Acquisition Lab

Introduction

This lab is intended to give an introduction on howse the NSCL Data Acquisition
(DAQ) system to collect data from the Modular NeuatArray (MoNA). In addition it
will guide you through the process of analyzingsihalata using the NSCL analysis
program (SpecTcl). It is assumed that you haveadirdamiliarized yourself with the
scintillation process and the individual MONA b#&i@m the previous experiment.

Figure 1 Picture of MoNA bars without cabling

The first task is to learn how to use the analgsitware, which is called “SpecTcl".
There are different versions of SpecTcl, speciicdach type of experiment performed at
the NSCL. Similarly, a special version of SpecT8pécTcl_PAN) was made for the
present experiment. This version of SpecTcl incdualé the parameters you will need to
use during your analysis. SpecTcl is used to redd, dreate spectra and study them. In
the case of MoNA, as you have already seen in Hudl@scope experiment, the main
parameters one needs to study are: time and chalge.signals you studied in the
previous lab are fed into special electronics mesluthey are transformed into digital
signals and they are processed through sophiddieéztronic circuits before showing
up on your screen. In the end of this process, liewyéhe important parameters are still
the time and the collected charge. In SpecTcl, wdufind complicated names for the
different parameters, but once you know what thagd for, things are much easier. We
use “TDC” to note the time parameters (TDC= TimeDigital Converter, and it's the
name of the module that does the time processkw),the charge parameters we use
“QDC” for the same reason (QDC= Charge to DigitainCerter). The actual names of
the SpecTcl parameters are noted at the end odldlcisment.

Before using these parameters for any applicatyan, need to understand their
physical meaning. The easiest one is the charganmeer (QDC). You have already
learnt in the previous lab that the height of théses you studied in the oscilloscope
depends on the amount of energy deposited in a MbarAand also on the position of
the interaction. The corresponding electronics nedransforms the collected charge



into a digital signal. Since this charge signal elegs on the deposited energy, we can
calibrate it so that the charge parameters in yiata are transformed into energy
parameters. For the purpose of this experimenilaMA bars were energy calibrated in
units of Me\-.

Unlike the energy signals, the time signals ofitiddvidual MONA photomultipliers
(PMTSs) are linked together. This way the time infation of a PMT can be correlated to
all others and time signals can be used to trackcfes going through several MoNA
bars. To do that, we feed the pulses you studiethén oscilloscope lab into TDC
modules. The digital outputs of all TDCs are impdrin a special electronic circuit. This
circuit uses the first signal that comes in asiggér to open a time window of a few
hundred n$(red line in fig.2). Any other signal that arrivesthin this time window is
recorded. If a signal comes after the time windits,not recorded. At the end of this
time window, all modules are cleared and they aagly to record the next interaction.

In fig.2 you can see that, the actual time quarttigt is being recorded is the time
between when a signal arrives and the end of the window. So, when you look at
your TDC parameter of a photomultiplier, the lorigéame corresponds to the “trigger
signal” (t) and all other times{tt;) are shorter than that. This means that the record
times are always relative to the trigger signaliclwvhis not fixed. In fact, the trigger
signal can come from any MoNA bar, the first onattbets hit. In order to get useful
information out of the recorded times you need dmbine the time parameters of two
photomultipliers, e.g. the difference in the timiofgthe left and right photomultipliers in
a MoNA bar relates to the position of interactisimilarl to what you have seen in the
oscilloscope experiment.
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Figure 2: Trigger and timing of MoNA signals

! MeV= Mega electron-Volt= 10electron-Volt (eV). 1 eV is the amount of energgingd when an
electron is accelerated through a potential diffeeeof 1Volt. This is a standard unit used in nacle
physics for the energy of particles and gamma-rays.

“ns = nanoseconds =18



The next thing you need to know before continuintpwour experiment is how data
are saved. This is important to understand howawmecteate meaningful new parameters
from the initial time and energy ones. The dataugitjon process we use here is called
“event-by-event”. You can imagine one event asréiteline in fig.2. All signals recorded
during that time window belong to the same evenhewWyou write data with multiple
events it is similar to filling the rows of an ayravhere each row corresponds to one
event. A simplified picture of the event-by-evenncept is shown in fig.3. The different
parameters are stored in the events like diffecelumns in an array. So, in the example
of fig.3 you can see the QDC and TDC parametetsacs AO and Al, both for the left
(L) and the right (R) photomultipliers.

The importance of collecting data event-by-evernth& you can apply mathematical
calculations to the parameters you are using. kamele, we could take the average time
between the left and right photomultipliers of #ane bar (this parameter exists and it's
called “Tmean”). This would be like creating an aidaal column in the table of fig.3,
with the name Tmean, and the contents of this colunwould be
(TDC_left+TDC _right)/2. As you will see in the folving, we can create useful new
parameters (called “pseudo-parameters”) using xinirg time and energy parameters
of each photomultiplier.
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Figure 3: Simplified picture of the event-by-event data cctilen

Before starting with the activities of this expeemnt, you will find a description of the
analysis program,SpecTcl. Read through the introduction to see what tegpam can
do. You don’t need to remember everything; latenew you are following the activity
worksheet there are specific instructions abouttviof the given buttons to use and you
can go back and read at any time.

The first step is to learn some basic functionSpécTcl like creating spectra, filling
them with data and looking at them. You will staith an existing cosmic ray run and
you will study the time and energy signals. Oncae know how to use SpecTcl you will
repeat the oscilloscope experiment from a diffeqgoint of view. When you place a
source at different positions next to a MoNA bastéad of looking at the signals in the



oscilloscope, you will study the corresponding $r@edn addition you will also look at
spectra without any radiation sources around, wkietewill be able to detect and study
cosmic rays. This document will guide you throubk different steps of the standard
analysis procedure one needs to follow when dealiity complicated setups such as
MoNA.



Introduction to Spectcl

To open Spectcl, click on the icon on the deskituogt says “SpecTcl_PAN” When
Spectcl is opened, you will see four windows: XaeniffkCon, Spectcl Control and
TreeParameter GUI. Read the following descriptiafiseach window. You will
familiarize yourself with each window more as yalidw this worksheet, and you can
refer to the button descriptions as you work wititle window. Under each window
description is an explanation of each of the bwttofihe ones you should read prior to
starting the worksheet are noted with an asteri¥ke rest are available for reference as
you may need them later on.

Note: All words in italics in this experiment refer to vocabulary mentioned in this
introduction. If it is not in italics then it does not show up in one of these four
windows. Also, all parameters with their descriptions are at the end of this
document.

» TheTkCon window is used for creating new parameters, spe
and gates, for applying gates to existing spectchamything else
you might need. To use this window, an understapdif tcl
programming is needed; therefore, buttons have besated for
you in the following two windows to minimize youeed to use the TkCon Wlndow.

* The TreeParameter GUI (or “Tree GUI” or “GUI") is
available to see spectra, parameters, variablas,gates
(see tabs at the top). You will use the Spectich @ates
tabs. Utilizing this window is easier than usinget|”
programming language in the TkCon window but either
will accomplish the same goals.

*Load: Choose this button to load saved files. The fjles
can load here should contain definitions of spectra——=
variables and gates. When you first start you wilt have any files to load. In the
process of the experiment, if you decide to saue gefinitions (seesave” button),
you can load them back using this button.
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*Save To save the spectra you have created along Wigates, click this button and
give your file a name. This only saves the spectdefinition and its contents. There
is a different button in the Xamine window to sa&le spectrum itself.

*Spectrum TypeA spectrum is a histogram of tiparameter(see definition on the
next page) chosen and thms are the columns of the histogram. Here, the omty
types of spectra you will make afd and 2D spectra A 1D spectrumhas the
parameter on the x-axis (horizontal axis) and thenlmer of counts on the y-axis
(vertical axis). A2D spectrumis used to plot 2 parameters against each other. T
first parameter is displayed as x-axis, the sea@myg-axis and the counts appear as a
z-axis which is illustrated by the color code.

*Spectrum NameYou can name the spectrum anything you would, Ikt try to
make it easy enough to remember.



*Create/ReplaceClick this button to create your spectrum. luychange the details
of a spectrum and keep the same name, you wilacepthe old by clicking this
button. You should click on this button only whesuyhave filled all necessary fields
(spectrum title, low and high limits, bins).

Clear. This button clears the contents of a spectrumkeeps it's definition. This
means that your spectrum will still exist but itliiave zero counts.

Delete Delete any spectra by highlighting them (you baghlight multiple spectra in
the table using the “Shift” or “Ctrl” keys) and theress this button.

Duplicate Click on the spectra you would like to duplicated then click this button
to create the identical spectra to the origindlee new spectra are given new names,
but theparameteylow, high andbins stay the same as the originals.

Gate A gate is a selection of events that satisfy gjgeconditions. Looking at the
event-by-event table in fig.2, an example of a gatelld be to ask for events that
have certain parameter between two limits. Applyangate to a spectrum means that
you only see events that satisfy the conditiorh@f gate. This button is used to apply
a gate to a selected spectrum (for information @n to create a gate , see later “cut”
and “contour”). Highlight the spectra you desirgtde, enter in the gate name or find
it by clicking onGateand apply it by clicking opply. To ungate spectra, highlight
them and clickJngate

*Parameter A list of parameters are at the end of this paskeyou can understand
what each one means. There are two types of p&gsneaw and pseudo. Thaw
parameterscollect information directly from data received the MoNA bars.
Pseudgarameterperate on the raw parameters in some way. Betheay useful.

*Low: The number you put in here sets the low end ef tdnge of what your
spectrum will show in the Xamine window (see padg #

*High: The number you put in here sets the high entefénge.

*Bins: This sets the number of columns your spectrum Ik@s example, if the range

is 0-99 and you have 10 bins, then all of the dattaveen 0 and 9 will be lumped
together and will be considered the same and appegbe same bin. Also, the data
between 10-19, 20-29, etc. will be lumped togeth€his clearly would be too few

bins because the data would not be distinct enoQghthe other hand, if you choose
too many bins (e.g. for a total of 100 counts yboase to plot your spectrum with
10000 bins) then you end up with too few countslper(in our example 1 or 0) and
then it's hard to observe any useful structureaaryspectrum.

Y ParameterThe Y Parameter section is utilized D spectra It operates the same
as theX Parametemwith thelow, high andbins, but this parameter shows up on the y-
axis in Xamine.

The SpecTcl Control GUI window (or ‘Control” window) is used to find
parameters you might need, create pseudo spaaulasort the data you would like
to run.



*Start Analysis You only need to press thi[x s
button after stopping a run. Clicking étach ||-xeaee |

Clear Spectra |

to File (see below) will start analyzing the daj|  w» |

initially. Once you have a run being read i EE_———
this button becomeStop Analysisand you can| mmeswss |

use it to stop the reading. _ aneanspecta | g

Trmean Spectra |

*Clear Spectra This button is extremely " |

Time of Flight

important. Click on this to clear the data y(| X st aiference I
LEﬂ-Rl_ngwﬁ |

have run. You want to do this every time y¢ ...
change a spectrum (which is done in the T{_ceosan |

wiila Any Spectia |

GUI) or when you start a new run. T T

Source: none

Hel p ‘ Btach to File ‘ save | Read

*Exit: Click this button to close SpectcBe sure to save the spectra in the Tree
GUI before exiting the program.

*Energy SpectraClicking on this button will create the calibrdtenergy spectra
(QDC) for all 288 photomultipliers of MoONA. You casee a list of the created
spectra in the “Tree Parameter GUI".

*Time SpectraClicking on this button will create the calibrdtéme spectra (TDC)
for all 288 photomultipliers of MoNA. You can sedist of the created spectra in the
“Tree Parameter GUI".

*Qmean spectra This button will create for all 144 MoNA bars, egfra that
correspond to the pseudo parameters Qmean. Th@npter corresponds to the
average of the energy signals of the left and sgi¢ of a MONA bar.

*Tmean spectra This button will create for all 144 MoNA bars, egra that
correspond to the pseudo parameters Tmean. Thampéer corresponds to the
average of the time signals of the left and rigthe ®f a MoNA bar.

*Xpos spectraThis button will create for all 144 MoNA bars.egra that correspond
to the pseudo parameters Xpos. This parameter thegsosition of interaction along
the x-axis of a MoONA bar.

*Time of flight This button creates all Tdiff_...15-...0 spectisich have parameters
Tdiff_...15-...0. See a list of parameters atehd of this document.

*X position differenceThis button creates all Xdiff_...15-...0 spectra.
*Left-Right Q diff This button creates all Qdiff_...LR spectra.
*Left-Right time diff This button creates all Tdiff ...LR spectra.
*Center of Gravity This button creates all COG_... spectra.

*Attach to File Click on this button to source data that hasaalyebeen collected.
When you click on this button an additional windappears with a list of directories.
Choose the “Complete” directory to see previousramd choose the run you want to
read.



Save Use this button to save the data for a spegfecsum and to be able to use the
data in excel. How to use this button is explaimethe section 8.9.

Read Use this button to read the files that you haaxeed using theSave”button.

The Xamine window is where spectra are displayed af: ===
where data analysis occurs. The spectra that sipoean
be analyzed by using the various buttons.

*Geometry This allows for multiple spectra to show up.
The number of spectra is determined by the numiber o
rows and columns you choose. For example, a 2 X 3
geometry will have 6 spectra as shown in Figure #5. =

*Display: Click this button to choose the spectrum you
want to show.

*Display +: Click this button if you want to display multipgpectra quickly.
*Update Alt This button updates all of the spectra with thtadeceived.
Update SelectedThis button updates only the spectrum selected.

Info: This button displays various technical informatio

+/-: These buttons allow you to change the y-axiseeilly getting a closer look (+)
or looking at it from a distance (-).

Log: This button displays the spectra with a logarithatale.

Map: This button changes the units in the horizonk# &om physical ones (ns for
time, MeV for energy, etc) to bin numbers.

*Expand Choose this button to show a certain region. yQint Bt ae=

spectrum that is between the two points you choesk be | ™ o
displayed. You pick the limits by mouse clickshyr entering in | ="~ B
low and high x values in the popup window. O | foply | cacel| pelp |

Unexpand This button will undo th&xpandcommand applied earlier.

Marker. This button puts a mark on the spectrum and sdu® put a pointer
somewhere in a spectrum to compare it to the naxt The marker is not cleared
when you clear the spectrum.

Summing RegiorlJse this button if you want to know the centroidthe data, the
Full Width at Half Maximum (FWHM) or the number @bunts within a certain
region. You can define the region you want (sameeqdure agxpand, and the

Integratebutton will give you an analysis of the data wnittihe summing region you
chose.

Cut This button allows you to makeséice gate A slice gate is a 1D gate that allows
you to keep the data within the gate and get rithefdata outside of the gate. That
way you can look at only the data you want to seeahy spectra the gate is applied
to. To create a slice gate use the same procedureentioned for thExpandbutton.



Band A band is similar to the marker but it's usednark a line or a region and not
just a point.

Contour. This button allows you to makecantour gate A contour gate is a 2D gate
that allows you to keep the data within the gate get rid of the data outside of the
gate. To create contour gate either click arotnedrégion that you desire, or enter in
the x and y coordinates for each point of the coniio the pop-up window.

Note: When you create a gate it's like setting a cooditihat needs to be fulfilled.

However, just creating the gate does not have #&iegtewhatsoever. You need to
apply it on specific spectra in order for it to basome effect.



Activity Worksheet

General

You will start with learning how to create your owpectra and explore Spectcl. Be sure
to explore the meaning of what you are doing antjumst follow the steps we have
provided so that you can really understand it apglyait later on. The following
instructions will guide you through the processeTdata files you will be reading are
long. You don’t have to wait for the file to end.héh you are done with your analysis
you can proceed to the next step.

To login to your computers use the following (casasitive):
Username: panll
Password: Neutrons10

On your screen you can see different buttonsstad SpecTcl you need to click on the
icon “SpecTcl_PAN”. Four windows should appear oulscreen. If you haven’'t done
so, you should read théntroduction to SpecTtkection in page 5. Here you can follow
some step-by-step instructions on how to use Specdate spectra and analyze them.

1) You can start by creating soreger gy spectra. To do that you have to click on the
“Energy Spectrabutton on the top left corner of th&pecTcl Contrdlwindow.

a) To see that the spectra were created correctlycgaugo to the Tree Parameter
GUI", in the tab called Spectrd and check if you can see a long list of spectra
called “...._qgcal”, where instead of “....” you'll sdmar names and L or R for left
of right photomultiplier respectively (see last pafpr details on parameter
names). “qcal” stands for calibrated QDC spectrum.

b) If your spectra are not there call the support $taifhelp.

c) Once the spectra are created, it is necessaril tadm with data and plot them.
Later you will collect new data and use them tb yiour spectra. For now, in
order to learn how spectcl works you will use sa@wisting cosmic ray data. To
read the existing data file go to th8gecTcl Contrdlwindow and click on the
“Attach to filé button at the bottom. A new window appears witHisa of
directories. Open the “complete” directory. Chodide run66-run4096vt and
click “Operi. Immediately, at the bottom of this window youositd see the
“Run” number to be set at “16” and th&nalyzed buffersto be increasing.

d) Now that you have some data being read in, youaakat some spectra. To do
that go to the Xaminé window and click on the buttonDisplay’ at the bottom
left corner. This will open a new window that cangathe list of spectra created
so far. So this list should have 288 energy spectragcal. Choose a spectrum
(e.g for bar E5, right side you would choose e08&al ¢, and then click “ok”. At

10



this point you can choose to look at the spectrdimny MoNA bar you want
because all of them are affected by cosmic raysdhee way.

e) In the “Xaminé window you have your firstlaLlC S
spectrum, which should look like the pictul
to the right. If you wait long enough yo
will see that a nice peak will be formed {*E2
the region around 20 MeV.

1E2

f) While you are waiting for more events
discuss within your group and try to answ
the following questions. Discuss yoy [ T R R R
answers with the support staff. 2040 64 80 100120 140

151

cccccc

i) What do the horizontal axis (X-axiS) ar| ss s | sl e

. . . A Tisplay| Update Selected|  UnExpand | Sumning Region| i
the vertical axis (y-axis) correspond t07 msu- bl | | dion e || T ]

i) The spectrum you are looking at is in fact a lysdn and the bars of the
histogram are called “bins”. Assume that you hawénathat starts at energy=
12.0 MeV and stops at 12.1 MeV and the number ahtwin this bin is 10.
Explain what this means in terms of physical ques#i(particles, energy,
interactions, etc).

iii) Cosmic ray muons are highly energetic particlesvéling through a MoNA
bar, they deposit energy equal to ~20 MeV. Can ymwswhich part of your
spectrum corresponds to the interaction with mudkibat does the rest of the
spectrum consist of?

Tip: to zoom in on a section of your spectrum, useHBRkpandbutton in the
Xamine window, which is explained in the introdocti

g) Once you understand what your spectrum presergstinte to learn how to
change it. Go to theTree Parameter GU) in the “Spectrd tab. Find the
spectrum you were looking at. Double click on ibrit worry about the warning
message, just click ok). When you double-click ba $pectrum you should see
the information of the spectrum show up in the whanhd pink regions of the
window (title, parameter, low and high limits, bins

h) The bins number of your spectrum is set to 300@ng@k this number to 30 and
click on the button Create/Replace Record what you think the spectra will
look like in your logbook.

Note: when you replace an existing spectrum, it migisagpear from the Xamine
window. If this is the case, you just need to rdldausing the “Display” button.

11



2)

Clear the spectra using th€lear Spectra” button in the control window. Repeat
steps 1c) and 1d) choosing the same bar and lookowat spectrum in the
“Xaminé window. Does your spectrum look like what you egfed? Compare
this spectrum with the previous one and explaintwhadifferences are.

Note: remember that before attaching to file to lookeatv data you need to clear the
existing spectra using the buttoGlear Spectrain the “SpecTcl Contrélwindow.

)

K)

If you changed the bins number to 300000 can yoagine what the spectrum
would look like?

The other part of the spectrum that can be chaisg scale of the vertical axis.
It can be either linear or logarithmic. Most spadappear in log scale by default.
You can change that by clicking on theo§” button at the bottom of the

“Xaminé window.

You can also change the limits of your horizontalsaYou can do that in a
similar way as changing the binning number. In tHeee Parameter GUI
window, in the pink region, you can set the low &mgh limit of your spectrum.
When you change the value in any of these boxek ol the Create/Replace
button. Change the limits of your spectrum so ty@i can focus on the low
energy peak and not see the muon signal. Lookeaggectrum in Xamine. Is this
what you expected to see?

Time Spectra. In order to create time spectra you have to gdhm “SpecTcl
Control" window and click on théTime Spectrd button. This button behaves the
same way as th&Energy Spectrd button so you will basically follow the same
procedure as in step 1).

a)

b)

To look at the time spectra in Xamine you have ge the Display’ button and
choose a spectrum that corresponds to “TDC”, whaols in tcal. The names
“..._tcal” are used in a similar way as the QDC rfsee last page of this
document for details on the parameter names).

First clear the spectra using the butt@iear Spectra” in the SpecTcl Contrdl
window. Then use theAttach to File”
button similarly as in step 1) to load fil
run66-4096evt ﬂ |

B Xamine - [Modified]

As a new exercise, you can look at 2 tirn.
spectra at the same time. To do that cli

=}

15

on “Geometry and choose a 1 x 2 set ug Log
Then, click the Display+ button and b
double click on the spectrum you woul*[ JrJL
like to display. Do this for the nex|ts =Gt Too o0 55 ~ies 10
Spectrum and then clicRancel All time [ TDC7C0Rn513:l4:36 (3] ToC oL 13:14:30
spectra should look approximately th = = = e w

Display| Update Selected|  Unxpand|| Suming Region| i

Display +! nfo| +| =| 4 Log F Hep Integrate fontona|
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same so for now it doesn’t matter which two spegtna choose to look at.

Tip: to view just one of the spectra double click tme you want or click on
“Zoom” in the Xamine window.

d) In your Xamine window you should have two spedtra fook like the picture in
page 12. Note that the spectra in the picture ratenéar scale. Your spectra are
by default in logarithmic scale. Use theof’ button in Xamine to change to
linear scale.

e) Note the binning and the low and high limits of yepectrum. If they are much
different from the picture above change them ao#t it the same spectra again.

f) In your spectra the horizontal axis is time. Timenot an absolute quantity. We
are always measuring time relative to a startingtpdn order to understand how
time is measured for MONA discuss within your gram try to give answers to
the following questions:

i) First go back to the introduction part of this do@nt and read the part
related to figure 2. Using figure 2 as a qualitatiuide, write in your logbook
which of the three signals (a, b, ¢) shown in figsire was the first one to
arrive in MoNA. Which of the signals will show up your spectra as having
the shortest time?

i) You have to realize that figure 2 shows 3 time aigrwoming from 3 different
MoNA bars, within a single event. On the other hahd spectrum you see in
your screen shows the time signals in the same MbBiAor a large number
of different events. So, in some events the baramulooking at was in fact
the trigger signal (signal “a” in fig.2), and inhetr events it was not. Write in
your logbook which part of your spectrum correspotal the events where
your bar was the trigger.

iii) If the bar you are looking at was not the triggemeans that a different bar
was the trigger. In this case, do you expect tosteeter or longer times in
your spectrum?

iv) Can you imagine what the time spectrum would loké& if your bar were set
such as it was always the trigger? How would tieospectra look like?

v) Discuss your answers with the support staff.

3) Next, you will look at theaver age ener gy spectra. The parameter associated with the
average energy spectrum is “Qmean_...". This pa@mis calculated from the
energies of the left and right PMT in the samedsafollows:

Qmean = (QDC_left + QDC_right)*0.5

13



d)

)

h)

)

Record in your log book what you think the diffecenis between QDC and
Qmean parameters. Do not worry about being rigikitrong at this point.

To create the Qmean spectra for all MONA bars cbokthe ‘QmeanSpectra”
button in the SpecTcl Contrélwindow.

Clear the previous data andttach to Filé again to read file_run66-4096.evt
from the “complete” directory. Display your spestr in Xamine. In order to
compare the Qmean spectrum with the QDC spectemter3xl geometry in
Xamine. Choose a bar and display the left and 1@QBC spectra of this bar and
also the Qmean spectrum of the same bar.

If necessary change the high, low and bins in tardmeter Tree GU) clear
spectra, collect new data and redisplay the spattdamine. Remember to set
the same low and high limits and the same binglidhree spectra otherwise the
comparison will be harder. Draw the finalized speadn your logbook, and
explain what you see.

Is the Qmean spectrum different from the QDC ongdldin why.

Usually we are not interested in all events thateap in our spectra but only in a
part of them. For this reason it is necessary talide to select only the spectra we
are interested in. In this part of the experimetislassume that you are interested
in the cosmic rays. Looking at your Qmean spectygou should be able to
identify which part of the spectrum correspondshe cosmic ray muons and
what the rest of the spectrum is.

To select just the muons and to get rid of allh&f background data, you need to
create aslice gate (see description of gates at the beginning for more
information). The purpose of the slice gate isnty show data within two limits.
To create a slice gate, go in the Xamine window @iak Cut. This will open a
new window where you can type the upper and loimgtd of you gate and also a
name for it. Alternatively, you can set the gateils by clicking in the spectrum.
The first will set the lower limit and the seconlitk the higher limit. Here you
should set your gate such as to select only theicasy muons.

To view the gate you just created, go into the T&kH and click on the Gate”
tab at the top. Clicklpdate Gate Lisand you should see the gate in the table.

To apply the gate, go back to thegectrd tab in the ‘Parameter Tree GUI"'and
highlight the spectrum you want to gate. At thisnpcelect the “..._gmean”
spectrum you were looking at. You can either fimaditygate by clicking Gaté’
or enter in the name of the gate in the space bé@wordGate Then click
Apply, and you should see it show up in the last columtine table in the GUI
beside the spectrum you chose.

Clear the spectra in the Control window and attacthne same file. Did the gate
work as expected?
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k) Record the gate name, type, range and also dranetiggated spectrum in your
logbook.

[) Ask the support staff to review your work beforevamg on.
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Source measurements

Now that you know how to use SpecTcl to create diegdlay spectra and also to
create and apply gates you are ready to procedd aviteal experiment. The idea is
similar to the oscilloscope experiment: you neellé@ble to find the position of a signal
in a MoNA bar using the time and/or energy paransetéthe two photomultipliers. You
have already learned that you can use the exip@ingmeters to create new ones (called
“pseudo parameters”). There are many pseudo-pagasradteady created for you. Before
you proceed with the experiment, discuss withinrygtoup, which are the possible
parameters that would be useful for you.

You have already seen in the oscilloscope expeatirtiet you can use the time
difference of the left and right PMTs of the samar Ibo find the position of the
interaction along the bar. You also found that yowld do the same thing with the
energy signal (height of your pulse) using the “@erof Gravity” parameter. In this
experiment you will repeat the previous experimautt instead of looking at the signals
in the oscilloscope you will use the correspongiagameters.

M easur ements

4) Before starting the data collection you first néedreate some spectra in order to be
able to look at the online data. You will look hetsame quantities you studied in the
oscilloscope experiment, which were (TI-Tr), (P)-Fand (PI-Pr)/(PI+Pr). Here
instead of the symbol “P” we use the symbol “Q"t ihwefers to the same quantity.

a) In order to create the relevant spectra you nedalltaw the procedure you learnt
earlier in this experiment. The parameters you wiled have the following
names:

Tdiff **LR = (TI-Tr)

Qdiff_**LR = (PI-Pr)

COG_** = (PI-Pr)/(PI+Pr)

where in the place of ** you need to put the narhgoair bar (e.g. A0).

To create the spectra for the above parameterscgauuse the buttons in the
“SpecTclControl” window:

+ Left-Right Qdiff
* Left-Right time diff
» Center of gravity

These buttons will create the 1D spectra of theglmarameters mentioned above
for all 144 MoNA bars. TheCenter of Gravity button will also create 2D
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b)

d)

9)

spectra where x = Tdiff_**LR and y = COG_**. Thema of this type of spectra
is **_Tdiff_COG.

Which bar did you use in the oscilloscope experirhdhyou don’t know ask the
support staff. You will be looking at spectra fronms bar.

Create 2x2 geometry in Xamine. Use thgisplay+” button to present the four
spectra that correspond to your bar (Tdiff *LR, ipd*LR, COG_**
** Tdiff_COG).

The support staff will run the acquisition progrémncollect data for you. Before
starting, one person from each group should accoynpae support staff in the
experimental area and check where the source vaasgith respect to the bar
you are studying. Then come back in the analysia and write in your logbook
your bar and the position of the source. The supgiaff should tell you what the
run number is. Note that in your logbook too. Thiscedure should be repeated
for at least 5 different positions.

You can look at your different spectra while yoe gaking data. To do that click
on the ‘Attach to filé button in the Control Window and open the “cuifen
directory where you will find the current run fileater when the collection of
data is stopped, this file will be moved automadlycanto the “complete”
directory and you can attach to it if you want émtinue your analysis.

You can start with some “online” analysis during thata collection time but the
main part of you analysis will be done when alkfruns are recorded. First you
should do a qualitative study of your four spearal discuss with your group
members the significance of each. Change the mghaw limit of your spectra
and also their binning if you think it is needed.

Once you understand what each spectrum shows youwsteat the calibration
procedure. Similarly to what you did in the osa@liope experiment, you need to
fill the table shown below. The table includes Hagne quantities you used in the
first experiment (TI-Tr, PI-Pr and COG). In additimext to each of these
columns you will find a column marked a¢***). This symbol corresponds to
the error or uncertainty of your measurement. Ev@gasurement has some
uncertainty, even the most accurate ones. So,véng important, together with
the measured value of a quantity, to also determtsrerror.

There are multiple ways to find the center (ceuyaf your peak. The simplest
one is by placing the cursor over what seems tthégeak and looking at the x
value below the spectrum. A different way is to &gecTcl to fit your

distribution and give you the centroid of this flto do that you need to go in
Xamine and click on theSumming regichbutton at the bottom. You can set the
upper and lower limits of the region of interest dicking on the spectrum.

Remember to set these limits symmetrically aroumar peak. When you set the

17



Tablel

Run No X | (TI-Tr) i o(TI-Tr) | (PI-Pr) { o(PI-Pr) COG 6(COG)

h)

limits you click “OK’. To have SpecTcl perform the fit and give you tleults
you need to click on thdritegraté button in Xamine. A new window shows up
with the information you need:

* Centroid: the center of the distribution

* FWHM: Full Width at Half Maximum is the width of éhdistribution at a
height that is half of the maximum height. Thisaisriterion used to check
the width of a distribution.

» Area: The total number of counts inside the limifsyour region of
interest.

Using the above information you can estimate theresf your centroid value
using the formula:

_ FWHM
6_

 Area

Perform this analysis and fill in the different goins of Table 1.

When you are done with your spectra analysis, yaweho make two graphs.
These are the same graphs you did in the oscill@es@xperiment where the
horizontal axis is the position of the source dmel\tertical axis is (TI-Tr) for the
first graph and COG for the secon
Together with the actual values o
your measurements, draw also th
errors. The figure to the right does i
not correspond to any physica 8
guantities but it shows how to draw £ °
the error bars on your plot. The
figure shows error bars only on th¢ <.
vertical axis but you could do the [
same thing for the horizontal axis a
well. K : : : ‘ : ‘

Arbitrary units

Example of error bars

Arbitrary Units

i) In you opinion, which of the two
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graphs would help you determine the position ofaent more accurately?

i) Compared to the previous experiment, which of the mmethods would you
choose for your calibration and why?

i) The support staff will, once again, place the seuast a new location of their
choice, but unknown to you. Clear the spectraecblllata and use what you have
found so far to try to determine where the sousdec¢ated. Once you have come
to a conclusion, ask the support staff where yource is. How close were you?
Was your estimation better or worse than the presexperiment?

Important: For the second part of this experiment you will need to analyze cosmic
ray data. To have enough statistics you will need to collect data overnight. Before
leaving on the first day you need to ask the support staff if they started the cosmic
ray run and notethe run number in your logbook.
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Cosmic ray measurements

Measuring cosmic rays is done the same way yoth@idource measurements. You will

notice several differences in your spectra, butdd@ collection and analysis procedures
are the same. In fact, you have already analyzéa@a@dmic ray data in the first part of

this experiment. Some differences between sourcecasmic ray measurements are
listed below:

» Different particles:The source you are using for your experiments engtgrons,
while the cosmic rays detected by MoNA are maintyoms.

» Different energyThe neutrons emitted by the source have low engrgieto about
6 MeV (6.000.000 eV). The cosmic muons have veghlenergies, up to 4 GeV
(4.000.000.000 €eV).

» Different deposited energ§eutrons and muons interact with the plastic dtandir

in different ways. It is beyond the scope of tisde to explain these interactions in
detail. What you need to know, however, is thaiva énergy neutron can deposit any
fraction of its energy (even all of it) in the detier. So, the energy signal you get in
the detector is in the range between “zero” anduaboMeV. On the other hand, a
high-energy muon will not deposit all of its enerdmt only a small fraction of it,
which depends on the thickness of the detectorceSall MONA bars have a fixed
thickness of 10 cm, the energy deposited by a muanbar will also be fixed and
equal to ~20 MeV.

» Different range:Low energy neutrons will not travel very far in MA. Placing the
source next to a bar will produce signals in thagc#fic bar and also in 2 or 3
neighboring bars. On the other side, cosmic muane lsuch a high energy that they
do not stop in MoNA. They have already traveledhsadong way since they were
first produced that a few meters of material doesaifect them. They just loose a
very small fraction of their energy in each barisTimeans that a muon coming from
the top will be detected by all 16 detectors of @NWA layer.

* Count rate:Depending on its intensity and the distance froendetector, the neutron
source can produce several signals in a MoNA bar #hort amount of time. This
means that measuring for a short time (e.g. 10 r@#)uyou can have a spectrum
with enough statistics to perform your analysistia case of cosmic rays, however,
the count rate is not as high, and of course incabe changed. So in order to do
your analysis you will need to collect data for mdhan 12 hours, to have enough
statistics for your analysis.

Based on the above differences, you will be askestudy and explain some of the
main characteristics of muons, such as their vlaand their angular distribution. In
order to do that in a more efficient way, insteddsking you to calibrate the 144 MoNA
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detectors, the calibrations were done beforehaddyan can use the calibrated position
and time spectra.

Once you have the data you can perform your aisafysd extract any information
you need. At this point you and your group shouithk and propose an analysis
procedure that can be used to measure some ohé#nacateristics of cosmic rays. In this
guide we include some ideas about measuring thecigelof muons and their angular
distribution. If you have any different ideas foreasuring the same quantities or
something else, discuss it with the staff membkrs not guaranteed that all of your
ideas can be easily applied in the analysis cotiengs might get complicated if new
parameters need to be created. At the end of thisindent there is a list of all the
available parameters.

Muon anqular distribution

5) Cosmic rays hit the earth from all directions. Hees the ones that end up in our
detectors do not come from all angles. We mostéy gesmic rays coming from the
top and as the angle increases, the number oftddteasmic rays is reduced.

a) Discuss within your group the reason for this reduc Can you imagine how
would the angular distribution of cosmic ray mudoak like?

b) It was found that the angular distribution of mu@tghe surface of the earth is
[ cos0, where® is the angle from the vertical direction. Drawymur graphical
paper how a cé8 distribution looks like (horizontal axi§=vertical axis=co®).

c) How can you use the MoNA bars to choose muonsctirae in specific angles?

d) There is a parameter created for you that corredgptmXpos_top — Xpos_bottom
(Xdiff_...15-...00). If we assume that you are gslayer C, this parameter will
have the name Xdiff C15 C00 and it will give thdfafience between the
position of interaction in the top bar (C15) and thottom bar (C00). If you have
muons going through layer C vertically, what woultkk the value of
Xdiff_C15_C00?

e) If the muons were coming at an angle of e.g +5 ekgr what would
Xdiff_C15_CO00 be equal to? Fig.4 will help you frgtthis out.
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Left

Figure 4 Geometry of incoming muon

Right

f) Make similar calculations as in the previous swfilt the first four columns of
table 2 for 10 angles between —90 and 90.

Table 2

© (deg)

cos(0®)

cos’(@®)

tan(@)

Xdiff_*15 *0

Nor malized

counts
counts

-90

-80

-70

+80

+90

9)

h)

If you know that a MoNA bar is 200 cm long and 10 wide, calculate what is
the maximum angle that a muon should have in cwldre detected by the top
and also by the bottom bar in the same layer.

Propose ways to increase this angle.

Now you can look at some spectra. Click on thedmutX position difference”
and then attach on your cosmic data run file and wdil all buffers are read in.
When this is done, click on th&pdate all” button.
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)

K)

You can use your mouse to check how many counts vegjistered for a specific
value of Xdiff *15 *00 (this is the y value showetl the bottom of the Xamine
window). Use this method to fill in the fifth columof table 2.

In order to plot your results and compare to theeeted co® distribution you
need to perform normalization. This means thatsioauld make the peak of your
spectrum and the peak of the %bslistribution the same. To do that, divide the
numbers in column five with the number of countt tbarrespond to angle 0 and
write your results in column six. When you do ththe “Normalized counts” for
angle=0 should be equal to 1 and the rest of thgesashould be smaller than
that.

Use the plot you made earlier for the %odistribution to draw the “Normalized
counts” on the same axis.

m) How do the two plots compare?

n)

Discuss within your group and explain the reasaat four results are not as
expected. How can you improve your results?

Muon velocity (optional)

6) First discuss within your group and propose a waymeasure the velocity of a
particle with MoNA. Write in your logbook a shatéescription of the procedure you
want to follow and discuss your ideas with the sarpptaff.

a)

b)

d)

In spectcl there is an available parameter calldiif 15 *00, where * is the
name of a layer. For example, if you use layerhe, parameter will be called
Tdiff E15 EO0 and it corresponds to the time ddfeme Tmean_ E15-
Tmean_EO00. For a muon coming from the top, do yqeet this difference to be
positive or negative? Discuss your answer with theport staff before
continuing.

Go to the “SpecTcl control” window click on the fiie of Flight” button and
then use theAttach to filé button to attach to the cosmic run you took ovginh

All layers are equivalent so you can choose toysauy layer you prefer.

Wait until your spectrum has enough statistics @l wefined peak). Remember
to check if you are satisfied with the limits ahe binning of your spectrum.
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f)

9)

h)

Does the peak in your spectrum appear at positiveegative times? Is this what
you expected? Which is the main direction of muons?

Use your peak to estimate the time it takes fouamto travel from the top bar to
the bottom bar. Then use this time to estimatevéthecity of the muons.

Ask the support staff to tell you what the velocstyould be. Did you get what
you expected?

Propose reasons and ways to improve your measutemen
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M eaning of Parameters and Names

Il HGFEDCBA

15 15
14 14
13 13
12 12
11 1
10 10
: I
|
7 '\ Qﬁ 7
6 \ 6
5 5
4 4
3 3
2 2
| 1
0 0

This figure presents a side view of the MoNA bditse different layers are marked with
letters A through I. In the same layer, the différbars are labeled with numbers 0
through 15. For example the top bar at the frapeét of MONA is A15.

Any time that there is a “...” it means that thisamhation is different depending on
which bar you choose and you should substitute Wwith the bar layer, bar number, or
the letter “L” if it's the left photomultiplier antR” if it's the right one.

...._tcal
This parameter records the time of the event oh bots of the bar. That's why
there’s a left and right for each bar.
Example: g08I_tcal and g08r_tcal are the left agltitime parameters for the bar
G8, respectively.

...._qcal
This parameter records the charge of the eventotim &nds of the bar. That's
why there’s a left and right for each bar.
Here’'s an example: g08l| _gcal and g08r_gcal are I¢fie and right energy
parameters for the bar G8, respectively.

..._Qgmean

This parameter takes the average energy of thanefright energy data collected
for each bar.
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..._Xpos
This parameter will display where on the bar thergvoccurred. The center of
the bar is Ocm and the left end is +100cm whileridpet end is -100cm.

-« x—  »

..._tmean

This parameter takes the average time of the feftraght time data collected for
each bar. In other words, it is derived from TD€ftland TDC Right.

Qdiff_...LR

Calculates QDC Left — QDC Right.
Tdiff_...LR

Calculates TDC Left — TDC Right.
COG._...

CalculatesM
(R+F)
Xdiff_...15-...0
Calculates Xpos Top — Xpos Bottom.
Tdiff_...15-...0

Calculates Tmean_Top — Tmean_Bottom.
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