used by the present system. Antiproton signals are about a factor three weaker and
are usually not used for orbit feedback, so the splitter is not necessary and the full signal can be
analyzed. Switching between proton and antiproton signals presently requires physically swapping
cables.

In the Tevatron, protons and antiprotons share a common vacuum pipe. Outside of the interaction
regions, their orbits wrap around each other in a helical arrangement. Therefore, bunch centroids
can be several millimeters away from the BPM’s electrical axis. Typically, the peak-to-peak am-
plitude of the proton signal is 10 V on one plate and 5 V on the other, whereas the signal of interest
is of the order of a few millivolts. For this reason, it is necessary to equalize the A and B signals to
take advantage of the full dynamic range of the digitizer. Equalization also reduces false transverse
signals due to trigger jitter, as discussed below. The phase and attenuation of each signal is man-
ually adjusted by minimizing the A — B output of the rf hybrid circuit. If necessary, fine-tuning is
done by displacing the beam with a small orbit bump. Figure 3 shows an example of A and B sig-
nals after equalization and the A — B output of the hybrid. Orbits at collisions are stable over a time
scale of weeks, and this manual adjustment does not need to be repeated often. To automate the
task in the case of changing orbits and intensities (e.g., for observations at top energy between the
low-beta squeeze and initiating collisions, or for observing both proton and antiproton bunches), a
circuit board is being designed with self-calibrating gains and offsets.

The difference signal from the hybrid is amplified by 23 dB and sent to the digitizer. We use a
I-channel, 1-V full range, 10-bit digitizer (Agilent Acqiris U1065A-DC22) with time-interleaved
ADC:s. It can sample at 8 GS/s and store a maximum of 1024 MS or 125,000 segments. (Due to a
firmware problem, only half of the segments were used in the experiments described below.) The
47.7-kHz Tevatron revolution marker is used as trigger, so we will refer to ‘segments’ or ‘turns’
interchangeably. Typically, we sample at 8 GS/s (sample period of 125 ps), which corresponds to
150 slices for each 19-ns rf bucket. At this sampling rate, one can record waveforms of 1 bunch
for 62,500 turns, 2 bunches for 52,707 turns, or 12 bunches for 12,382 turns, depending on the
measurement of interest. A C++ program (transverse_capture) running under Windows on the
front-end computer 1bmtev.fnal.gov (131.225.139.147) controls the digitizer settings, including
its delay with respect to the Tevatron revolution marker.

Data is written in binary format. The output contains the delay of the first sample with respect
to the trigger (1 64-bit floating point number for each turn), the trigger time stamps (2 32-bit
unsigned integers per turn), and the raw ADC data (16-bit signed integers). Timing information
has an accuracy of about 15 ps, and it is extremely important for the synchronization of samples
from different turns.

To enhance the signal, the beam is excited with a few watts of band-limited noise (‘tickling’) for
about 1 s during the measurement. For protons, the proton tickler is used as is by turning on
the amplifier T:DVAMP and the switch T:VTICK. For antiprotons, the ‘pbar jacker’ (PBJ) is used,
but with much lower gain. The amplifier T:HIDAMP in the EO service building is used (ON=ON,
RST=OFF) in conjuction with the switch T:VTICK. The measurement cycle consists of digitizer
setup, tickler turn-on, acquisition start, tickler turn-off, and acquisition stop. The cycle takes a few
seconds. The procedure is parasitical and it does not adversely affect the circulating beams, even at
the beginning of regular collider stores, with luminosities around 3.5 x 102 events/(cm?s). When
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repeating the procedure several times, the Schottky monitors may show some activity, but no beam
loss is observed.

4 Data analysis

Data is analyzed offline using the multi-platform, open-source R statistical package [27]. The
distribution of differences between trigger time stamps from consecutive turns yields the aver-
age revolution frequency (47713.11 Hz at 980 GeV). From it, the nominal or ‘ideal’ trigger time
stamps for each turn are calculated. The distribution of trigger offsets, i.e. the differences between
measured and nominal time stamps, is a measure of the jitter in the revolution marker (Figure 4,
top left). The root mean square of the distribution is usually less than 0.2 ns. The delay between
trigger time and the time stamp of the first sample is also recorded with an accuracy of 15 ps. An
offset distribution is shown in Figure 4 (top right). As expected for uncorrelated revolution period
and sampling clock, the offsets do not exceed the sampling period (125 ps, in this case) and their
distribution is flat. The sum of trigger offset and first-sample delay is the correction by which each
sample in a segment is to be shifted in time to be aligned with the other segments. For each turn
and each bunch, the signal is interpolated with a natural spline and shifted in time according to this
correction. One undesirable effect of this synchronization algorithm is that a few slices (usually
not more than 3) at each edge of the bucket become unusable, as they cannot be replaced with real
data. The synchronization of turns is extremely important, as the jitter in trigger time translates
into a false transverse oscillation where the difference signal has a slope. If the BPM plates are
not perfectly balanced, jitter of even a fraction of a nanosecond can raise the noise floor by several
decibels and compromise the measurement.

Figure 4 shows the distribution of digitized data for each slice in an antiproton bunch after syn-
chronization (center left) and after subtracting the average for each slice (center right). Each slice
corresponds to 125 ps. At the bottom of Figure 4 is the difference signal (proportional to beam
position) over the course of a measurement (52,707 turns, in this case). Bunch oscillations are
dominated by low-frequency beam jitter attributable to mechanical vibrations [28]. The range of
amplitudes is inferred from comparisons with the regular Tevatron BPM system and corresponds
to about £25 um. This low-frequency jitter does not affect the measurements of coherent beam-
beam modes directly, but it reduces the available dynamic range. A high-pass filter and more
amplification may be employed to improve the system.

For each bunch, the signal of each individual slice vs. turn number is Fourier transformed. Fre-
quency resolution is determined by the number of bins in the fast Fourier transform (FFT) vector
and it is limited to 62,500 turns, corresponding to 1.6 x 107> of the revolution frequency or 0.8 Hz.
The data is multiplied by a Slepian window of rank 2 to confine leakage to adjacent frequency bins
and suppress it below 107 in farther bins [29]. When the full frequency resolution is not needed,
the FFT vectors are overlapped by about 1/3 of their length to reduce data loss from windowing,
and the resulting spectral amplitudes are averaged.

Calculations take about 20 s per bunch for 62,500 turns and 150 slices per bunch on a standard
laptop computer (Apple MacBook running Mac OS X 10.5.8 with 2.4-GHz Intel Core 2 Duo
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Figure 4: Summary plots for one sample data set (Store 7754 at 21:41): difference between
recorded trigger time and nominal revolution time (top left); recorded offset between trigger time
stamp and first sample (top right); quantiles (minimum, 25%-75% in red, maximum) of digitized
signals over all 52,707 turns, for each slice (center left); quantiles of digitized signals after sub-
tracting each slice’s average; average difference signal for the signal slices (41-95 and 99-147)
over the course of the measurement.
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processor and 4 GB of RAM). Processing time is dominated by the synchronization algorithm.

The noise level is estimated by observing the spectra without beam. The spectra show a few
sharp lines in all slices. These lines are attributed to gain and offset differences between the time-
interleaved ADCs themselves and to timing skew of their clocks [30, 31, 32]. The same spurious
lines are also present in the Fourier spectrum of the time stamps, and this corroborates their attribu-
tion to digitizer noise. To improve the signal-to-noise ratio, and to suppress backgrounds unrelated
to the beam such as the spurious lines from the digitizer, a set of signal slices (near the signal
peaks) and a set of background slices (before the arrival of the bunch) are defined. Amplitude
spectra are computed for both signal and background slice sets, and their ratio is calculated. The
ratios are very clean, with some additional variance at the frequencies corresponding to the narrow
noise spikes. Results are presented in terms of these signal-to-background amplitude ratios.

Figure 5 shows an example of analyzed antiproton data, in two regions of the frequency spectrum:
a low-frequency region with the horizontal axis expressed in hertz (top two plots) and a high-
frequency region, in terms of the revolution frequency or fractional tune. The 2-dimensional color
plots show the amplitude distribution for each of the 150 125-ps slices in logarithmic scale. In this
example, the signal slices are numbers 41-95 and 99-147. They are defined as the ones for which
the amplitude is above 10% of the range of amplitudes (see also Figure 4, center right). Background
slices are numbers 3-31 (amplitude below 2% of range). The black-and-white 1-dimensional plots
show the ratio between signal and background amplitudes. In the top plots of Figure 5, one can
appreciate the strength of the low-frequency components. The 60-Hz power-line noise and its
harmonics are also visible. The lines around 34 Hz and 68 Hz are due to synchrotron oscillations
leaking into the transverse spectrum. The bottom plots of Figure 5 show the spectra of transverse
coherent oscillations. The vertical lines present in all slices in the 2-dimensinal plot, attributed to
digitizer noise, are eliminated by taking the ratio between signal and background slices. One can
also notice the small variance of the noise level compared to the amplitude of the signal peaks.

In the 2-dimensional plots of Figure 5, one may notice patterns in the oscillation amplitude as a
function of position along the bunch. These may be an artifact of the imperfect synchronization
between the A and B signals, but they may also be related to the physical nature of the coherent
modes (i.e., rigid vs. soft bunch, head-on vs. long range). The phase of the oscillations as a function
of frequency and bunch number may also provide physical insight. These aspects are not covered
in the present analysis.

5 Results

Transverse coherent mode spectra were measured for both proton and antiproton bunches under
a wide range of experimental conditions. A few representative examples are discussed in this
Section. The machine and beam parameters relevant to the results presented below are collected in
Table 1.

Repeatability of the measurement was tested with antiprotons towards the end of Store 7719, when
lattice tunes were kept constant and the beam-beam parameter was varying slowly. Figure 6 shows
the results of 10 consecutive measurement cycles on antiproton bunches A13 and A14. The fre-
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Table 1:

Summary of experimental conditions: instantaneous luminosity, .#’; average number of protons and antiprotons per

bunch, N”and N“; average transverse emittances from the synchrotron light monitor (95%, normalized), f, €], €7, and €%; average
longitudinal emittances, £”’and €7; average incoherent tunes from the 1.7-GHz Schottky detector, 0>, @w , 0%, and mw calculated linear

: : : P £P fa a
beam-beam parameters per interaction point, &', &', £¢, and &

Store Date Time <z NP N4 4 g el g e’ &l of oy [ o 4 i &a &
1032 /(cm?s) 101 10" um pm pm pm eVs eVs
7679  15Mar 2010  16:00 3350 2891 08619 169 235 79 87 329 327 0.6038 0.5914 06175 0.5981 0.0078 0.0074 0.0115 0.0098
7706 25Mar2010  15:13 3.500 2953 09117 159 22.1 88 88 329 296 0.6082 0.6138 0.6235 0.6126 0.0076 0.0076  0.0125 0.0106
7706 25 Mar 2010  16:22 2670 2756 08144 172 237 87 97 384 403 05910 05904 0.5876 0.5860 0.0067 0.0063 0.0108  0.0092
7711 26 Mar2010  12:09 1430 2822 05842 225 313 116 138 471 459 0.5888 05889 0.5868 0.5868 0.0035 0.0032 0.0084 0.0072
7719 1 Apr2010  11:58 0.810 2272 05319 238 356 183 183 633 552 0.5880 05881 0.5875 0.5866 0.0021 0.0021 0.0063  0.0051
7724 2 Apr2010  15:38 2950 2791 08475 170 247 92 93 357 321 05901 05904 0.5908 0.5969 0.0067 0.0067 0.0109 0.0091
7724 2 Apr2010  16:07 2690 2752 08197 174 254 95 9.8 373 339 05887 0.5892 0.5857 0.5907 0.0063 0.0062 0.0105 0.0087
7754 21 Apr2010  16:09 3510 2856 09428 150 233 77 94 331 352 05978 0.5908 0.6163 0.6096 0.0085 0.0077 0.0124  0.0100
7754 21 Apr2010  16:24 3200 2810 09236 151 23.1 79 94 441 364 05901 05899 0.5973 0.6034 0.0082 0.0075 0.0122  0.0099
7754 21 Apr2010  16:45 2970 2769 09008 154 238 86 98 443 372 05924 0.5897 0.5864 0.5900 0.0074 0.0070 0.0117  0.0095
7754 21 Apr2010  17:10 2730 2737 08806 158 244 90 100 450 3.85 0.5890 0.5889 0.5867 0.5872 0.0070 0.0066 0.0113  0.0091
7754 21 Apr2010  21:41 1.570 2554 0.7333 186 29.1 123 137 554 482 0.5883 05885 0.5867 0.5863 0.0043 0.0040 0.0089 0.0071
7754 22 Apr2010  10:24 0.670 2241 05072 238 368 196 207 685 604 0.5882 05887 0.5871 05877 0.0019 0.0018 0.0061  0.0049
7893  15Jun2010  13:26 0.055 2703 04600 259 360 196 20.1 386 278 0.5849 0.5852 0.5639 0.5628 0.0017 0.0017 0.0070  0.0060
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Figure 11: Response of transverse coherent modes for proton bunch P11 to lattice tune changes
during Store 7711.
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quency resolution of single modes is high (52,488 turns were analyzed in this case). The amplitude
of each mode shows some variability, as it depends on the timing of the excitation and its duration,
which were manually controlled.

At injection (150 GeV) during Store 7706, while antiprotons were being loaded into the machine
on a separate orbit, the proton signal showed a peak at the lattice tune, even without excitation
(Figure 7, top). At collisions, it was usually necessary to apply the excitation to see a signal.
When the excitation was applied, the signal was enhanced by at least a factor 10 and the pattern
of transverse coherent beam-beam modes appeared (Figure 7, center and bottom). The inset at
the bottom of Figure 7 shows that the frequency resolution is high enough to separate individual
modes.

The amplitude of the signal without excitations and a comparison with the low-frequency beam
jitter allows one to estimate the absolute magnitude of the coherent oscillations. For instance, if one
takes a typical signal-to-background ratio of 80 for the low-frequency motion, which corresponds
to an amplitude of 25 um, one obtains an amplitude of 60 nm for a signal-to-background ratio of
1.2 at the frequencies of interest. This translates into 20 nm for the average amplitude function of
75 m around the Tevatron ring (see also Ref. [33]). This is to be taken as a rough estimate, as the
signal is often below the detection limit and it varies from store to store.

Another example of signals measured without excitation is shown in Figure 8. Data was collected
during Store 7679 for antiproton bunch A25 at top energy after the low-beta squeeze, after initiating
collisions, and after scraping the halo. One can see slowly damped oscillations around Q = 0.6
and their synchtrotron sidebands.

During Store 7724, the signals of protons and antiprotons were compared (Figure 9). The elapsed
time between the two sets of measurements was necessary to swap cables and re-equalize the
signals. The structure of the spectra is similar, and one can appreciate the larger antiproton beam-
beam parameter (& = 0.009 vs. & = 0.006).

An example of bunch-by-bunch measurements for protons during Store 7706 is shown in Figure 10.
The signal from all 12 bunches in a train was recorded for 12,382 turns. All bunches show very
similar spectra except for P12, for which lower modes are present, probably due to long-range
interactions.

Figure 11 shows an example of the response of the proton coherent mode spectra to changes in
the vertical proton lattice tune during Store 7711. The lattice setting of Q) was changed from
—0.0023 to +0.0019 with respect to the nominal value. The average incoherent tunes measured
by the 1.7-GHz Schottky detectors are also shown for comparison (circles and triangles). In this
experiment, the vertical beam-beam parameter for protons (&) = 0.003) was about twice as small
as the one for antiprotons.

A special store with only 3 equally spaced proton bunches colliding with 3 antiproton bunches was
studied for beam-beam compensation purposes (Store 7893). During this store, the signal from
3 systems was recorded: the 1.7-GHz Schottky monitor, the 21-MHz Schottky monitor, and the
coherent mode detector described in this paper (Figure 12). Unfortunately, transverse beam sizes
were large, making the beam-beam parameter quite small. However, this measurement illustrates
the unique features of each system. The 1.7-GHz Schottky monitor has bunch-by-bunch capability
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and good separation of the proton and antiproton signals. It is routinely used to report the average
tune of each beam every minute. Because it operates at a large harmonic number (h = 35,631),
the sidebands contain a large number of synchrotron satellites and their widths are dominated by
the momentum spread of the beam. The 21-MHz Schottky system has better frequency resolu-
tion, but it cannot distinguish protons from antiprotons and it is not gated to individual bunches.
The coherent-mode detector has high frequency resolution and fast bunch-by-bunch response. It
currently requires excitation of the beam, but this limitation can be overcome by automatically
filtering and equalizing the signals to extend its dynamic range. The interpretation of the spectra
for large beam-beam parameters, high number of bunches, and complex collision patterns can also
be considered a limitation.

An illustration of the evolution of transverse coherent modes over a complete store is shown in
Figure 13 for vertical antiproton oscillations. As expected, on can see that as the beam-beam force
weakens, the spread in coherent modes decreases. Over the course of a store, the lattice tunes need
to be periodically adjusted to keep the average incoherent tune close to the desired working point.
The bare lattice tune for antiprotons (black triangles) and for protons (empty triangles) is estimated
from the machine settings and their calibration. The vertical tick marks represent the prediction of
the simplified model presented in Section 2 using the estimated bare lattice tunes and the beam-
beam parameters calculated from the measured beam intensities and synchrotron-light emittances.
Except for the last two measurements, which may be affected by the evolving linear coupling and
by a slight miscalibration of the tune settings, one can see that the estimated lattice tune lies below
the first group of eigenmodes, and that the predicted eigenfrequencies are close to the measured
peaks. Obviously, the measured spectra are richer than those predicted by the simplified model,
and a complete explanation requires a more detailed description of the beam dynamics.

6 Conclusions

A system was developed to measure the spectra of coherent beam-beam oscillations of individual
bunches in the Tevatron. It is based on the analysis of the digitized signal from a single beam-
position monitor. It requires applying band-limited noise to the beam, but an extension of its
dynamic range should be possible, if needed, so as to operate without excitation.

The device has a response time of a few seconds, a frequency resolution of 1.6 x 107 in fractional
tune, and it is sensitive to oscillation amplitudes of 60 nm. It complements Schottky detectors as a
diagnostic tool for tunes, tune spreads, and beam-beam effects. To our knowledge, it provides the
cleanest measurement of coherent beam-beam modes in hadron machines.

It was confirmed that coherent oscillations in the Tevatron are stable, probably thanks to the differ-
ent intensities of the two beams, their tune separation, and chromaticity. The average amplitude of
the oscillations around the ring was estimated to be of the order of 20 nm.

A simplified collision model was used to calculate mode eigenfrequencies, and it showed good
agreement with observations. Spectra were acquired at different tune separations, beam-beam
parameters, and collision schemes to provide an experimental basis for beam-beam numerical
codes.
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A Data sets

Store Lumi. File Samples Bunches Turns  Notes

6200 2008_-06_06_11_28_58 82 Al1-A12? 21857 Set1, 18 dB (bad first 13 turns)
2008_06-06_11.29_22
2008_06_06_11_29_45
2008-06-06-11_30_08 bad time stamps
2008-06-06-11_30_28
2008-06-06-11_31.03
2008-06-06-11_32_50
2008_06_06-11_33_33
2008-06-06-12.29_14 21857  Set 2 (bad time stamps)
2008_06.06_12_29_37 (bad time stamps)
2008-06-06-12_29_58
2008-06_06-12_30_18
2008-06_06-12_30_46
2008-06-06-12_31_08
2008-06-06-12_31_27
2008-06-06-12_31_47
2008_06_06_15_24_57 21438  Set 3 (jump in time stamps)
2008.06.06-1525_31
2008_06-06_15_26_02
2008-06-06_15_26_48
2008-06_06_1527_14 (jump in time stamps)
2008-06_06_15_27_38
2008-06_06_15_28_05
2008_06_06_15_28_26
2008-06-06_17_04_33 21438  Set 4 (satur. in 7-12)
2008-06_06_17_04_50 (jump in time stamps)
2008-06-06-17_05_09 (sat.)
2008-06_06_17_05_28 (sat.)
2008-06-06-17_05_50 (sat.)
2008_06_06_17_06_08 (jump in time stamps)
2008-06.06_17_06-27 (jump in time stamps)
2008-06_06_17_06_50 (jump in time stamps)
2008-06-06-17_07_21 (sat.)

6214 2008-06-10. .. 82 A/P1-127 21438 Store evolution, p+ p

7662 155 2010-03.09_15.07_46 75 A7 62500 TEL on A7 250V
2010.03.09_15_31_17 Al-Al12 21445 -

2010-03.09_15-45_54
2010-03.09-15.55_09
2010-03.09-16_46_48

134 2010-03_09.16.48_19

TEL off

pbar Qv +.002
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7663 156 2010.03.10_12_.09_33 75 Al1-A12 21445 TEL off
2010.03.10_12_11_08 p Qv +.003

7668 138 2010.03_12_11.37.43 75?7  A1-Al12? 214457 no tickling
2010.03.12_11.42_37 PBJ on
2010.03_12_11.42_56 -
2010.03_12_11_43_48 -
2010.03_12_11_45_46 pbar Qv +.002
2010.03_12_11_46_06 -
2010.03_12_11_4622 -
2010.03_12_11.52.24 pbar Qh +.002

129  2010.03_12_11.56_20 pbar Qh —.002

7678 56 2010.03.15_13_08_04 75 A25 62500 no tickler, dt err
2010.03.15.13_08_39 tickler on
2010.03.15.13.09_02 -
2010.03.15.13.09_18 -
2010.03_15.13.10_21 tickler off
2010.03_15.13_10_58 tickler on
2010.03.15.13_14_28 pbar Qv +.003, tickler on
2010.03.15.13_14.43 -
2010.03_15_.13_15_04 -
2010.03_15.13_15_32 pbar Qv +.003, tickler off
2010.03_15.13_16_48 pbar Qh +.003, tickler on
2010.03_15.13_17_08 -
2010.03.15.13.20_07 pbar Qh —.002, tickler on
2010.03.15.13.20_26 -
2010.03_15.13.20_54 -
2010-03_15_13.22_15 pbar Qv —.002, tickler on
2010.03_15.13.22_35 -
2010.03_15_13.24_47 original tunes, tickler off
2010.03.15.13.25_08 -

7679 2010.03_15_15_41_40 75 A25 62500 lowp before init. coll., SATUR.
2010.03_15_1542_01 initiate collisions
2010.03_15_15.43_16 -
2010.03_15.1544_11 -
2010.03_15.15.45_17 -
2010.03_15.15_46_19 -
2010.03_15_15.51_40 after scrape, collimators out

348 2010.03_15_15.52.01 -
2010.03.15.16_00_57 -

7706 2010.03.25_14_46.56 75 P1 62500 injection, 2 pbar transfers in
2010.03.25_14.51_17 P1 injection, 4 transfers
2010.03-25-14_53_09-150 150 P1 62500 injection, 5 trans., saturation
2010.03.25_14.57_27 75 P1 62500 7 transfers
2010.03.25_15.01_18 P1 injection, all pbars loaded
2010.03.25_.15_13_06 P1 collisions initiated at 15:09
2010.03.25_.15_1521 P1 collisions

342 2010.03.25_1522_18-P12 P12 collisions
2010.03.25.1524_34-P12 P12 collisions
2010.03.25.1527_33-P12 P12 collisions
2010.03.25.15.29_45-P11 P11 collisions
2010.03.25.16_18_09 150 P11 coll, no excit.

268 2010.03.25.16.19.48 150 P11 coll, vtick on
2010.03.25.16.22_15 150 P1-P12 12382  vtick on
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2010-03-25-16_29_14
2010-03-25_16_30_14

p Qv +.001

2010.03-25.16-34_09 P12 62500 vtick, nominal proton Qv
257 2010.03.25.16_34_57 vtick, proton Qv +.001
7711 149 2010.03.26_11_44_59 150 P11,P12 52707 vtick off
2010.03.26_12_08_51 vtick on
2010.03.26_12_11_40 vtick, proton Qv —.0025
2010.03.26_12_14_32 proton Qv +.002
2010.03.26_12_23_18 pbar Qv +.001
2010.03.26_14_17_31 Al1,A12 vtick off
2010-03.26_14.49_54 proton vtick on
2010-03.26_15-44_09 Al1,A2 pbar tickler on
2010.03.26_15.45_19 pbar Qv +.002

105 2010.03_26_15_46_45 pbar Qv —.002

7717 121 2010.03.30_18_17_50 150 Al13,A14 52707 TEL=200
2010.03.30_18_25_09 TEL=550
2010.03_30_18_39_01 TEL=0
2010.03_30_.19_05_49 TEL=0
2010.03.30.19_08_07 TEL=200

113 2010.03.30.19.09_50 TEL=400

7719 82 11.53.25t0 12_03_28 (10 files) 150 Al13,A14 52707 VTICK ON
12.19_.47 to 123156 (10 files) VTICK ON, TEL2 ON 500 V

78 123536 to 12_.39_03 (10 files) VTICK ON, pbar Qv —.0022

7724 2010.04.02_13.25_42 150 Al13,A14 52707 NO BEAM
2010.04.02_13_26_09 NO BEAM
2010.04.02_13_40_15 -
2010.04_02_13_40_40 -
2010.04_02_13.59_11 Al13,A14 uncoalesced protons
2010.04.02_13.59_28 -

339 2010.04.02_15.08_24 Al3,Al14 no tickling

327 2010.04.02_15_14_55 proton vtick
2010.04.02_15_15_57 -
2010.04.02_15.16_40 -

293  2010.04.02_15_37_21 pbar vtick
2010.04.02_15_37_47 -
2010.04.02_15_38_16 -
2010.04_02_16_06_50 P13,P14 proton vtick
2010.04.02_16_07_15 -
2010.04.02_16_07_45 -
2010.04.02_16_20_55 no tickling
2010.04.02_.16_21_12 -

256 2010.04.02_16_21_32 -

7754 352 2010.04.21.16_08_08 150 Al13,A14 52707 Store evolution, Set 1
2010.04_21_.16_08_57
2010.04_21.16_.09_26

315 2010.0421.16.23.42 Set 2
2010.04_21_.1624_11
2010.04_21_.16_24_34

297 2010.0421_16.45.01 Set 3
2010.04_21.16_45_26
2010.04_21_16_45_50

273  2010.04_21_17_.08_50 Set 4

2010.04-21_17.09.53
2010.04.21_17_10_18
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66

2010-04.21_21.40_47
2010.04-2121.41_15
2010_04.2121.41.37
2010-04.22_10-23_49
2010-04.22_10-24_10
2010.04.22_1024.33
2010-04.22_10_24_54
2010-04.22_10_25_27

Set 5

Set 6

7893

6

2010.06-15-13_25_41
2010-06-15-13_26_14
2010-06-15-13_26_38
2010-06-15-13_27_00
2010.06-15-13_29_34
2010.06-15-13_30_02
2010.06.15_13_30_31
2010-06-15-13_30_58
2010-06-15-13_31_26

150

Al3,A14

52707

3% 3 store, nominal

TEL2 on A1,A13,A25400 V 12.5 mA

B Analysis script: analyze.R

# Read and analyze Tevatron BPM VB11 digitizer data
# 1. Choose log file name

prefix <- "test"

# 2. Choose whether to overwrite or not

OVERWRITE <- FALSE

# 3. Choose data sets to analyze

source(’dataset_definitions.R’) # load data set descriptions

dataset.list <- 136

#dataset.
#dataset.
#dataset.
#dataset.
#dataset.
#dataset.
#dataset.
#dataset.
#dataset.
#dataset.
#dataset.
#dataset.

list
list
list
list
list
list
list
list
list
list
list
list

<_

1:5 # Store 7662

6:7 # Store 7663

8:12 # Store 7668
13:30 # Store 7678
31:38 # Store 7679
39:56 # Store 7706
57:66 # Store 7711
67:72 # Store 7717

73:100 # Store 7719

101:115 # Store 7724
116:135 # Store 7754
136:144 # Store 7893

# 4. Slice synchronization?

ALIGN <- TRUE

# 5. Compress PDF files with pdftk?

PDFTK <- TRUE

# Set up output file names and log file
logfile <- paste(prefix, "_log.txt", sep="")

unlink(logfile)
sink(logfile, split=TRUE)

cat("\nAnalysis of Tevatron BPM VB11 digitizer data\n")
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cat("Start: ", date(),"\n")

opar <- par(no.readonly = TRUE)
library("RSEIS") # used to compute Slepian windows
T <- TRUE; F <- FALSE
# Matlab-like color palette
matlab.colors <-colorRampPalette(
c("#00007F", "blue", "#OO7FFF", "cyan", "#7FFF7F", "yellow",
"#FF7FO0", "red", "#7F0000"))

#

# === LOOP OVER DATA SETS

#

cat("Looping over data sets...\n")
for(id in dataset.list){

cat("\n\nAnalyzing dataset ",id,": ",DataSets[[id]]$descr,"\n")
graphics.off ()

#

# === DIGITIZER SETTINGS ===

#

nTurns <- DataSets[[id]]$nT # number of segments
nBunches <- DataSets[[id]]$nB # sampled bunches per turn
nPtsb <- DataSets[[id]]$nP # number of points per bunch
dT <- O # sampling period (s)

if (nPtsb==75 | nPtsb==82) dT <- 250e-12

if (nPtsb==150) dT <- 125e-12

dTps <- dT*lel2 # sampling period (ps)

fSamp <- 1/dT # sampling frequency (Hz)

TO <- seq(0, by=dT*1lel2, length=nPtsb)

nData <- nTurns*nBunches*nPtsb

cat("nTurns = ", nTurns, "; nBunches = ", nBunches, "; nPtsb = ",
nPtsb, "; 4T = ", dTps, " ps\n")

#

# === FFT SETTINGS ===

#

oTurns <- O # skip first oTurns turns

pTurns <- nTurns-oTurns # max turns to be processed

#pTurns <- 1024 # max turns to be processed

tuneRes <- le-6 # desired tune resolution

nBins <- nextn(round(pTurns/2) :pTurns) # find best number of bins for
nBins <- max(nBins[nBins<=pTurns]) # efficient FFT

nBins <- min(nBins, nextn(round(1/tuneRes)))

effTuneRes <- 1/nBins # effective tune resolution

jRes <- 2 # Slepian window resolution in bins

Win <- get.slepians(nBins, 1, jRes)[,1] # Slepian window

#Win <- rep(1l, nBins) # no windowing

# optimal spacing of overlapping FFT segments (= nbins-overlap)
nTarget0ff <- 0.7*nBins/sqrt(jRes+0.3)

nSeg <- round((pTurns-nBins)/nTarget0ff) + 1

if (nSeg > 1){
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n0ff <- floor((pTurns-nBins)/(nSeg-1))

i1 <- seq(1l, by=n0ff, length=nSeg) # segment indices

i2 <- il+nBins-1
} else {nOff <- 0; i1l <- 1; i2 <- nBins}
favg <- seq(0, by=effTuneRes, length=nBins) # frequencies

#
# === SLICE SELECTION ===
#

sigfr <- 0.10 # signal is above this fraction of amplitude
bkgfr <- 0.02 # background is below this fraction of amplitude

#
# === DISPLAY SETTINGS
#

fmaxHz <- 130 # span of low frequency view
fmin <- 0.565; fmax <- 0.605 # narrow view
ifmin <- round(nBins*fmin)

ifmax <- round(nBins*fmax)

ncolo <- 128

#
# == BEGIN LOOP OVER FILES IN DATA SET ==
#
cat("Looping over files in data set...\n")

F2dDataSet <- array(0, dim=c(nBins,nBunches,nPtsb))
FildDataSet <- array(0, dim=c(nBins,nBunches))
F1dBkg <- array(0, dim=c(nBins,nBunches))

for(datafile in DataSets[[id]]$files){
gc(verbose=FALSE) # garbage collecting

# read binary data
cat(paste("\nReading data file ", DataSets[[id]]$dir, "/", datafile,
L ‘\nu R sep=""))

horPos <- numeric(nTurns) # time of first data point
A <- integer(8+*nTurns)
tStamp <- numeric(nTurns)

fname <- paste(DataSets[[id]]$dir,"/",datafile,".dat",sep="")
fp <- file(fname, open="rb")
for(i in 1:nTurns){
horPos[i] <- readBin(fp, "numeric", 1, size=8, endian="little")
AL(C(i-1)*8+5): ((1i-1)*8+8)] <- readBin(fp, "integer", 4, size=2,
signed=FALSE, endian="little")
tStamp[i] <- A[(i-1)#*8+5] +
A[(i-1)*8+6] *65536 + # 2716
A[(i-1)*8+7] *4294967296 + # 2732
A[(i-1)*8+8] *281474976710656 # 2748
}
horPos <- horPos * 1el2 # ps
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B <- readBin(fp, "integer", n=nData, size=2, signed=TRUE,
endian="little")
close(fp)

cat ("Processing time stamps...\n")

# average revolution period

tRev <- diff(tStamp)

tRevAve <- mean(tRev)

fRevAve <- lel2/tRevAve

cat ("Average revolution period =", format(tRevAve, dig=10),
"ps (frev =", format(fRevAve, dig=10), "Hz)\n")

if (abs (fRevAve-47713.111) > 1e2) stop("ERROR: check time stamps.")

# expected time stamps

# tOmin is the time stamp that makes average deviation = 0O

tOmin <- mean(tStamp) - tRevAvex(nTurns-1)/2

# ideal time stamps

tStampO <- seq(tOmin, by=tRevAve, length=nTurns)

# deviations from expected time stamps

dtStamp <- tStamp-tStampO

dtCorr <- horPos + dtStamp - mean(horPos)

cat("Average trigger shift =", format(mean(dtStamp), dig=5), "ps\n")
cat("Standard deviation =", format(sd(dtStamp), dig=5), "ps\n")
cat ("Average time correction =", format(mean(dtCorr), dig=5), "ps\n")
cat("Standard deviation =", format(sd(dtCorr), dig=5), "ps\n")

cat ("Processing data...\n")

fill raw data array

<- array(B, dim=c(nPtsb,nBunches,nTurns))

<- aperm(D) # reshape: nTurns, nBunches, nPtsb

keep only data to be processed

<- D[(oTurns+1): (oTurns+pTurns),,, drop=FALSE]

#D <- array(D[(oTurns+1): (oTurns+pTurns),,], dim=c(pTurns,nBunches,nPtsb))
D <- D * 0.5 / 32767 # Volts

O # OO #

#Daligned <- array(0, dim=c(pTurns,nBunches,nPtsb))
Daligned <- D
tsynch <- function(y) {

dt <- yl[length(y)] # encode dt as last element

yy <= y[1:(length(y)-1)]

# linear interpolation (faster)
# yout <- approx(x=TO, y=yy, xout=(TO-dt), method="linear", rule=2)$y
# spline interpolation

yout <- spline(x=TO, y=yy, xout=(TO-dt), method="natural")$y

# fix edges in case of spline interpolation

yout [(TO-dt)<min(T0)] <- rep(yy[1]l, length(yout[(TO-dt)<min(T0)]))
yout [(T0-dt) >max(T0)] <- rep(yy[length(yy)]l, length(yout[(TO-dt)>max(T0)]1))
return(yout)}

if (ALIGN) {

cat("Aligning slices based on time stamps...\n")

cat(date(),"\n")
for(i in 1:nBunches){

cat(" Bunch ",i,"/",nBunches,"...\n")

Dt <- cbind(D[,i,],dtCorr[(oTurns+1) : (oTurns+pTurns)])
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Da <- apply(Dt, 1, tsynch)

Daligned[,i,] <- aperm(Da)}

rm(Dt,Da)

cat(date(),"\n")

} else cat("WARNING: No slice synchronization.\n")

cat("Calculating average signal...\n")

Dav <- array(dim=c(nBunches,nPtsb))

for(i in 1:nBunches){

Dav[i,] <- colMeans(Daligned[,i,], dim=1)}

# Dav[i,] <- apply(Daligned[,i,], 2, median)}

cat("Calculating deviations from average...\n")

dD <- array(data=0, dim=c(pTurns,nBunches,nPtsb))

for(i in 1:nBunches){

dD[,i,] <- scale(Daligned[,i,], center=Dav[i,], scale=FALSE)}

cat("Calculating FFTs...\n")

cat("Data length = " ,pTurns,"\n")
cat("Skipping first ", oTurns," turns\n")

cat ("Resolution = ",effTuneRes,"\n")
cat("Bins per segment = ",nBins,"\n")
cat("Segment overlap = ",nBins-nOff,"\n")
cat("# of overlapping segments = ",nSeg,"\n")

cat ("Segment indices:\n", i1,"\n",i2,"\n")
FDavg <- array(0, dim=c(nBins,nBunches,nPtsb))
for(i in 1:nBunches){
for(k in 1:nSeg){ # process overlapping segments
for(j in 1:nPtsb){
signal <- dD[i1[k]:i2[k],1,j]
FDavg([,i,j] <- FDavgl[,i,j] + Mod(fft(Win * signal))
}
1
FDavg <- FDavg / nSeg / nBins
F2dDataSet <- F2dDataSet + FDavg

cat ("Summing FFTs of signal and background slices...\n")
FDsig <- array(0,dim=c(nBins, nBunches))
FDbkg <- array(0,dim=c(nBins, nBunches))

cat("Signal fraction: above ", sigfr, " of amplitude range\n")

cat ("Background fraction: below ", bkgfr, " of amplitude range\n")
for(k in 1:nBunches){

# candidate slices for signal and background

candi <- 1:nPtsb

# remove saturated slices

dummy <- apply(D[,k,], 2, quantile, probs=c(0,1))

mi <- dummy[1,]; ma <- dummy[2,]

satu <- which(mi<=-0.498 | ma>=0.498)

if (length(satu)>0) cat("WARNING: Saturated slices (bunch",k,"):",satu,"\n")
candi <- candi[!(candi %in% satu) ]

# exclude edge slices mostly affected by alignment procedure

if (ALIGN) {

lower.slice <- ceiling(as.numeric(
quantile(abs(dtCorr[dtCorr<0])/(dT*1el2), probs=0.9)))
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upper.slice <- nPtsb - ceiling(as.numeric(
quantile(dtCorr [dtCorr>0]/(dT*1el12), probs=0.9)))
cat("Edge slices affected by alignment (bunch",k,"):", lower.slice,
" ", upper.slice,"\n")
} else {lower.slice <- 1; upper.slice <- nPtsb}
candi <- candi[ (lower.slice<candi) & (candi<upper.slice) ]
# choose slices with largest and smallest signal amplitudes
dummy <- apply(dD[,k,], 2, quantile, probs=c(0.01,0.99))
ampli <- dummy[2,] - dummy[1,]
sigsl <- candi[ which(ampli[candi] > min(ampli[candi]) +
sigfr*diff (range (ampli[candi]))) 1]
bkgsl <- candi[ which(ampli[candi] < min(ampli[candi]) +
bkgfr+diff (range(amplil[candil))) ]

# require at least 2 signal slices and 3 background slices
lampli <- length(ampli[candi])
if (lampli < 5) stop("Not enough candidate slices for signal and background\n")
if (length(sigsl) < 2)

sigsl <- candi[ sort(ampli[candi],index.return=TRUE)$ix[(lampli-1):lampli] ]
if (length(bkgsl) < 3)

bkgsl <- candi[ sort(amplilcandi],index.return=TRUE)$ix[1:3] ]
cat("Signal slices (bunch",k,"):",sigsl,"\n")
cat ("Background slices (bunch",k,"):",bkgsl,"\n")
# average over signal slices
if(length(sigsl) > 1) FDsigl[,k] <- rowMeans(FDavgl,k,sigsl])
if (length(sigsl) == 1) FDsigl[,k] <- FDavgl[,k,sigsl]
# average over background slices
if (length(bkgsl) > 1) FDbkgl,k] <- rowMeans(FDavgl[,k,bkgsl])
if (length(bkgsl) == 1) FDbkgl[,k] <- FDavgl,k,bkgsl]

FldDataSet <- FldDataSet + FDsig
F1dBkg <- F1dBkg + FDbkg

# == SUMMARY PLOTS FOR CURRENT FILE ==
for(ib in 1:nBunches){

ptsize <- 9

pdffnt <- "Helvetica"

pdfwid <- 6 # in

pdfhei <- 8 # in

# random temporary name, so that parallel processes do not interfere
tmpf <- paste(letters[round(runif(12,0.5,26.5))], collapse="")

tmpf <- paste(tmpf, ".pdf", sep="")

dev.new(file=tmpf, width=pdfwid, height=pdfhei, pointsize=ptsize,
family=pdffnt, bg="white")

par (opar)
layout (matrix(c(1,2,3,4,5,5),3,2,byrow=TRUE))
par (oma=c(0.1,0.1,4,0.1), mar=c(3.1,3.1,0.1,0.1), mgp=c(2,0.25,0), tck=.01)

cat("Plotting time stamp distributions...\n")

hist(dtStamp, main="", xlab="Deviation of trigger time stamps (ps)", ylab="")
box ()
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hist(horPos, main="", xlab="Delay between trigger and first sample (ps)",
ylab= nn )
box ()

cat("Plotting aligned TBT data...\n")
plot(c(1,nPtsb), range(Daligned), type="n",
xlab="Slice #", ylab="Quantiles of VB11 signals (V)")
boxplot(Daligned[1:pTurns,ib,], range=0, whisklty="solid", notch=FALSE,
boxcol="#7F0000", boxfill="#7F0000", xaxp=c(1l,nPtsb,5),
add=TRUE, axes=FALSE, at=1:nPtsb)

cat("Plotting differences from average...\n")
plot(c(1,nPtsb), range(dD), type="n",
xlab="Slice #", ylab="Quantiles of deviations from average (V)")
boxplot(dD[1:pTurns,ib,], range=0, whisklty="solid",
boxcol="#7F0000", boxfill="#7F0000", notch=FALSE, xaxp=c(1l,nPtsb,5),
add=TRUE, axes=FALSE, at=1:nPtsb)

cat("Plotting coherent oscillations vs. time...\n")
#VBl1cal <- 350 # VB11 calibration in um/V

#cat ("Using approximate VB11l calibration: ", VBllcal, "um/V\n")
plot(seq(1l,pTurns)/fRevAve,
# VBl1lcal*dD[1:pTurns,ib,sigsl [which.max(ampli[sigsl])]1],
rowMeans(dD[1:pTurns, ib, sigsll),
type="1",
xlab="Time (s)",
# ylab=expression(paste("Position of bunch centroid (", mu,'"m)"))
ylab="Difference signal (V)"
)

mtext (paste(DataSets[[id]]$dir, "/", datafile, " - ",
DataSets[[id]]$descr, " (bunch ", ib, ")", sep=""),
side=3, line=2, outer=TRUE, font=2)

ofnm <- paste("summary_", datafile, "_b",
formatC(ib, width=2, flag="0"), ".pdf", sep="")
if (OVERWRITE) ofnm <- paste(DataSets[[id]]$dir,"/", ofnm, sep="")
cat("Saving plots to file ", ofmm," ...\n")
if (interactive()) {
dev.print(pdf, file=tmpf, width=pdfwid, height=pdfhei, pointsize=ptsize,
family=pdffnt)} else {dev.off()}
# compress with pdftk if available
if (PDFTK)
system(paste("pdftk",tmpf,"output",ofnm, "compress")) else
system(paste("mv",tmpf,ofnm))
unlink (tmpf)

layout (1)
par (opar)

} # end of loop over bunches

graphics.off ()
} # end of loop over files in data set
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cat("Calculating signal and background for data set...\n")

F2dDataSet <- F2dDataSet / length(DataSets[[id]]$files)
FldDataSet <- FidDataSet / length(DataSets[[id]]$files)
F1dBkg <- F1dBkg / length(DataSets[[id]]$files)

f <- favg[l:(nBins/2+1)]

F2D <- F2dDataSet[1:(nBins/2+1),, ,drop=FALSE]

F1D <- Fi1dDataSet[1:(nBins/2+1),,drop=FALSE] / F1dBkg[1: (nBins/2+1),,drop=FALSE]
# noise-level summary

fnoil <- 0.1; fnoi2 <- 0.35

noi <- fnoil < f & £ < fnoi2 # define noise region

cat("Noise evaluated between ", fnoil, " and ", fnoi2, ".\n")

cat("Noise level summary:\n")

print (quantile(F1D[noi,], probs=c(0,pnorm(-1),0.5,pnorm(1),1)))

NoiseRMS <- as.numeric(diff (quantile(F1D[noi,], probs=c(pnorm(-1),pnorm(1))))/2)
cat("Noise ’rms’ (+-34%): ", NoiseRMS, "\n")

ofnm <- paste(DataSets[[id]]$prefix, ".RData", sep="")

if (OVERWRITE) ofnm <- paste(DataSets[[id]]$dir,"/", ofnm, sep="")
cat("Saving data-set arrays to file ", ofnm, "...\n")

save(f, F1D, file=ofnm)

#save(f, F1D, file=ofnm, compress="xz")

#

# == SUMMARY PLOTS FOR CURRENT DATA SET

#

cat("Setting up data-set plots...\n")

for(ib in 1:nBunches){

ptsize <- 9

pdffnt <- "Helvetica"

pdfwid <- 8 # in

pdfhei <- 6 # in

# random temporary name, so that parallel processes do not interfere

tmpf <- paste(letters[round(runif(12,0.5,26.5))], collapse="")

tmpf <- paste(tmpf, ".pdf", sep="")

dev.new(file=tmpf, width=pdfwid, height=pdfhei, pointsize=ptsize,
family=pdffnt, bg="white")

par (opar)
par (oma=c(0.1,0.1,4,0.1), mfrow=c(4,1), mgp=c(2,0.25,0), tck=.01, xaxs="i")

cat ("Plotting low-frequency spectrum of slices...\n")

par (mar=c(0,3.1,3.1,0.1))

flow <- (favg*fRevAve <= fmaxHz)

x <- favg[flow]*fRevAve

y <- 1:nPtsb

z <- 20%logl0(F2dDataSet[flow,ib,1:nPtsb])

image(x=x, y=y, z=z, col=matlab.colors(ncolo), xlab="", ylab="Slice #",
axes=FALSE, xlim=range(x))

axis(2); axis(3); box()

mtext ("Low-frequency spectrum", side=3, line=2, font=2)

rm(z)
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cat("Plotting low-frequency spectrum (signal/background)...\n")
par(mar=c(4,3.1,0,0.1))
plot((favg[flow] -effTuneRes/2) *fRevAve,
(FldDataSet [flow,ib] /F1dBkg[flow,ibl), type="s",
xlab="Frequency (Hz)", ylab="Signal/noise amplitude", xlim=range(x))

cat("Plotting tune spectrum of slices...\n")

par(mar=c(0,3.1,3.1,0.1))

x <- favglifmin:ifmax]

y <- 1:nPtsb

z <- 20%loglO(F2dDataSet [ifmin:ifmax,ib,1:nPtsb])

image(x=x, y=y, z=z, col=matlab.colors(ncolo), xlab="", ylab="Slice #",
axes=FALSE, xlim=range(x))

axis(2); axis(3); box()

mtext ("Tune spectrum", side=3, line=2, font=2)

rm(z)

cat ("Plotting tune spectrum: signal/background...\n")
par (mar=c(3.1,3.1,0,0.1))
plot(favg[ifmin:ifmax]-effTuneRes/2,
(FldDataSet [ifmin:ifmax,ib] /F1dBkg[ifmin:ifmax,ib]),
type="s", xlab="Fractional tune", ylab="Signal/noise amplitude", xlim=range(x))

mtext (paste(DataSets[[id]]$dir, " ", DataSets[[id]]$descr,
" (bunch " , ib, nyn s sep=" " ,
side=3 N line=2 B outer=TRUE s font=2)

ofnm <- paste(DataSets[[id]]$prefix, "_b",
formatC(ib,width=2,flag="0"), ".pdf", sep="")
if (OVERWRITE) ofnm <- paste(DataSets[[id]]$dir,"/", ofnm, sep="")
cat("Saving plots to file ", ofnm," ...\n")
if (interactive()) {
dev.print(pdf, file=tmpf, width=pdfwid, height=pdfhei, pointsize=ptsize,
family=pdffnt)} else {dev.off()}
# compress with pdftk
if (PDFTK)
system(paste("pdftk",tmpf,"output",ofnm, "compress")) else
system(paste ("mv",tmpf,ofnm))
unlink (tmpf)

#layout (1)

par (opar)

} # end of loop over bunches

} # end of loop over data sets

par (opar)

cat("\nStop: ", date(),"\n")
sink ()
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C Data definitions script: dataset definitions.R

#

# === VB11 BPM DIGITIZER DATA-SET DESCRIPTIONS ===
#

DataSetDescr <- function(print=FALSE) {
cat("Loading data-set descriptions...\n")

DataSets <<- list(

# === STORE 6200 ===

#list(descr="18 dB",

prefix="excl18",

nT=21857, nB=12, nP=82,

dir="Store6200/1", # set 1

files=c(
"2008_06_06_11_28_58", # set 1, bad first 13 turns?
"2008_06_06_11_29_22",
"2008_06_06_11_29_45",
"2008_06_06_11_30_08" # broken time stamps
"2008_06_06_11_30_28",
"2008_06_06_11_31_03",
"2008_06_06_11_32_50",
"2008_06_06_11_33_33"
D),

#list (descr="36 dB",

prefix="exc36",

nT=21857, nB=12, nP=82,

dir="Store6200/2", # set 2

files=c(
"2008_06_06_12_29_14", # bad time stamps
"2008_06_06_12_29_37", # bad time stamps
"2008_06_06_12_29_58",
"2008_06_06_12_30_18",
"2008_06_06_12_30_46",
"2008_06_06_12_31_08",
"2008_06_06_12_31_27",
"2008_06_06_12_31_47"
),

#1ist(descr="36 dB",

prefix="exc36",

nT=21438, nB=12, nP=82,

dir="Store6200/3", # set 3

files=c(
"2008_06_06_15_24_57", # jump in time stamps
"2008_06_06_15_25_31",
"2008_06_06_15_26_02",
"2008_06_06_15_26_48",
"2008_06_06_15_27_14", # jump in time stamps
"2008_06_06_15_27_38",
"2008_06_06_15_28_05",
"2008_06_06_15_28_26"
),

H o H H H HF HHHHHEHH H o HF O H O H O HHEHHH

H oH HF OHOH HH HFHHHHH
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#list(descr="36 dB",

# prefix="exc36",

# nT=21438, nB=12, nP=82,

# dir="Store6200/4", # set 4

# files=c(

# "2008_06_06_17_04_33" # saturation in bunches
# "2008_06_06_17_04_50", # jump in time stamps
# "2008_06_06_17_05_09", # sat.

# "2008_06_06_17_05_28", # sat.

# "2008_06_06_17_05_50", # sat.

# "2008_06_06_17_06_08", # jump in time stamps
# "2008_06_06_17_06_27", # jump in time stamps
# "2008_06_06_17_06_50", # jump in time stamps
# "2008_06_06_17_07_21" # sat.

# ),

# === STORE 6214 ===

#list(descr="36 dB",
prefix="exc36",
nT=21438, nB=12, nP=82,
dir="Store6214/pbar/1", # pbar set 1
files=c(
"2008_06_10_14_14_14"
),
#list (descr="no exc.",
prefix="noexcA",
nT=21438, nB=12, nP=82,
dir="Store6214/prot/1", # prot set 1
files=c(
"2008_06_10_14_46_07" # set 1, no excitation
"2008_06_10_14_47_20",
"2008_06_10_14_47_48"
),
#list(descr="20 dB",
prefix="exc20",
nT=21438, nB=12, nP=82,
dir="Store6214/prot/1", # prot set 1
files=c(
"2008_06_10_14_51_40"
),
#list(descr="30 dB",
prefix="exc30",
nT=21438, nB=12, nP=82,
dir="Store6214/prot/3", # prot set 3
files=c(
"2008_06_10_21_00_03" # bad time stamps
"2008_06_10_21_00_47" # bad time stamps
"2008_06_10_21_01_12" # bad time stamps
),

H B H O HH H O H OH H O B H H B H O HH

H O H O H O B H

# === STORE 7662 ===
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#list (descr="TEL on A7",
prefix="A7_TELon",
nT=62500, nB=1, nP=75,
dir="Store7662",
files=c(
"2010_03_09_15_07_46" # TEL on A7, 250 V, bad time stamps
),
list(descr="A1-A12, TEL on A7T",
prefix="A1-A12_TELon_a",
nT=21445, nB=12, nP=75,
dir="Store7662",
files=c(
"2010_03_09_15_31_17" # TEL on A7, 250 V
),
list(descr="A1-A12, TEL on A7",
prefix="A1-A12_TELon_b",
nT=21445, nB=12, nP=75,
dir="Store7662",
files=c(
"2010_03_09_15_45_54" # TEL on A7, 250 V
),
list(descr="A1-A12, nominal",
prefix="A1-A12_nominal_a",
nT=21445, nB=12, nP=75,
dir="Store7662",
files=c(
"2010_03_09_15_55_09" # A1-A12, nominal
),
list(descr="A1-A12, nominal",
prefix="A1-A12_nominal_b",
nT=21445, nB=12, nP=75,
dir="Store7662",
files=c(
"2010_03_09_16_46_48" # A1-A12, nominal
),
list(descr="A1-A12, aQv +0.002",
prefix="A1-A12_aQvp002",
nT=21445, nB=12, nP=75,
dir="Store7662",
files=c(
"2010_03_09_16_48_19" # A1-A12, pbar Qv +0.002
),

H O H HF H H

# === STORE 7663 ===

list(descr="A1-A12, nominal",
prefix="A1-A12_nominal",
nT=21445, nB=12, nP=75,
dir="Store7663",
files=c(
"2010_03_10_12_09_33" # A1-A12, nominal
),
list(descr="A1-A12, pQv +0.003",
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prefix="A1-A12_pQvp003",

nT=21445, nB=12, nP=75,

dir="Store7663",

files=c(
"2010_03_10_12_11_08" # A1-A12, p Qv + 0.003
),

# === STORE 7668 ===

#list (descr="no tick",
prefix="notick",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_37_43" # no tickling, bad time stamps
),
list(descr="PBJ on",
prefix="PBJon_a",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_42_37" # PBJ on
),
list(descr="PBJ on",
prefix="PBJon_b",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_42_56" # PBJ on
),
list(descr="PBJ on",
prefix="PBJon_c",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_43_48" # PBJ on
),
#list(descr="aQv +0.002",
prefix="aQvp002_a",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_45_46" # pbar Qv +0.002, bad time stamps
),
#list(descr="aQv +0.002",
prefix="aQvp002_b",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_46_06" # pbar Qv +0.002, bad time stamps
D),
#list (descr="aQv +0.002",
# prefix="aQvp002_c",

H O H H H H

H O H O H H

H o H O HH
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nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_46_22" # pbar Qv +0.002, bad time stamps
),
list(descr="aQh +0.002",
prefix="aQhp002",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_52_24" # pbar Qh +0.002
),
list(descr="aQh -0.002",
prefix="aQhm002",
nT=21445, nB=12, nP=75,
dir="Store7668",
files=c(
"2010_03_12_11_56_20" # pbar Qh -0.002
),

H O H

# === STORE 7678 ===

# "2010_03_15_13_08_04" # no tickling, time-stamp errors
list(descr="A25 tickler on",
prefix="ticklerON_a",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_08_39" # A25 nominal, tickler on
),
list(descr="A25 tickler on",
prefix="ticklerON_b",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_09_02"
),
list(descr="A25 tickler on",
prefix="ticklerON_c",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_09_18"
),
list(descr="A25 no tickling", # tickler off
prefix="ticklerOFF_a",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_10_21"
),
list(descr="A25 tickler on",
prefix="ticklerON_4",
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nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_10_58"
),
list(descr="A25 aQv +0.003",
prefix="aQvp003_a",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_14_28"
),
list(descr="A25 aQv +0.003",
prefix="aQvp003_b",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_14_43"
),
list(descr="A25 aQv +0.003",
prefix="aQvp003_c",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_15_04"
)),

# tickler on

# A25 aQv +.003

list(descr="A25 aQv +0.003 notick",

prefix="aQvp003_notick",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_15_32"
),
list(descr="A25 aQh +0.003",
prefix="aQhp003_a",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_16_48"
),
list(descr="A25 aQh +0.003",
prefix="aQhp003_b",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_17_08"
),
list(descr="A25 aQh -0.002",
prefix="aQhm002_a",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(
"2010_03_15_13_20_07"
),

# A25 aQh +0.003

# A25 aQh -0.002
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list(descr="A25 aQh -0.002",
prefix="aQhm002_b",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(

"2010_03_15_13_20_26"
),

list(descr="A25 aQh -0.002",
prefix="aQhm002_c",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(

"2010_03_15_13_20_54"
),

list(descr="A25 aQv -0.002", # A25 aQv -0.002
prefix="aQvm002_a",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(

"2010_03_15_13_22_15"
),

list(descr="A25 aQv -0.002",
prefix="aQvm002_b",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(

"2010_03_15_13_22_35"
),

list(descr="A25 nominal no tick",
prefix="ticklerOFF_y",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(

"2010_03_15_13_24_47"
),

list(descr="A25 nominal no tick",
prefix="ticklerOFF_z",
nT=62500, nB=1, nP=75,
dir="Store7678",
files=c(

"2010_03_15_13_25_08"
),

# === STORE 7679 ===

list(descr="A25 lowbeta before collisions",
prefix="lowbeta",
nT=62500, nB=1, nP=75,
dir="Store7679",
files=c(

"2010_03_15_15_41_40" # A25 lobeta before init. coll.

),
list(descr="A25 init. coll.",
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prefix="coll_a",
nT=62500, nB=1, nP=75,
dir="Store7679",
files=c(
"2010_03_15_15_42_01" # A25 collisions, no tick, sat.
),
list(descr="A25 init. coll.",
prefix="coll_b",
nT=62500, nB=1, nP=75,
dir="Store7679",
files=c(
"2010_03_15_15_43_16" # no signal, strong synchrotron motion
),
list(descr="A25 init. coll.",
prefix="coll_c",
nT=62500, nB=1, nP=75,
dir="Store7679",
files=c(
"2010_03_15_15_44_11"
),
list(descr="A25 init. coll.",
prefix="coll_d",
nT=62500, nB=1, nP=75,
dir="Store7679",
files=c(
"2010_03_15_15_45_17"
),
list(descr="A25 init. coll.",
prefix="coll_e",
nT=62500, nB=1, nP=75,
dir="Store7679",
files=c(
"2010_03_15_15_46_19"
),
list(descr="A25 after scrape",
prefix="afterscrape_a",
nT=62500, nB=1, nP=75,
dir="Store7679",
files=c(
"2010_03_15_15_51_40"
),
list(descr="A25 after scrape",
prefix="afterscrape_b",
nT=62500, nB=1, nP=75,
dir="Store7679",

files=c(
"2010_03_15_15_52_01"
),
#list(descr="A25 after scrape",
# prefix="afterscrape_c",

# nT=62500, nB=1, nP=75,

# dir="Store7679",

# files=c(

# "2010_03_15_16_00_57" # bad time stamps
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# ),

# === STORE 7706 ===

list(descr="P1 at injection",
prefix="Plinj_2tr",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_14_46_56" # P1 inj., 2 transf., no tick
D),
list(descr="P1 at injection",
prefix="Plinj_4tr",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_14_51_17" # P1 inj., 4 transf.
),
list(descr="P1 at injection",
prefix="Plinj_5tr",
nT=62500, nB=1, nP=150,
dir="Store7706",
files=c(
"2010_03_25_14_53_09-150" # P1 inj., 5 transf. satur.
),
list(descr="P1 at injection",
prefix="P1linj_7tr",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_14_57_27" # P1 inj., 7 transf.
),
list(descr="P1 at injection",
prefix="Plinj_pbarsloaded",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_15_01_18" # P1 inj., pbars loaded
D),
#list(descr="P1 at injection",
prefix="Plinj_all75pts",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_14_46_56", # P1 inj., 2 transf., no tick
"2010_03_25_14_51_17", # P1 inj., 4 transf.
"2010_03_25_14_57_27", # P1 inj., 7 transf.
"2010_03_25_15_01_18" # P1 inj., pbars loaded
),
list(descr="P1 coll. no tick",
prefix="PicollA",
nT=62500, nB=1, nP=75,
dir="Store7706",

H O H H H B HH
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files=c(
"2010_03_25_15_13_06" # P1 collisions, no tickler and no signal
),
list(descr="P1 coll. no tick",
prefix="PlcollB",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_15_15_21" # P1 collisions, no tickler and no signal
)),
list(descr="P12 coll. no tick",
prefix="P12collA",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_15_22_18-P12" # P12 collisions, no tickler
),
list(descr="P12 coll. no tick",
prefix="P12collB",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_15_24_34-P12" # P12 collisions, no tickler
),
list(descr="P12 coll. no tick",
prefix="P12collC",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_15_27_33-P12" # P12 collisions, no tickler
),
list(descr="P11 coll. no tick",
prefix="P11coll75",
nT=62500, nB=1, nP=75,
dir="Store7706",
files=c(
"2010_03_25_15_29_45-P11" # P11 collisions, no tickler
),
list(descr="P11 coll. no tick 150pts",
prefix="Pllcoll_vtickOFF",
nT=62500, nB=1, nP=150,
dir="Store7706",
files=c(
"2010_03_25_16_18_09" # P11 coll. no tick 150pts, no sig.
),
list(descr="P11 at coll. (vtick on)",
prefix="P1llcoll_vtickON",
nT=62500, nB=1, nP=150,
dir="Store7706",
files=c(
"2010_03_25_16_19_48" # P11 coll. vtick ON 150pts
),
list(descr="P1-12 coll.",
prefix="P1-12_collA",
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nT=12382, nB=12, nP=150,
dir="Store7706",
files=c(
"2010_03_25_16_22_15" # 12 bunches, vtick on
),
list(descr="P1-12 coll.",
prefix="P1-12_collB",
nT=12382, nB=12, nP=150,
dir="Store7706",
files=c(
"2010_03_25_16_29_14" # 12 bunches, vtick on
),
list(descr="P1-12 coll. pQv +0.001",
prefix="P1-12_pQvp0O01",
nT=12382, nB=12, nP=150,
dir="Store7706",
files=c(
"2010_03_25_16_30_14" # 12 bunches, vtick on, pQv +0.001
),
list(descr="P12 coll.",
prefix="P12_coll_vtickON",
nT=62500, nB=1, nP=150,
dir="Store7706",
files=c(
"2010_03_25_16_34_09" # P12, vtick on, nominal tune
)),
list(descr="P12 coll. pQv +0.001",
prefix="P12_coll_vtickON_pQvp0OO1",
nT=62500, nB=1, nP=150,
dir="Store7706",
files=c(
"2010_03_25_16_34_57" # P12, vtick on, pQv +0.001
),

# === STORE 7711 ===

list(descr="P11-P12 vtick off",
prefix="P11_P12_notick",
nT=52707, nB=2, nP=150,
dir="Store7711/prot",
files=c(
"2010_03_26_11_44_59" # P11,P12 no tickling
),
list(descr="P11-P12 vtick on",
prefix="P11_P12_vtickon",
nT=52707, nB=2, nP=150,
dir="Store7711/prot",
files=c(
"2010_03_26_12_08_51" # P11,P12 tickler on
),
list(descr="P11-P12 proton Qv -0.0025",
prefix="P11_P12_pQv_m0025",
nT=52707, nB=2, nP=150,
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dir="Store7711/prot",
files=c(
"2010_03_26_12_11_40" # P11,P12, tickler on, prot Qv -0.0025
),
list(descr="P11-P12 proton Qv +0.0020",
prefix="P11_P12_pQv_p0020",
nT=52707, nB=2, nP=150,
dir="Store7711/prot",
files=c(
"2010_03_26_12_14_32" # P11,P12, tickler on, prot Qv +0.0020
),
list(descr="P11-P12 pbar Qv +0.0010",
prefix="P11_P12_aQv_p0010",
nT=52707, nB=2, nP=150,
dir="Store7711/prot",
files=c(
"2010_03_26_12_23_18" # P11,P12, tickler on, pbar Qv +0.0010
),
list(descr="A11-A12 vtick off",
prefix="A11_A12_notick",
nT=52707, nB=2, nP=150,
dir="Store7711/pbar",
files=c(
"2010_03_26_14_17_31" # A11,A12 no tickling
),
list(descr="A11-A12 prot vtick on",
prefix="A11_A12_protvtick",
nT=52707, nB=2, nP=150,
dir="Store7711/pbar",
files=c(
"2010_03_26_14_49_54" # A11,A12 proton tickler on
),
list(descr="A1-A2 pbar vtick on",
prefix="A1_A2_pbarvtick",
nT=52707, nB=2, nP=150,
dir="Store7711/pbar",
files=c(
"2010_03_26_15_44_09" # A1,A2 pbar tickler on
),
list(descr="A1-A2 pbar vtick on aQv +0.002",
prefix="A1_A2_aQv_p0020",
nT=52707, nB=2, nP=150,
dir="Store7711/pbar",
files=c(
"2010_03_26_15_45_19" # A1,A2 pbar tickler on, pbar Qv +0.002
),
list(descr="A1-A2 pbar vtick on aQv -0.002",
prefix="A1_A2_aQv_m0020",
nT=52707, nB=2, nP=150,
dir="Store7711/pbar",
files=c(
"2010_03_26_15_46_45" # A1,A2 pbar tickler on, pbar Qv -0.002
),
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# === STORE 7717 ===

list(descr="A13-A14, TEL on A14, 200 V",
prefix="TELon_200_a",
nT=52707, nB=2, nP=150,
dir="Store7717",
files=c(
"2010_03_30_18_17_50" # TEL on A14, 200 V
)),
list(descr="A13-A14, TEL on A14, 550 V",
prefix="TELon_550",
nT=52707, nB=2, nP=150,
dir="Store7717",
files=c(
"2010_03_30_18_25_09" # TEL on A14, 550 V
),
list(descr="A13-A14, TEL off",
prefix="TELoff_A",
nT=52707, nB=2, nP=150,
dir="Store7717",
files=c(
"2010_03_30_18_39_01" # TEL off
),
list(descr="A13-A14, TEL off",
prefix="TELoff_B",
nT=52707, nB=2, nP=150,
dir="Store7717",
files=c(
"2010_03_30_19_05_49" # TEL off
),
list(descr="A13-A14, TEL on A14, 200 V",
prefix="TELon_200_b",
nT=52707, nB=2, nP=150,
dir="Store7717",
files=c(
"2010_03_30_19_08_07" # TEL on A14, 200 V
),
list(descr="A13-A14, TEL on A14, 400 V",
prefix="TELon_400",
nT=52707, nB=2, nP=150,
dir="Store7717",
files=c(
"2010_03_30_19_09_50" # TEL on A14, 400 V
),

# === STORE 7719 ===

list(descr="A13-A14, nominal",
prefix="nominal A",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
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"2010_04_01_11_53_25" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal_B",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_11_55_37" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal _C",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_11_56_23" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal D",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_11_56_58" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal _E",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_11_57_37" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal _F",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_11_59_48" # nominal
)),
list(descr="A13-A14, nominal",
prefix="nominal _G",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_00_51" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal _H",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_01_39" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal _I",
nT=52707, nB=2, nP=150,
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dir="Store7719",
files=c(
"2010_04_01_12_02_27" # nominal
),
list(descr="A13-A14, nominal",
prefix="nominal_J",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_03_28" # nominal
),
list(descr="A13-A14, TEL on A14, 500 V",
prefix="TELon_A",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_19_47" # TEL on A14, 500 V
),
list(descr="A13-A14, TEL on Al14, 500 V",
prefix="TELon_B",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_20_30" # TEL on A14, 500 V
),
list(descr="A13-A14, TEL on A14, 500 V",
prefix="TELon_C",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_23_37" # TEL on Al4, 500 V
),
list(descr="A13-A14, TEL on A14, 500 V",
prefix="TELon_D",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_24_13" # TEL on A14, 500 V
),
###"Store7719/2010_04_01_12_26_35.dat" # check time stamps
###"Store7719/2010_04_01_12_27_10.dat" # check time stamps
list(descr="A13-A14, TEL on A14, 500 V",
prefix="TELon_E",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_27_40" # TEL on Al4, 500 V
),
list(descr="A13-A14, TEL on A14, 500 V",
prefix="TELon_F",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_30_16" # TEL on A14, 500 V
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)),

list(descr="A13-A14, TEL on A14, 500 V",

prefix="TELon_G",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(

"2010_04_01_12_31_14" # TEL on Al14, 500 V

),

list(descr="A13-A14, TEL on A14, 500 V",

prefix="TELon_H",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_31_56"
)),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_A",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_35_36"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_B",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_36_03"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_C",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_36_23"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_D",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_36_43"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_E",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_37_03"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_F",
nT=52707, nB=2, nP=150,
dir="Store7719",

# TEL on A14, 500 V

-0.0022",

# pbar tune

-0.0022",

# pbar tune

-0.0022",

# pbar tune

-0.0022",

# pbar tune

-0.0022",

# pbar tune

-0.0022",

change,

change,

change,

change,

change,
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aQv

aQv

aQv

aQv

-0.0022

-0.0022

-0.0022

-0.0022

-0.0022



files=c(
"2010_04_01_12_37_23"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_G",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_37_44"
)),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_H",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_38_20"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_I",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_38_43"
),
list(descr="A13-A14, pbar Qv
prefix="aQv_m0022_J",
nT=52707, nB=2, nP=150,
dir="Store7719",
files=c(
"2010_04_01_12_39_03"
),

# === STORE 7724 ===

list(descr="timed to A13-A14,
prefix="A13_A14_nobeam",
nT=52707, nB=2, nP=150,
dir="Store7724/nobeam",
files=c(

# pbar tune

-0.0022",

# pbar tune

-0.0022",

# pbar tune

-0.0022",

# pbar tune

-0.0022",

# pbar tune

no beam",

change,

change,

change,

change,

change,

aQv

aQv

aQv

aQv

aQv

-0.0022

-0.0022

-0.0022

-0.0022

-0.0022

"2010_04_02_13_25_42", # A13-14, no beam in machine

"2010_04_02_13_26_09",
"2010_04_02_13_40_15",
"2010_.04_02_13_40_40"
D),

list(descr="timed to A13-A14, uncoalesced protons",
prefix="A13_A14_uncoal_prot",

nT=52707, nB=2, nP=150,

dir="Store7724/uncoal_prot",

files=c(

"2010_04_02_13_59_11", # A13-14, uncoalesced protons

"2010_04_02_13_59_28"
),

list(descr="A13-A14, no tickling",
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prefix="A13_A14_notick",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

"2010_04_02_15_08_24" # A13-14,

),
list(descr="A13-A14, prot vtick",
prefix="A13_A14_protvtick_A",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

"2010_04_02_15_14_55" # A13-14,

),
list(descr="A13-A14, prot vtick",
prefix="A13_A14_protvtick_B",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

"2010_04_02_15_15_57" # A13-14,

),
list(descr="A13-A14, prot vtick",
prefix="A13_A14_protvtick_C",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

"2010_04_02_15_16_40" # A13-14,

)),
list(descr="A13-A14, pbar vtick",
prefix="A13_A14_pbarvtick_A",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

"2010_04_02_15_37_21" # A13-14,

),
list(descr="A13-A14, pbar vtick",
prefix="A13_A14_pbarvtick_B",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

"2010_04_02_15_37_47" # A13-14,

),
list(descr="A13-A14, pbar vtick",
prefix="A13_A14_pbarvtick_C",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

"2010_04_02_15_38_16" # A13-14,

),
list(descr="P13-P14, proton vtick",
prefix="P13_P14_protvtick_A",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(

no tickling

proton vtick

proton vtick

proton vtick

pbar vtick

pbar vtick

pbar vtick

"2010_04_02_16_06_50" # P13-P14, proton vtick
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),
list(descr="P13-P14, proton vtick",
prefix="P13_P14_protvtick_B",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(
"2010_04_02_16_07_15" # P13-P14, proton vtick
),
list(descr="P13-P14, proton vtick",
prefix="P13_P14_protvtick_C",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(
"2010_04_02_16_07_45" # P13-P14, proton vtick
)),
list(descr="P13-P14, no tickling",
prefix="P13_P14_notick_A",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(
"2010_04_02_16_20_55" # P13-P14, no tickling
),
list(descr="P13-P14, no tickling",
prefix="P13_P14_notick_B",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(
"2010_04_02_16_21_12" # P13-P14, no tickling
),
list(descr="P13-P14, no tickling",
prefix="P13_P14_notick_C",
nT=52707, nB=2, nP=150,
dir="Store7724",
files=c(
"2010_04_02_16_21_32" # P13-P14, no tickling
),

# == STORE 7754 ==

list(descr="16h08m",
prefix="S1la",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_08_08" # BOS set 1
),
list(descr="16h08m",
prefix="S1b",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_08_57"
),
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list(descr="16h08m",
prefix="S1c",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_09_26"
),
list(descr="16h23m",
prefix="82a",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_23_42"
),
list(descr="16h23m",
prefix="S2b",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_24_11"
),
list(descr="16h23m",
prefix="S2c",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_24_34"
),
list(descr="16h45m",
prefix="83a",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_45_01"
),
list(descr="16h45m",
prefix="S3b",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_45_26"
),
list(descr="16h45m",
prefix="S3c",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_16_45_50"
),
list(descr="17h08m",
prefix="S4a",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(

# set

# set
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"2010_04_21_17_08_50"
),
list(descr="17h08m",
prefix="S84b",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_17_09_53"
),
list(descr="17h08m",
prefix="S4c",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_17_10_18"
),
list(descr="21h40m",
prefix="Sba",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_21_40_47"
),
list(descr="21h40m",
prefix="85b",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_21_41_15"
),
list(descr="21h40m",
prefix="S5c",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_21_21_41_37"
),
list(descr="10h25m",
prefix="S6a",
nT=52707, nB=2, nP=150,
dir="Store7754",

files=c(
"2010_04_22_10_23_49" # set 6, EOS
),
list(descr="10h25m",
prefix="86b",

nT=52707, nB=2, nP=150,

dir="Store7754",

files=c(
"2010_04_22_10_24_10"
),

list(descr="10h25m",
prefix="S6c",
nT=52707, nB=2, nP=150,

# set 4

# set 5
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dir="Store7754",
files=c(
"2010_04_22_10_24_33"
),
list(descr="10h25m",
prefix="S6d4",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_22_10_24_54"
),
list(descr="10h25m",
prefix="S6e",
nT=52707, nB=2, nP=150,
dir="Store7754",
files=c(
"2010_04_22_10_25_27" # set 6/e
),

# == STORE 7893, 3x3 ==

list(descr="A13-A14 nominal",
prefix="nominal A",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
files=c(
"2010_06_15_13_25_41" # nominal
),
list(descr="A13-A14 nominal",
prefix="nominal_B",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
files=c(
"2010_06_15_13_26_14" # nominal
),
list(descr="A13-A14 nominal",
prefix="nominal _C",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
files=c(
"2010_06_15_13_26_38" # nominal
),
list(descr="A13-A14 nominal",
prefix="nominal D",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
files=c(
"2010_06_15_13_27_00" # nominal
),
list(descr="A13-A14, TEL on A1,A13,A25",
prefix="TELon_A",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
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files=c(
"2010_06_15_13_29_34" # TEL on A1-13-25 V=400V, L2COLI=12.5mA
),
list(descr="A13-A14, TEL on A1,A13,A25",
prefix="TELon_B",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
files=c(
"2010_06_15_13_30_02" # TEL on A1-13-25 V=400V, L2COLI=12.5mA
)),
list(descr="A13-A14, TEL on A1,A13,A25",
prefix="TELon_C",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
files=c(
"2010_06_15_13_30_31" # TEL on A1-13-25 V=400V, L2COLI=12.5mA
),
list(descr="A13-A14, TEL on A1,A13,A25",
prefix="TELon_D",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",
files=c(
"2010_06_15_13_30_58" # TEL on A1-13-25 V=400V, L2COLI=12.5mA
),
list(descr="A13-A14, TEL on A1,A13,A25",
prefix="TELon_E",
nT=52707, nB=2, nP=150,
dir="Store7893_3x3",

files=c(
"2010_06_15_13_31_26" # TEL on A1-13-25 V=400V, L2COLI=12.5mA
)
)
if (print){

for(i in 1:length(DataSets)) {
cat(i, DataSets[[i]]$dir, DataSets[[i]]$prefix, DataSets[[i]]$nT,
DataSets[[i]]$nB, DataSets[[i]]$nP, DataSets[[i]]$files, "\n")}}

}
DataSetDescr ()
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