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Abstract

The role of the PS Complex in the filling of the LHC is to provide a train of
72 bunches within tightly defined beam specifications. Not least among these is the
maximum acceptable bunch-to-bunch fluctuation in peak current along the bunch
train. This note describes an algorithm to identify which steps in the production
process are responsible for the variations observed in the delivered beam. Itsaimisto
provide a starting point for the introduction of an online diagnostic as part of the
bunch shape measurement application.
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1 Introduction

In the PS machine, the beam for the LHC is produced by chopping up the bunches
from the Booster in a series of longitudinal splitting steps. Intensity fluctuations
along the resultant 72-bunch train must be controlled in order to avoid excursions in
luminosity for the individual bunch crossings inside the experiments.

Fourier analysis of the measured beam current sampled over one PS turn is
complicated by the spurious issues of bunch shape variation, noise, baseline droop
and the gap in the bunch train for the extraction kicker. It is far more informative to
analyse the frequency content of the simple list of 72 bunch intensity values.

It is hoped that this note, which describes in detail just such an analysis, will provide a
starting point for online monitoring of the bunch-to-bunch reproducibility of the LHC
beam.

2 Data Treatment

The agorithm was developed using Mathematica and extracts of the original code
appear throughout this note. Readers who are not familiar with Mathematica can
largely ignore these as they are intended only to reinforce the explanations provided
in the text.

2.1 Basdaline SQubtraction

If the bunch data are sampled at sufficiently short intervals, the peak of each bunch
could simply be taken as the largest data point from each bucket. If this is not the
case, then such an approach would lead to an overestimation of the spread in peak
values. The alternative isto make afit to each bunch and a gaussian fit, whilst robust,
cannot deal with negative values. Hence the need for baseline subtraction.

The sampled data are assumed to span more than 72 bucket lengths so that the
baseline can be estimated from the values acquired in the empty buckets of the kicker
gap. The obvious candidate to provide such data in the PS is the bunch shape
measurement (BSM) application. This digitizes the signal from a wideband resistive-
wall monitor, providing some 15,000 data points at a sampling interval of 0.2 ns.
Figure 1 shows an example dumped to file.

dat al engt h=14996; dt sanpl e=0.2 10"-9;

filenane = "/afs/cern.ch/user/sbh/public/roland/di splay72. dat";
stream = QpenRead[fil enane]; Skip[stream Record, 16];

bsndata = Read[ stream Tabl e[ Nunber, {datalength}]]; C ose[stream;
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Figure 1: Plot of the contents of the file /afs/cern.ch/user/sbh/public/roland/display72.dat

It is not easy to establish a single representative baseline for such data. A rough first
approximation is obtained from the mean of those points that lie below a certain
value.

al = Max[bsndata]; a0 = M n[ bsndat a] ;
mean[list_] := Apply[Plus,list] / Length[list];
bsndata -= mean[ Select[bsndata, (# < a0 + 0.05 (al-a0)&] 1];

5% is an arbitrary threshold. The next step is to define a generic gaussian fit over one
bucket length. This requires a knowledge of the relevant rf frequency, which is just
above 40 MHz.

frf = 40.053 1076; xrf = 1/(frf dtsanple); halfrf = Floor[xrf/2];

bucketdata[ xc_] := Take[bsndata, {xc-halfrf,xc+hal frf}];
<<Statistics NonlinearFit";
gaussi anparaneters[ml_] := BestFitParaneters /. Nonlinear Regress|

bucket dat a[ ml.] ,
anplitude Exp[-(x - (mu-nil+hal frf+1))”2 / (2 sigma”™2)],
x, {{anplitude, al}, {mu, m}, {signmg,sl}}];

Here, al, ml, sl are the first-guess amplitude, mean and standard deviation and the fit
is made over halfrf samples on either side of m1. The value of ml is passed to the
fitting routine, but the other parameters are fixed. Taking the expected standard
deviation to be a compromise between the 1 ns at PS extraction and the 3 ns before
bunch rotation (in the hope that this data treatment can be applied at any time after the
final bunch splitting), the position, x1, of the strongest peak is located.

al
x1

Max[ bsndata] ; s1 = 2. 107-9 / dtsanpl e;
mu /. gaussi anparaneters[First[Flatten[Position[bsndata, al]]l]l];



Since the bucket length, xrf, is known, x1 allows the nearest data point to the centre of
each bucket to be located.

xcentres = Floor[0.5 +

Joi n[ Reverse[ Range[x1,1,-xrf]], Range[xl+xrf,datalength,xrf] ]1];
If[ First[xcentres]-halfrf < 1, xcentres=Drop[xcentres, 1] ];
| f[ Last[xcentres]+halfrf > datal ength, xcentres=Drop[xcentres,-1] ];

Care is taken that rounding to the nearest sample does not introduce points outside the
range [1,datalength] to this (integer) list. Finaly, the baseline adjustment can be
refined by subtracting the mean contents of all empty buckets.

enpty[xc_] := Max[ bucketdata[xc] ] < 0.2 al;
bsndata -= nmean[ Fl atten]
Map[ bucket dat a[ #] & Sel ect[xcentres, enpty] 1]11];

A more sophisticated (variable) baseline may also be considered. An empty bucket is
defined as one where all data points — from halfrf before the central one to halfrf after
it —lie below 20% of the strongest peak. Again, thisthreshold is somewhat arbitrary.

2.2 Analysis

If the beam is inside specification, the mean bunch amplitude should not fall more
than 10% below that of the strongest peak. The gaussian fit is made to the first
72 buckets that are not empty.

al = 0.9 Max[bsndat a] ;
fitval ues =
Map[ gaussi anpar anet ers, Take[ Sel ect[xcentres, 'empty[#] &, 72]];

A simple histogram of the resultant 72 fitted amplitudes (with respect to their mean)
immediately reveals whether or not the beam is inside specification.

peaks = anplitude /. fitval ues;
<<G aphi cs" Graphics’;
Hi st ogr an peaks/ nmean[ peaks] - 1,
Hi st ogr amRange- >{- 0. 25, 0. 25}, Hi stograntCat egori es->20];
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Figure 2: Amplitude spread of the first 72 bunches of Figure 1.



The vertical axis of the histogram shown in Figure 2 is autoscaled, but, arguably, this
could be fixed or even omitted. Thetotal count is, of course, 72.

A fast fourier transform reveals the frequencies (in inverse bucket lengths) inherent in
the bunch-to-bunch fluctuations. Not only bunch amplitude but also bunch length
variations are of interest. So the relevant parameter is the product of the amplitude
and standard deviation returned by the fit, since this is a measure of bunch intensity.
In order to increase the sharpness of the lines, the list of valuesis repeated ten times.
Thisis analogous to collecting data over more turns, but without the complication of a
kicker gap.

fft =

Abs[ Fourier[Flatten[ Table[anplitude sigma /. fitvalues, {10}] ]111;
Li st Pl ot [ Transpose[ { Range[ 1, 719]/ 720, Drop[fft, 1]}],

Pl ot Range- >{{0, 0. 51}, {0,0.05 First[fft]}},

Pl ot Joi ned- >True, Axes->{True, Fal se}];
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Figure 3: Intensity fft of the first 72 bunches of Figure 1.

The vertical scale of the fft magnitude plotted in Figure 3 is fixed at 5% of the zero-
frequency component, while this line itself is suppressed. The fixed scale makes the
interpretation of the plot independent of the total beam intensity. Any asymmetry in
the triple splitting produces lines principally at 1/12 and 1/6 inverse bucket lengths
(but also a 1/3 and 5/12). Problems with the successive double splittings show up
purely at 1/4 and 1/2, respectively. All other frequencies can be traced back to the
Booster. Depending on which rings supply more beam and which rings are repeated
for the second injected batch, a line at 1/72 and its first four harmonics (plus many
others) will appear.

A complete data treatment based on these ideas is given in the Appendix.
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Appendix

Begi nPackage[ "Di spl ay72™"];

Needs["Statistics NonlinearFit "]; Needs["G aphics Gaphics "];
di spl ay72: : usage = "Pl ease consult Steve Hancock.";

Begin[" Private "];

display72[fil enanme_String] := Mdul e]
{dat al engt h=14996, dt sanpl e=0. 2 107-9, frf=40. 053 1076},

mean[list_] := Apply[Plus,list] / Length[list];
gaussi anparaneters[ml_] := BestFitParanmeters /. Nonlinear Regress]
bucket dat a[ n] ,
anmplitude Exp[-(x - (mu-nil+hal frf+1))7*2 / (2 sigma"2)],
x, {{anplitude, al}, {mu, m}, {sigma, sl1}}];
bucketdat a[ xc_] := Take[bsndata, {xc-halfrf,xc+halfrf}];
enpty[xc_] := Max[ bucketdata[xc] ] < 0.2 al;
O f[ NonlinearRegress::infail];

stream = OpenRead[fil enanme]; Skip[stream Record, 16];
bsndata = Read[stream Tabl e[ Nunber, {datalength}]]; O ose[streani;
al = Max[bsndata]; a0 = M n[bsndata];
bsnmdata -= nean[ Sel ect[bsndata, (# < a0 + 0.05 (al-a0)&] ];
al = Max[bsndata]; s1 = 3. 10"-9 / dtsanple;
xrf = 1/(frf dtsanple); halfrf = Floor[xrf/2];
x1 = mu /. gaussianparaneters|[ First[Flatten][ Position[bsndata, al] 1] ];
xcentres = Floor[0.5 +
Join[ Reverse[Range[x1,1,-xrf]], Range[x1+xrf, datalength,xrf] ]];
If[ First[xcentres]-halfrf < 1, xcentres=Drop[xcentres, 1] ];
I f[ Last[xcentres]+halfrf > datal ength, xcentres=Drop[xcentres,-1] ];
bsnmdata -= nean[ Fl atten[
Map[ bucket dat a[ #] & Sel ect [ xcentres, enpty] 111;
al = 0.9 Max[bsndat a] ;
fitval ues = Map[ gaussi anparaneters, Take[ Sel ect[xcentres, !enmpty[#] &, 72]];
peaks = anplitude /. fitval ues;
fft = Abs[Fourier[Flatten[ Table[anplitude sigma /. fitvalues, {10}] ]1]];
yl = 0.05 First[fft];
Show| Gr aphi csArray[ {
{ Hi stogranipeaks/ mean[ peaks] - 1,
Pl ot Label - >St yl eFor n{ " Anpl i t ude Spread", FontSize->16],
H st ogr anRange- >{- 0. 25, 0. 25}, Hi st ograntat egori es->20,
Appr oxi mat el nt erval s->True, DisplayFunction->ldentity

]

H
{ ListPlot[Transpose[{Range[1, 719]/720, Drop[fft,1]}],
Pl ot Range- >{{0, 0. 51}, {0, y1}},
Pl ot Label ->Styl eForn{ "I ntensity FFT", FontSize->16],
Pl ot Joi ned- >True, Axes->{True, Fal se}, DisplayFunction->ldentity,
Epi | og- >{ Hue[ 0],
Text["PSB", {3/72, 0.9 y1}
Text["\[ DownArrow ", {1/72,

{0,-1}, TextStyle->{FontSize->14}],
0.
Text["\[ DownArrowj ", {1/36, O.
0.
0.
0.

, y1}, {0, 1}, TextStyle->{FontSize->14}],
, y1}, {0, 1}, TextStyle->{FontSize->14}],
Text["\[DownArrow ", {3/72, y1}, {0,1}, TextStyle->{FontSize->14}],
Text["\[ DownArrow] ", {1/18, y1}, {0,1}, TextStyle->{FontSi ze->14}],
Text["\[ DownArrow] ", {5/72, y1}, {0,1}, TextStyle->{FontSi ze->14}],
Text["3-Split", {3/24, 0.8 y1}, {0,-1}, TextStyle->{FontSize->14}],
Text["\[DownArrowj ", {1/12, 0.8 y1}, {0,1}, TextStyle->{FontSize->14}],
Text["\[ DownArrow] ", {1/6, 0.8 y1}, {0,1}, TextStyle->{FontSize->14}],
Text["1st 2-Split", {1/4, 0.9 y1}, {0,-1}, TextStyle->{FontSi ze->14}],
Text["\[ DownArrow] ", {1/4, 0.9 y1}, {0,1}, TextStyle->{FontSize->14}],
Text["2nd 2-Split", {1/2, 0.8 y1}, {0,-1}, TextStyle->{FontSize->14}],
Text["\[DownArrowj ", {1/2, 0.8 y1}, {0,1}, TextStyle->{FontSize->14}]

}

]
}H. , ,
Aspect Rati o->1, |nageSize->{600, 650}

[{oJ{oJi{eN{o (oY

I
Return[]];

End[];
EndPackage[ ]
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Figure 4. Complete treatment of the data of Figure 1.
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