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Introduction

The muon is one of nature’s fundamental “builditacks of matter” and acts in many
ways as if it were an unstable heavy electronydasons no one fully understands.
Discovered in 1937 by C.W. Anderson and S.H. Nedédger when they exposed a
cloud chamber to cosmic rays, its finite lifetimasafirst demonstrated in 1941 by F.
Rasetti. The instrument described in this manuahfe you to measure the charge
averaged mean muon lifetime in plastic scintillatormeasure the relative flux of muons
as a function of height above sea-level and to destnate the time dilation effect of
special relativity. The instrument also providesoarce of genuinely random numbers
that can be used for experimental tests of stangiaioibility distributions.

Our Muon Source

The top of earth's atmosphere is bombarded byxaofilnigh energy charged particles
produced in other parts of the universe by mechamibhat are not yet fully understood.
The composition of these "primary cosmic rays‘asewhat energy dependent but a
useful approximation is that 98% of these partielesprotons or heavier nuclei and 2%
are electrons. Of the protons and nuclei, about 8@/protons, 12% helium nuclei and
the balance are still heavier nuclei that are tiee@oducts of stellar nucleosynthesis.
See Simpson in the reference section for moreldetai

The primary cosmic rays collide with the nucleiaarf molecules and produce a shower of
particles that include protons, neutrons, pionshleharged and neutral), kaons, photons,
electrons and positrons. These secondary partiobesundergo electromagnetic and
nuclear interactions to produce yet additionalipl@s in a cascade process. Figure 1
indicates the general idea. Of particular inteie$ite fate of the charged pions produced
in the cascade. Some of these will interact viastheng force with air molecule nuclei

but others will spontaneously decay (indicatedhzyadrrow) via the weak force into a
muon plus a neutrino or antineutrino:

p*® nmnpy
pP® mnp

The muon does not interact with matter via thengjriorce but only through the weak
and electromagnetic forces. It travels a relativehg instance while losing its kinetic
energy and decays by the weak force into an elegtus a neutrino and antineutrino.
We will detect the decays of some of the muonsyced in the cascade. (Our detection
efficiency for the neutrinos and antineutrinostietly negligible.)
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Figure 1. Cosmic ray cascade induced by a cosmic ray prstiiking an air molecule
nucleus.

Not all of the particles produced in the cascadbénupper atmosphere survive down to
sea-level due to their interaction with atmosphaticlei and their own spontaneous
decay. The flux of sea-level muons is approximateper minute per cfr(see
http://pdg.lbl.gov for more precise numbers) with a mean kinetic gyef about

4 GeV.

Careful study [pdg.lbl.gov] shows that the meardpiion height in the atmosphere of
the muons detected at sea-level is approximatekmi.5Travelling at the speed of light,
the transit time from production point to sea-legethen 5thvsec. Since the lifetime of
at-rest muons is more than a factor of 20 smalwerappearance of an appreciable sea-
level muon flux is qualitative evidence for the érdilation effect of special relativity.
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Muon Decay Time Distribution

The decay times for muons are easily describedenadtically. Suppose at some time t
we have N(t) muons. If the probability that a mumcays in some small time interval dt
is| dt, wherd is a constant “decay rate” that characterizes tapidly a muon decays,
then the change dN in our population of muonsss¢iN =- N(t)l dt, or dN/N(t) = dt.
Integrating, we have N(t) =d¢xp¢l t), where N(t) is the number of surviving muons at
some time t and Nis the number of muons at t = 0. The "lifetintedf a muon is the
reciprocal ofl ,t =14 . This simple exponential relation is typical ofli@active decay.

Now, we do not have a single clump of muons whosei\ang number we can easily
measure. Instead, we detect muon decays from ntbahenter our detector at
essentially random times, typically one at a tithés still the case that their decay time
distribution has a simple exponential form of theet described above. By decay time
distribution D(t), we mean that the time-dependenbability that a muon decays in the
time interval between t and t + dt is given by Bi(t)f we had started with ;N\muons,
then the fraction dN/Np that would on average decay in the time intered#hvieen t and

t + dt is just given by differentiating the abowdation:

-dN = Nyl exp¢l t) dt
-dN/ No= | expfl t)dt

The left-hand side of the last equation is nothimgye than the decay probability we
seek, so D(t) # exp(¢l t). This is true regardless of the starting vaitidly. That is, the
distribution of decay times, for new muons enteng detector, is also exponential with
the very same exponent used to describe the sogvpopulation of muons. Again, what
we call the muon lifetime is = 11 .

Because the muon decay time is exponentially Oigied, it does not matter that the
muons whose decays we detect are not born in tleetde but somewhere above us in
the atmosphere. An exponential function alwaysKthe same” in the sense that
whether you examine it at early times or late tinisse-folding time is the same.

Detector Physics

The active volume of the detector is a plastictdtator in the shape of a right circular
cylinder of 15 cm diameter and 12.5 cm height pleattethe bottom of the black anodized
aluminum alloy tube. Plastic scintillator is traasgnt organic material made by mixing
together one or more fluors with a solid plastitvent that has an aromatic ring structure.
A charged particle passing through the scintillatdk lose some of its kinetic energy by
ionization and atomic excitation of the solvent emiles. Some of this deposited energy
is then transferred to the fluor molecules whosgetebns are then promoted to excited
states. Upon radiative de-excitation, light in liee and near-UV portion of the
electromagnetic spectrum is emitted with a typd=day time of a few nanoseconds. A
typical photon yield for a plastic scintillator isoptical photon emitted per 100 eV of
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deposited energy. The properties of the polyvinyt#oe-based scintillator used in the
muon lifetime instrument are summarized in table 1.

To measure the muon's lifetime, we are interestaxhly those muons that enter, slow,
stopand therdecayinside the plastic scintillator. Figure 2 summesizhis process. Such
muons have a total energy of only about 160 Methayg enter the tube. As a muon
slows to a stop, the excited scintillator emitsitithat is detected by a photomultiplier
tube (PMT), eventually producing a logic signaltttiygers a timing clock. (See the
electronics section below for more detail.) A gteg muon, after a bit, decays into an
electron, a neutrino and an anti-neutrino. (Seenth section for an important
gualification of this statement.) Since the elettneass is so much smaller that the muon
mass, mme ~ 210, the electron tends to be very energetid@apdoduce scintillator

light essentially all along its pathlength. The mgw and anti-neutrino also share some
of the muon's total energy but they entirely esagtection. This second burst of
scintillator light is also seen by the PMT and usettigger the timing clock. The
distribution of time intervals between successieelkctriggers for a set of muon decays
is the physically interesting quantity used to noeashe muon lifetime.

PMT

Scintillator

\:\
\‘A/ZVE

Figure 2. Schematic showing the generation of the two Imghises (short arrows) used in
determining the muon lifetime. One light pulsersni the slowing muon (dotted line)
and the other is from its decay into an electropasitron (wavey line).

Table 1. General Scintillator Properties

Mass density 1.032 g/cm
Refractive index 1.58
Base material Polyvinyltoluene
Rise time 0.9 ns
Fall time 2.4 ns
M:;?T:Itfrlr? nEgr:wr;s(;fion 423 nm
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Interaction of mis with matter

The muons whose lifetime we measure necessar#dyaat with matter. Negative muons
that stop in the scintillator can bind to the stiatbr's carbon and hydrogen nuclei in
much the same way as electrons do. Since the nsuwot an electron, the Pauli
exclusion principle does not prevent it from ocdagyan atomic orbital already filled
with electrons. Such bound negative muons canititeract with protons

m+p® n+ny

before they spontaneously decay. Since there avawo ways for anegativemuon to
disappear, the effective lifetime of negative mumnshatter is somewhat less than the
lifetime of positively charged muons, which do hai/e this second interaction
mechanism. Experimental evidence for this effeshiswn in figure 3 where
“disintegration” curves for positive and negativaans in aluminum are shown. (See
Rossi, 1952) The abscissa is the time intervatween the arrival of a muon in the
aluminum target and its decay. The ordinate, ploitsgarithmically, is the number of
muons greater than the corresponding abscissae Teges have the same meaning as
curves representing the survival population ofsadiive substances. The slope of the
curve is a measure of the effective lifetime of dleeaying substance. The muon lifetime
we measure with this instrument is an average bwotr charge species so the mean
lifetime of the detected muons will be somewhas lé=n the free space value
tm=2.19703t 0.00004sec.

The probability for nuclear absorption of a stoppedativemuon by one of the
scintillator nuclei is proportional to*Zwhere Z is the atomic number of the nucleus
[Rossi, 1952]. A stopped muon captured in an atarbdal will make transitions down
to the K-shell on a time scale short comparedsttinte for spontaneous decay
[Wheeler]. Its Bohr radius is roughly 200 times #erathan that for an electron due to its
much larger mass, increasing its probability fangdound in the nucleus. From our
knowledge of hydrogenic wavefunctions, the probgbiensity for the bound muon to
be found inside the nucleus is proportional fo@nce inside the nucleus, a muon’s
probability for encountering a proton is proporabto the number of protons there and
so scales like Z. The net effect is for the ovembBorption probability to scale liké.Z
Again, this effect is relevant only for negativelyarged muons.
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Figure 3. Disintegration curves for positive and negativgoms in aluminum. The
ordinates at t = 0 can be used to determine tla¢ivelnumbers of negative and positive
muons that have undergone spontaneous decay. dpesstan be used to determine the
decay time of each charge species. (From Ross8.p16
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miynh Charge Ratio at Ground Level

Our measurement of the muon lifetime in plastiotitator is an average over both
negatively and positively charged muons. We hakeadly seen thati’s have a lifetime
somewhat smaller than positively charged muonsusecaf weak interactions between
negative muons and protons in the scintillator @udlhis interaction probability is
proportional to Z, where Z is the atomic number of the nuclei, solifietime of negative
muons in scintillator and carbon should be verylyesqual. This latter lifetime, is
measured to be.=2.043+ 0.003nsec. [Reiter, 1960]

It is easy to determine the expected averagertiteti obs of positive and negative
muons in plastic scintillator. Lét be the decay rate per negative muon in plastic
scintillator and let * be the corresponding quantity for positively cleargnuons. If we
then let N and N represent the number of negative and positive mirmident on the
scintillator per unit time, respectively, the a\ggabserved decay rate and its
corresponding lifetimé_obs are given by

ot L=
= e

_ gt
14p
—,
= (A7 = e
-1
Tabs — (1 + p)(q—i— + ;PI)

FERE
— (1 + JO)T++pT—

wherer © N*/N",t™° (I ") ! is the lifetime of negative muons in scintillatord
t*o (I *y1is the corresponding quantity for positive muons.

Due to the Z effect,t” =t for plastic scintillator, and we can gétequal to the free
space lifetime valug, sincepositive muons are not captured by the scintillatalei.
Settingr=1 allows us to estimate the average muon lifetimewmect to observe in the
scintillator.

We canmeasura for the momentum range of muons that stop in thatilator by
rearranging the above equation:

p= _i T — Tabe
T AT
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Backgrounds

The detector responds to any particle that prodenesgh scintillation light to trigger its
readout electronics. These particles can be eitienged, like electrons or muons, or
neutral, like photons, that produce charged pagiethen they interact inside the
scintillator. Now, the detector has no knowledgevbéther a penetrating particle stops
or not inside the scintillator and so has no waglisfinguishing between light produced
by muons that stop and decay inside the detecton light produced by a pair of
through-going muons that occur one right afterdtier. This important source of
background events can be dealt with in two waystRive can restrict the time interval
during which we look for the two successive flasbescintillator light characteristic of
muon decay events. Secondly, we can estimate tgitmaund level by looking at large
times in the decay time histogram where we expagtdvents from genuine muon
decay.

Fermi Coupling Constant G-

Muons decay via the weak force and the Fermi cagaibnstant Gis a measure of the
strength of the weak force. To a good approximatioa relationship between the muon
lifetimet and G is particularly simple:

- 1920° 7
G2mc?

where m is the mass of the muon and the other signhlaee their standard meanings.
Measuringt with this instrument and then taking m from, s, Particle Data Group
(http://www.pdg.lbl.gov) produces a value fog.G
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Time Dilation Effect

A measurement of the muon stopping rate at twedfft altitudes can be used to
demonstrate the time dilation effect of speciatiglty. Although the detector
configuration is not optimal for demonstrating tichi&ation, a useful measurement can
still be preformed without additional scintillatars lead absorbers. Due to the finite size
of the detector, only muons with a typical totaéegy of about 160 MeV will stop inside
the plastic scintillator. The stopping rate is mgad from the total number of observed
muon decays recorded by the instrument in someititeeval. This rate in turn is
proportional to the flux of muons with total enermgfyabout 160 MeV and this flux
decreases with diminishing altitude as the muosseled and decay in the atmosphere.
After measuring the muon stopping rate at oneualéit predictions for the stopping rate
at another altitude can be made with and withoabaweting for the time dilation effect of
special relativity. A second measurement at the aléitude distinguishes between
competing predictions.

A comparison of the muon stopping rate at two déife altitudes should account for the
muon’s energy loss as it descends into the atmospiariations with energy in the
shape of the muon energy spectrum, and the vargnih angles of the muons that stop
in the detector. Since the detector stops onlydoergy muons, the stopped muons
detected by the low altitude detector will, at #devation of the higher altitude detector,
necessarily have greater energy. This energy diffeeDE(h) will clearly depend on the
pathlength between the two detector positions.

Vertically travelling muons at the position of thigher altitude detector that are
ultimately detected by the lower detector haverargy larger than those stopped and
detected by the upper detector by an amount eqii(h). If the shape of the muon
energy spectrum changes significantly with enettggn the relative muon stopping rates
at the two different altitudes will reflect thisfidirence in spectrum shape at the two
different energies. (This is easy to see if yoyosige muons do not decay at all.) This
variation in the spectrum shape can be correctebyf@alibrating the detector in a
manner described below.

Like all charged patrticles, a muon loses energyudih coulombic interactions with the
matter it traverses. The average energy lossmateiter for singly charged particles
traveling close to the speed of light is approxieha2 MeV/g/cnt, where we measure
the thickness of the matter in units of g/cmHere, s = x, wherer is the mass density
of the material through which the particle is pagsimeasured in g/cinand the x is the
particle’s pathlength, measured in cm. (This wagneasuring material thickness in
units of g/cr allows us to compare effective thicknesses ofrveterials that might
have very different mass densities.) A more adewalue for energy loss can be
determined from the Bethe-Bloch equation.

Muon Physics 11



aE 4rN* (ln 2mct 3y _ﬁg)

dr _mcgﬁgz i
B MeV VZ 1 , 2He’ 5 o 5

HereN is the number of electrons in the stopping medaemcnd, e is the electronic
chargezis the atomic number of the projectiandA are the atomic number and
weight, respectively, of the stopping medium. Thuity of the projectile i® in units

of the speed of light and its corresponding Lorentz factogighe symbol denotes the
mean excitation energy of the stopping medium at@&pproximately,|=AZ, where

A @13 eV. More accurate values fgoras well as corrections to the Bethe-Bloch equatio
can be found in [Leo, p26].

A simple estimate of the energy I& by a muon as it travels a vertical distance H is
DE = 2 MeV/g/cmi * H * r_air, where _air is the density of air, possibly averaged over
H using the density of air according to the “stamdatmosphere.” Here the atmosphere
is assumed isothermal and the air pressure p a seight h above sea level is
parameterized by p s @xp(-h/h), where p= 1030 g/cr s the total thickness of the
atmosphere andyl= 8.4 km. The units of pressure may seem unusugu but they are
completely acceptable. From hydrostatics, you reitiall that the pressure P at the base
of a stationary fluid is P £gh. Dividing both sides by g yields P/g 4, and you will

then recognize the units of the right hand sidg/ast. The air density, in familiar

units of g/cm, is given byr =-dp/dh.

If the transit time for a particle to travel vedily from some height H down to sea level,
all measured in the lab frame, is denoted by 1) the corresponding time in the
particle’s rest frame is t' and given by

0 dh
¢ = A

Hereb andg have their usual relativistic meanings for thejgeble and are measured in
the lab frame. Since relativistic muons lose enatggssentially a constant rate when
travelling through a medium of mass dengitglE/ds = G, so we havelE = rCy dh,

with Co = 2 MeV/(g/cnf). Also, from the Einstein relation, Egnc?, dE = mé dg so

dh = (mé&rCo) dg Hence,

g o me /’:’2 dry

pCo Jy By
. ome /’?’2 ady
pCo vy vy —1

Hereq is the muon’s gamma factor at height H gnd its gamma factor just before it
enters the scintillator. We can tagge = 1.5 since we want muons that stop in the
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scintillator and assume that on average stoppedainavel halfway into the scintillator,
corresponding to a distance s = 10 dficfihe entrance muon momentum is then taken
from range-momentum graphs at the Particle DataGWWW site and the
correspondingp computed. The lower limit of integration is givepa, = Ei/mc?, where
E; = E; + DE, with & =160 MeV. The integral can be evaluated numesicé8ee, for
example, Internet site:
http://people.hofstra.edu/faculty/Stefan_Waner/R&ald/integral/integral.html)

Hence, the ratio R of muon stopping rates for #raesdetector at two different positions
separated by a vertical distance H, and ignoringhfe moment any variations in the
shape of the energy spectrum of muons, is juseRp€ t'/t ), wheret is the muon
proper lifetime.

When comparing the muon stopping rates for thectimtat two different elevations, we
must remember that muons that stop in the lowesotiet have, at the position of the
upper detector, a larger energy. If, say, theikgahuon abundance grows dramatically
with energy, then we would expect a relatively éastopping rate at the lower detector
simply because the starting flux at the positiothefupper detector was so large, and not
because of any relativistic effects. Indeed, themmomentum spectrum does peak, at
around p = 500 MeV/c or so, although the precisgshs not known with high accuracy.
See figure 4.
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Figure 4. Muon momentum spectrum at sea level. The cumesfita to various data sets
(shown as geometric shapes). Figure is taken federence [Greider, p399].
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We therefore need a way to correct for variationthe shape of the muon energy
spectrum in the region from about 160 MeV — 800 MgSbrresponding to
momentums’s p = 120 MeV/c — 790 MeV/c.) We do thydirst measuring the muon
stopping rate at two different elevatiom (= 3008 meters between Taos, NM and
Dallas, TX) and then computing the ratig fof raw stopping rates. (R = Dallas/Taos

= 0.41% 0.05) Next, using the above expression for thesitdime between the two
elevations, we compute the transit time in the maiogst frame (t' = 1.39) for vertically
travelling muons and calculate the correspondiegittical stopping rate ratio

R =expf t'/t ) = 0.267. We then compute the double raie-RR 4, /R = 1.5+ 0.2 of the
measured stopping rate ratio to this theoretidal ratio and interpret this as a correction
factor to account for the increase in muon fluxestn about E =160 MeV and

E = 600 MeV. This correction is to be used insalbsequent measurements for any pair
of elevations.

To verify that the correction scheme works, we takew stopping rate measurement at
a different elevation (h = 2133 meters a.s.|. & Btamos, NM), and compare a hew
stopping rate ratio measurement with our new, ctecetheoretical prediction for the
stopping rate ratio = Ry R = 1.6exp{ t'/t). We find t' = 1.06 and R,= 0.52+ 0.06.

The raw measurements yielghjz= 0.56% 0.01, showing good agreement.

For your own time dilation experiment, you coulgfimeasure the raw muon stopping
rate at an upper and lower elevation. Accountingefeergy loss between the two
elevations, you first calculate the transit timatthe muon’s rest frame and then a naive
theoretical lower elevation stopping rate. Thisreaiate should then be multiplied by the
muon spectrum correction factor 1%.2 before comparing it to the measured rateeat th
lower elevation. Alternatively, you could measure tower elevation stopping rate,
divide by the correction factor, and then accoontinergy loss before predicting what
the upper elevation stopping rate should be. Youlgvthen compare your prediction
against a measurement.

Muon Physics 14



Electronics

A block diagram of the readout electronics is shawfigure 5. The logic of the signal
processing is simple. Scintillation light is detgtby a photomultiplier tube (PMT)
whose output signal feeds a two-stage amplifiee dimplifier output then feeds a
voltage comparator (“discriminator”) with adjustalthreshold. This discriminator
produces a TTL output pulse for input signals akibveshold and this TTL output pulse
triggers the timing circuit of the FPGA. A second@LToutput pulse arriving at the FPGA
input within a fixed time interval will then stomd reset the timing circuit. (The reset
takes about 1 msec during which the detector ebiksl.) The time interval between the
start and stop timing pulses is the data sented’th via the communications module that
is used to determine the muon lifetime. If a secbmt pulse does not arrive within the
fixed time interval, the timing circuit is resettamatically for the next measurement.

. Discriminator Serial
Amplifier
PMT Output Qutput Port
Input [
Discriminator Il FPGA TimerH{ |—
I PC
Two Stage d) USB
Amplifier Ref. Discr.  Hviioo  HY Port
Monitor  Ref. Monitor ~ Adjust
HV Power
T+
L
PMT ——1 LED
i Pulser
Scintillator % 4} *
%?\ . LED Variable
Monitor Time
Delay(t)

Figure 5. Block diagram of the readout electronics. The afrepland discriminator
outputs are available on the front panel of thetedmics box. The HV supply is inside
the detector tube.

The front panel of the electronics box is showfigare 6. The amplifier output is
accessible via the BNC connector labetedplifier output Similarly, the comparator
output is accessible via the connector lab&etriminatoroutput The voltage level
against which the amplifier output is comparedetednine whether the comparator
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triggers can be adjusted using the “Thresholdrogiritnob. The threshold voltage is
monitored by using the red and black connectornsabeept standard multimeter probe
leads. The toggle switch controls a beeper thatd®when an amplifier signal is above
the discriminator threshold. The beeper can bestlioif.

The back panel of the electronics box is showigigré 7. An extra fuse is stored inside
the power switch.

Figure 8 shows the top of the detector cylinder.@@W@er to the electronics inside the
detector tube is supplied from the electronics thogugh the connect@C Power. The
high voltage (HV) to the PMT can be adjusted byituy the potentiometer located at the
top of the detector tube. The HV level can be messhy using the pair of red and black
connectors that accept standard multimeter proldiesHV monitor output is 1/100 times
the HV applied to the PMT.

A pulser inside the detector tube can drive a lgghttting diode (LED) imbedded in the
scintillator. It is turned on by the toggle switahthe tube top. The pulser produces pulse
pairs at a fixed repetition rate of 100 Hz while thme between the two pulses
comprising a pair is adjusted by the knob labdledeAd]. The pulser output voltage is
accessible at the connector labdRedseOutput

For reference, figure 9 shows the output directyrf the PMT into a 5% load. Figure
10 shows the corresponding amplifier and discritwinautput pulses.

Figure 6. Front of the electronics box.
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Figure 7. Rear of electronics box. The communications pamson the left. Use only
one.

Figure 8. Top view of the detector lid. The HV adjustmeantegmtiometer and monitoring
ports for the PMT are located here.
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Figure 9. Output pulse directly from PMT into aWdoad. Horizontal scale is 20 ns/div
and vertical scale is 100 mV/div.

Amplifier Output
Discriminator

Figure 10. Amplifier output pulse from the input signal frdigure 9 and the resulting
discriminator output pulse. Horizontal scale isni0div and the vertical scale is 100
mV/div (amplifier output) and 200 mV/div (discrimator output).
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Software and User Interface

Software is used to both help control the instrunaeml to record and process the raw
data. There is also software to simulate muon ddess. All software is contained on the
CD that accompanies the instrument and can al$eebly downloaded from
www.muon.edu. (Both Microsoft and Linux operatingt®ms are supported.) Source
code for the user interface and the data fittifgasoe is written in the Tcl/Tk scripting
language and is provided. You should find the fdftrectories shown in figure 11 on
the supplied CD.

Figure 11. Muon Physics Folders

All of the software can be run from either the Gropied to disk. The muon decay
simulation software can be run without any of tieéedtor electronics present. You
should copy all six folders on the CD to a convaehgirectory. Table2 lists the folders
and describes the software they contain.

Table 2. Important Folders

Folder name Folder Description
muon_data Main executable and data files
muon_simu Simulation program and simulated data
muon_util Utility programs
sample_data Sample data file(s)

Tcl User interface source code

USB Driver USB driver software
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The program you will probably use the mostiigson located in the foldemuon data
This is the principal data acquisition program usedollect real data. This program
stores its data in one of two files: the file nardath or a file named with the date on
which the data was collected derived from the yeamth, day and time, in that order,
when the date is written in numerical form. (Foamwple, the file 03-07-15:39
corresponds to a data file written 15 July 2003:89pm. Minutes and hours are written
in 24-hour notation.) Real data files are autonadiiyonritten to the foldemuon data

Files with the extension “tcl” and “dIlI” are suppgrograms that you do not need to
modify for normal running. The Tcl files are howewseful to read if you want to see
how the user interface and our curve fitter aretemiin the Tcl/Tk scripting language.

The programmuonis the main data acquisition program. After yaunieh it, you will

first see the user interface shown in figure 12 rterface allows you to set port
settings on your PC, to observe various data regentrol how data is displayed on the
PC, and to fit the collected data.
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Figure 12. User Interface

There are 5 sections to the main display panel:

Control

Muon Decay Time Histogram
Monitor

Rate Meter

Muons through detector

Control

The Configuresub-menu is shown in figure 13. This menu allows o specify which
communications portcoml com2 com3or comd that you will connect to the
electronics box. Select eitheomlor com2if you will use a serial port for
communication. Typically, you will have only a slagerial port on your PC so in this
case you would selecoml (The serial port on your PC is the D-shaped cotumevith

9 pins.) If you select the wrong port, an error sage will eventually appear after you try

Muon Physics 21



to start the data acquisition (see below), teliing that the port you selected cannot be
opened.

If you wish to use the USB port, then connect smWEB port on your computer, select
com2 and follow the instructions below for startthg program. If your PC cannot find
the USB port, themomz2is not the correct port selection or you lack tf&B driver in

the first place. To correct the first situationasxne the folder “/system/hardware
devices/communications” and find out what port othancomlexists. Choose this port.

If you need to install the USB driver, then the \bws operating system will inform you
of such and ask you where it can find it. In thase just enter data into the pop-up
window pointing to the location of the driver, caimed in theJSBdriver folder on the
included CD. The Windows operating system will tleemomatically assign a port name
that you can determine by examining the folder

“/system/hardware devices/communications”.

The maximum x-axis value for the histogram of theomdecay times and the number of
data bins is also set here. There are also coritnoieading back all ready collected data.

The blue colore®aveExit switch is used to finalize all your communicatemd
histogramming selections.

Figure 13. Configure Sub-Menu

The Startbutton in the user interface initiates a measurgmeging the settings selected
from the configure menu. After selecting it, youlwsee the “Rate Meter” and the
“Muons through detector” graphs show activity.

ThePausebutton temporarily suspends data acquisition abttie three graphs stop
being updated. Upon selection, the button charigegmime tdResumeData taking
resumes when the button is selected a second time.
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TheFit button when selected will prompt the user for sspaord. (The instructor can
change the password.) If the correct passwordtesea, the data displayed in the decay
time histogram is fit and the results displayeth upper right hand corner of the graph.
Data continues to be collected and displayed. Thwifve drawn through the data points
disappears once a new data point is collecteddsudts of the fit remain.

TheViewRawData button opens a window that allows you to display timing data for
a user selected number of events, with the moshtesvents read in first. Here an event
is any signal above the discriminator threshold swludes data from both through
going muons as well as signals from muons that atmpdecay inside the detector. Each
raw data record contains two fields of informati®he first is a time, indicating the year,
month, day, hour, minute and second, readingadefight, in which the data was
recorded. The second field is an integer that eesdao kinds of information. If the
integer is less than 40000, it is the time betwi@ensuccessive flashes, in units of
nanoseconds. If the integer is greater than orléquhan 40000, then the units position
indicates the number of “time outs,” (instances mgleesecond scintillator flash did not
occur within the preset timing window opened byfih& flash). See the data file format
below for more information. Typically, viewing rashata is a diagnostic operation and is
not needed for normal data taking.

TheQuit button stops the measurement and asks you whethergnt to save the data.
AnsweringNo writesthedata to a file that is named after the date and time
measurement was originally started, i.e., 03-07-1326data AnsweringYesappends
the data to the filemuondata The filemuondatais intended as the main data file.

Data file format

Timing information about each signal above thredh®hritten to disk and is contained
either in the filemuondataor a file named with the date of the measuremesgisn.
Which file depends on how the data is saved aétiaeof a measurement session

The first field is an encoded positive integer tisaither the number of nanoseconds
between successive signals that triggered the veatectronics, or the number of
“timeouts” in the one-second interval identified hne corresponding data in the second
column. An integelessthan 40000 is the time, measured in nanosecoetisebn
successive signals and, background aside, identifrauon decay. Only data of this type
is entered automatically into the decay time hisioy

An integergreater than or equalto 40000 corresponds to the situation where the time
between successive signals exceeded the timingttsronaximum number of 40000
clock cycles. A non-zero number in the units plexckcates the number of times this
‘timeout” situation occurred in the particular sadadentified by the data in the first
field. For example, the integer 40005 in the firskd indicates that the readout circuit
was triggered 5 times in a particular second bait éach time the timing circuit reached
its maximum number of clock cycles before the reggial arrived.
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The second field is the number of seconds, as meady the PC, from the beginning of
1 January 1970 (i.e., 00:00:00 1970-01-01 UTCta donventional in computer
programming.

Monitor

This panel shows rate-related information for theent measurement. The elapsed time
of the current measurement is shown along witratteeimulated number of times from
the start of the measurement that the readoutretecs was triggeredNumberof

Muong. TheMuonRateis thenumber of times the readout electronics was trigdjan

the previous second. The number of pairs of sucesgnals, where the time interval
between successive signals is less than the maxmomnber of clock cycles of the

timing circuit, is labeledMuon Decayseventhough some of these events may be
background events and not real muon decays. Fjritebynumber of muon decays per
minute is displayed d3ecayRate.

Rate Meter

This continuously updated graph plots the number ofadgyabove discriminator
threshold versus time. It is useful for monitorthg overall trigger rate.

Muons through Detector

This graph shows the time history of the numbesigihals above threshold. Its time scale
is automatically adjusted and is intended to shiowe scales much longer than the rate
meter. This graph is useful for long term monitgrof the trigger rate. Strictly speaking,
it includes signals from not only through going madout any source that might produce
a trigger. The horizontal axis is time, indicatedva to the second. The scale is sliding
so that the far left-hand side always correspoodbké start of the measurement session.
The bin width is indicated in the upper left-haraitipn of the plot.

Muon Decay Time Histogram

This plot is probably the most interesting onedokl at. It is a histogram of the time
difference between successive triggers and isltitaiped to measure the muon lifetime.
The horizontal scale is the time difference betwsgtessive triggers in units of
microseconds. Its maximum displayed value is sehbZonfiguremenu. (All time
differences less than 2fsec are entered into the histogram but may notHygtoe
displayed due to menu choices.) You can also setdimber of horizontal bins using the
same menu. The vertical scale is the number ofstitinis time difference occurred and is
adjusted automatically as data is accumulated.tfobyChangey scaleLinear/LogQ)
allows you to plot the data in either a linear-éiner log-linear fashion. The horizontal
error bars for the data points span the width ohdaming bin and the vertical error bars
are the square root of the number of entries foh den.
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The upper right hand portion of the plot showsrtbmber of data points in the
histogram. Again, due to menu selections not dligganay be displayed. If you have
selected thé&it button then information about the fit to the datdisplayed. The muon
lifetime is returned, assuming muon decay timesaponentially distributed, along with
the chi-squared per degree of freedom ratio, alstahmeasure of the quality of the fit.
(See Bevington for more details.)

A Screercapturebuttonallowsyouto produce a plot of the display. Select the button
and then open theaint utility (in Windows) and execute tigastecommandunder the
Edit pull-down menu.

The Lifetime Fitter

The included muon lifetime fitter for the decay érhistogram assumes that the
distribution of times is the sum of an exponerdiatribution and a flat distribution. The
exponential distribution is attributed to real mwtecays while the flat distribution is
attributed to background events. The philosophtheffitter is to first estimate the flat
background from the data at large nominal decaysgiand to then subtract this
estimated background from the original distributiorproduce a new distribution that
can then be fit to a pure exponential.

The background estimation is a multi-step proc8saiting with the raw distribution of
decay times, we fit the distribution with an expoti& to produce a tentative lifetinté
We then fit that part of the raw distribution tln@ve times greater tham’Svith a

straight line of slope zero. The resulting numlisesur first estimate of the background.
We next subtract this constant number from all e original histogram to produce
a new distribution of decay times. Again, we fifpi@duce a tentative lifetimé’ and fit
again that part of this new distribution that héiwvees greater thant 5. The tentative
background level is subtracted from the previossrithution to produce a new
distribution and the whole process is repeatednaigaia total of 3 background
subtraction steps.

Muon Decay Simulation

Simulated muon decay data can be generated ugngalgranmuonsimuound in the
muon simufolder. Its interface and its general functionaéite very similar to the
programmuonin the muon_data folder. The simulation prograoonsimuets you
select the decay time of the muon and the numbeeaddys to simulate. Simulated data
is stored in exactly the same format as real data.

Utility Software

The foldermuon util contains several useful programs that ease tHgsamaf decay
data. The executable fift sifts through a raw decay data file and writea fe of your
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choosing only those records that describe possiblen decays. It ignores records that
describe timing data inconsistent with actual mdecay.

The executable filenergemerges two data files of your choosing into algitiide of
your choosing. The data records are time orderedrding to the date of original
recording so that the older the record the eaitlieccurs in the merged file.

The executable fileatecalccalculates the average trigger rate (per secamdijree muon
decay rate (per minute) from a data file of younasing. The returned errors are
statistical.

The executabl&eewrapis the compiler for any Tcl/Tk code that your wrdr modify. If
you modify a Tcl/Tk script, you need to compilddfore running it. On a Windows
machine you do this by opening a DOS window, andgto themuon util directory.
You then execute the commafndewrap your_script.tciwhereyour script.tclis the
name of your Tcl/Tk script. Do not forget tted extension!
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Getting Started

You cannot break anything unless you drop the t@ten the floor or do something
equally dramatic. Every cable you need is providéahg with a 5 terminator.

The black aluminum cylinder (“detector”) can begald in the wooden pedestal for
convenience. (The detector will work in any ori¢iata.) Cable types are unique.
Connect the power cable and signal cable betweeal#ttronics box and the detector.
Connect the communication cable between the batikeoélectronics box and your PC
(or laptop). Useeither the USB connection or the serial pdntit not both.

Turn on power to the electronics box. (Switch iseatr.) The red LED power light should
now be steadily shining. The green LED may or maiytae flashing.

Set the HV between —1100 and —1200 Volts usindtiod at the top of the detector
tube. The exact setting is not critical and theage can be monitored by using the
multimeter probe connectors at the top of the detdabe.

If you are curious, you can look directly at thepau of the PMT using theMT Output
on the detector tube and an oscilloscope. (A digitape works bestBe certain to
terminate the scope input at 5@Vor you signal will be distorted.You should see a
signal that looks like figure 9. The figure shovesalls like scope settings and trigger
levels.

Connect the BNC cable betweBMT Outputon the detector ar@dMT Input on the box.
Adjust the discriminator setting on the electrorbes so that it is in the range 180 — 220
mV. The green LED on the box front panel should m&flashing.

You can look at the amplifier output by using fmplifier Outputon thebox front panel
andanoscilloscopeThe scopeinput impedancemust be 50M¢ Similarly, you can
examine the output of the discriminator using Egcriminator Outputconnector.

Again, the scope needs to be terminated ® $0gure 10 shows typical signals for both
the amplifier and discriminator outputs on the sauho¢. Details about scope time
settings and trigger thresholds are on the plot.

Insert the software CD into your PC and copy alfibiders/directories into a convenient
folder/directory on your PC.

Open the folder/directomnmuon dataand launch the programuon.exe(Windows may
hide the exeextension.) You should now see user interfacénaa/is in figure 12.

Configure the port on your PC. See the materiavalhmderControl in theSoftwareand
UserInterfacesection fordetails Choose your histogramming options. Click on the
SavéExit button.
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Click on Start You should see the rate meter at the lower laeftehside of your computer
screen immediately start to display the raw triggée for events that trigger the readout
electronics. The mean rate should be about 6 KHp.or
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Suggested Student Exercises

1) Measure the gain of the 2-stage amplifier usirsine wave.

Apply a 100kHz 100mV peak-to-peak sine wavthinput of the electronics box
input. Measure the amplifier output and take thm® rd,,/Vi,. Due to attenuation
resistors inside the electronics box inserted betviee amplifier output and the front
panel connector, you will need to multiply thisioaby the factor 1050/50 = 21 to
determine the real amplifier gain..

Q: Increase the frequency. How good is theuemcy response of the amp?
Q: Estimate the maximum decay rate you could olesesth the instrument.

2) Measure the saturation output voltage of the.amp
Increase the magnitude of the input sine waknaonitor the amplifier output.

Q: Does a saturated amp output change the tiofitlge FPGA? What are the
implications for the size of the light signals frahe scintillator?

3) Examine the behavior of the discriminator bydieg a sine wave to the box input and
adjusting the discriminator threshold. Monitor thecriminator output and describe its
shape.

4) Measure the timing properties of the FPGA:

a) Using the pulser on the detector, measurériebetween successive rising edges
on an oscilloscope. Compare this number with thaber from software display.

b) Measure the linearity of the FPGA:
Alter the time between rising edges and pbaipe results v. FPGA results;
Can use time betweemt and 20vs in steps of 2rs.

c) Determine the timeout interval of the FPGAdmgdually increasing the time between
successive rising edges of a double-pulse andrdgterwhen the FPGA no longer
records results;

Q: What does this imply about the maximum timeéveen signal pulses?

d) Decrease the time interval between successilgep and try to determine/bound the
FPGA internal timing bin width.

Q: What does this imply about the binning af tata?
Q: What does this imply about the minimum dei@ane you can observe?
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5) Adjust (or misadjust) discriminator threshold.

Increase the discriminator output rate as meadwyetde scope or some other means.
Observe the raw muon count rate and the spectrdoiechy” times. (This exercise needs
a digital scope and some patience since the caurdie is “slowish.”)

6) What HV should you run at? Adjust/misadjust H\Wdabserve amp output. (We know
that good signals need to be at about 200 mV twesare discriminator, so set
discriminator before hand.) With fixed thresholdeathe HV and watch raw muon count
rate and decay spectrum.

7) Connect the output of the detector can to the inptie electronics box. Look at the
amplifier output using a scope. (A digital scopeksbest.Be sure that the scope
input is terminated at 5O/ What do you see? Now examine the discriminator
output simultaneously. Again, be certain to terrterthe scope input at ) What do
you see?

8) Set up the instrument for a muon lifetime measwant.

Start and observe the decay time spectrum.

Q: The muons whose decays we observe are bisideuhe detector and therefore
spend some (unknown) portion of their lifetime adgsthe detector. So, we never
measure the actual lifetime of any muon. Yet, veénclwe are measuring the lifetime of
muons. How can this be?

9) Fitting the decay time histogram can be doné whie included fitter or with your own.

10) From your measurement of the muon lifetime andlue of the muon mass from
some trusted source, calculate the value of Feonpling constant & Compare your
value with that from a trusted source.

11) Using the approach outlined in the text, meatiue charge ratio of positive to
negative muons at ground level or at some otheucdt.

12) Following the approach in the manual, meadugariuon stopping rate at two
different elevations and compare predictions tlwatd do not assume the time dilation
effect of special relativity.
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13) Once the muon lifetime is determined, compheetheoretical binomial distribution
with an experimental distribution derived from la@dom lifetime data of individual
muon decays. For example, let p be the (succesbability of decay within 1 lifetime,

p = 0.63. The probability of failure g =1p. Take a fresh data sample of 2000 good
decay events. For each successive group of 50veEnint how many have a decay time
less than 1 lifetime. (On average this is 31.59tétiram the number of "successes." This
gives you 40 experiments to do. The plot of 40 ¢gaiats should have a mean at 50*0.63
with a variances? = Npq = 50*0.63*0.37 = 11.6. Are the experimemesults consistent
with theory?

How to get help

If you get stuck and need additional technical rinfation or if you have physics
guestions, you can contact either Thomas Coaan@ mail.physics.smu.edor Jingbo
Ye (yejb@mail.physics.smu.edu) . We will be gladhé&dp you.
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