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Abstract

The mean lifetime of cosmic ray muons stopped in a scintillator was determined by the delayed coincidence

technique. The time lapses (<6 ps) between the stopping of a muon in the plastic scintillator and its subsequent (]

decay were soried into six discrete time bins by electranic circuitty. The obtained integral time distribution of the [ ]

delayed coincid was used to the mean lifetime. Correction was made for the nuclear capture of

negalively charged muons [ by atoms in the scintillator, Using the relative abundance of positively and negatively

charged muons at sea level p* /i =1.06+0.03, measured by Morewitz and Shamos [3], the mean lifetime in vacuum

was found to be 2.23640.046 ps. This is in goed agreement with the accepted value of 2.19703+0.00004 ps. r' 1- ® T . I T

eport In deta , and take

The primary cosmic rays from outcr space cntering the upper atmosphere consist of

protons, c-particles, a few heavier nuclei and gamma rays. Interaction with the air nuclet in the ex a' ' ‘ p es r‘ O m S eve r‘a

upper atmosphere produces a secondary flux of protons, neutrons and two forms of m-mesons:

neutral and charged. The short lifetime of pions prohibits them from reaching the Earth’s O T h e r' S

surface. Neutral m-mesons decay (T= 0.8x107'? us) into photons, while the charged n-mesons °

(ﬁ_,;,d}gﬂ%@dt)'2 us) to muons plus neutrinos. High altitude observations show that most of
the muons that arrive at sea level are created above 15 km [1]. At sea tevel, muons are the

primary constituent of cosmic rays, sccounting for 80% of all cosmic radiation. Muons (+ or -)

L. Introduction

carry the same charge as an electron, but their mass ~100 McV is much greater than electron
mass ~0.5 MeV. Muons are characterized by a relatively short lifetime of about 2.197 us [2].
However, the fact that the majority of these muens are observed at sea level is direct evidence
that cosmic ray muons are highly relativistic, i.e. they travel with a speed comparable to the
speed of light. The relativistic time dilatien in the Farth’s reference frame is large enough that
muons can travel 15 km without decaying. Equally important, their large kinetic energy allows
the muons to pass through substantial amounts of matter without stopping. Muons belong 1o the
lepton family, so that they are subject to weak interaction and decay into electrons and neutrinos

pr>et v, v, {1)

B eV Y,

This experiment uses plastic scintillators to detect cosmic ray muons. When struck by
ionizing radiation, scintillators produce photons in the optical range, which can be detected by
photomultiplier tubes. Most cosmie ray muons have enough kinctic energy 1o pass through the
scintillators without stopping. These scintillators are capable of stopping an incident muon with

kinetic energy less than 100 McV. Stopped muons underge the decays displayed in (1). Produced
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Abstract

(1? Ahstract (2)

The mean lifetime of cosmic ray muons stopped in a scintillator was determined by the delayed coincidence
technique. The time lapses (<6 ps) between the stopping of a muon in the plastic scintillator and its subsequent
decay were sorted into six discrete time bins by electronic circuitry. The obtained integral time distribution of the
delayed coincidences was used to calculate the mean lifetime. Comrection was made for the nuclear capture of
negalively charged muons [ by atoms in the scintillatar. Using the relative abundance of positively and negatively
charged muons at sea level p* /i =1.06+0.03, measured by Merewitz and Shamos [3], the mean lifetime in vacuum
was found to be 2.23640.046 ps. This is in good agreement with the accepted value owﬁﬂ.ﬂﬂﬁm Hs.

(3)

* Should be a few sentences long. N

. Better to avoid
1. Say what quantity you measured.  refs in abstract

2. Describe the gist of the
procedure.

3. State your result with error.



Body of text

[. Introduction
II. Theoretical Background
III. Experimental Set-up

IV. Calibration and adjustment of the experimental setup
Finding the optimum PMT voltage
Calibration of the electronic bins
V. Results and Discussion
Experimental data
Background counts
Determination of the effective lifetime
Correction for the capture of negative muons

VI. Conclusion
VII. References

Your section headings may be slightly different
to match your needs.



Variations on a theme - Outlines
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The Introduction

* Typically 1/2 to 1 page long

* Explains why the measurement is
Interesting
* test a theory?
* Beautiful experimental technique?
* Historically pivotal?
* other???

* Gives an overview of the procedure



Intro from our sample report

I. Intraduction

Where do muons
come from?
The primary cosmic¢ rays from outcr space catering the upper atmosphere consist of

protons, c-particles, a few heavier nuclei and gamma rays. Interaction with the air nuclei in the
upper atmosphere produces a séci'lndary flux of protons, neutrons and two forms of n-mesons:
neutral and charged. The short lifetime of pions prohibits them from reaching the Earth’s
surface. Neutral m-mesons decay {Tm= 0.8x10™ ps) into photons, while the charged n-mesons
decay (1 107 ps) to muens plus neutrinos. High altitude observations show that most of

the muons that arrive at sea level are created above 15 km [1]. At sea level, muons are the
primary constituent of cosmic rays, accounting for 80% of all cosmic radiation. Muons {(+ or -)

1e charge as an electron, but their mass ~100 McV is much greater than eleciron

carry the
mass /.5 MeV. Muons are charactenized by a relatively short lifetime of about 2.197 us [2].
ever, the fact that the majority of these mucns are observed at sea level is direct evidence

that cosmic tay muons are highly relativistic, i.e. they travel with a d comparable to the

Why muons are Why the lifetime
Interesting is interesting



MORE Intro

Key fact underlying expt, with numbers
gpeed ™Rgght. The relativistic time dilation in th

Key fact underlying expt

rih’s reference frame 15 largpe enough that

muons can travel 15 km without decavipe”Equally important, their large kinetic energy allows
the muons o pass through substantial amounts of matter withowt stopping. Muons belong to the

lepton family, so that they are subject to weak interaction and decay into electrons and peuirines

U =’ Fv,_ +v (1

-

Key fac.‘t — S Overview of
underlying expt H « Ve method
This experiment uses plastic scintillators 1o detect cosmic ray muons, When struck by

ionizing radiation, scintillators produce photons in the optical range, which can be detected by
photomultiplier tubes. Most cosmic ray muons have encugh kinetic energy 1o pass through the
scintillators without stopping. These scintillators are capable of stopping an incident muon with
kinetic energy less than 100 MeV, Stopped muons undergo the decays displayed in (1), Produced
Thinking through the underpinnings of the experiment (esp,
quantitatively) is part of what makes a superb report.



N

And still more Intro

electrons are also detected by the scintillators. The time lapses between t|@lﬂiﬁﬂ of a muon

and its subsequent decay are sorted in the time bins by the electronics. From the number of
decays in each consecutive time interval, the mean muon lifetime can be determined,

( Mot all double pulses in PMT can be attributed 1o the decays descnbed above, Nepatively
charged muons can be captured by nuclel in the scintillator material. Such muon capture is

followed by emission of a neutring and a neutron.  This process 15 also detected by scintill

This means that the apparent litetime of negative muons in the scintillator is 5 r than its

lifetime in vacuum. Thus, for accurate calculation of the muon lifetime, it 1s important o comect
for the preater decay rate of negatively charged muons, The ratio of p* /i mesons in cosmic rays
al sea level has been measured by Morewitz and Shamos [3], and the capture rate can be taken

\Irom the work of Suzuki [4].

Important effect

that must be
accounted for



Theoretical Background

* Aim at peers. Ie, assume reader is another
P410/P510 student and is familiar with
undergrad physics

* Need to motivate expressions used in data
analysis. Need NOT provide complete
derivations. Should justify key assumptions.

* Length: ~ 1 page. May be a little shorter
(1/2 page) or, for particularly complex topics,
a little longer (2 pages).



Theoretical Background - Example

II. Theoretical background Make reasonable

. . . ss ions ab
The muon decay in vacuum in the rest frame of 2 muon 15 d?cscmg}' hs abl

. ) knowledge of reader
Ny = N{0e ™ = N(De '4/ (2

where Nii) is a number of muons at a time ¢ since they stopped in the scintillator, Ag= 177 is the
decay rafe, and 1 is the mean lifetime. 1§ sge) is @ number of decays at a time ¢, then the decay rate
is give/h by the following expression
Define variables dnl() _ -:-[H(rj]
clearly dr o

In 2 material, negatively charged muons are caplured by nuclei, and therctore for

N{DY ..
@ e
T

(3)

negative muons, the decay rate L is effectively larger
A=dat Ao, (4)

where 1. is the capture rate, Thus, the number of positive and negative muens at a time £ will



Theory - Example (con't)

differ. Then the total number as a function of time £ is given by the sum of the number of positive

ansd m:g.aﬁvn: MLons

N =N, (e + N_{0)e "™, (5)
The decay rate affime ¢ is given by
N |
-I:ﬂ'll:‘l:! - H‘ I:I-'I_}E-u': [I- v -l::IE'_][l + .l‘_} ¥ J_ {fl:|
df r N (0t
In the -;_'as:_, expression (6) for the decay rate can be rewritten as
Jeatiln HG oe Hon i _NO) e MO -
ol T N0 '

These formulay/will be employed in the subsequent analysis of the experimental dala,

State assumptions,
and justify them.



Experimental Set-up

*Pictures speak 1000 words. IF they're
labelled clearly.

*Verbal description to explain the figure and
motivate key components. Point out any
unusual aspects: eg, What is the role of the
chopper? Why provide a bias voltage?...

Give enough detail to allow another student
facing the same lab bench to take your data.



Experimental Setup - Example T

[1I. Experimental setup Use figures N

The experimental apparatus consists of a detector and a coincidence circuit block (Qgure

11. Muons (muon stopping events) and electrons (muoen decay events) are detected by six plastic
scintillating blocks containing mostly carbon and hydrogen. The fundamental mechanism of
detecting ionizing radiation is the transfer of energy from the radiation o an appropriate
Explﬂﬂ:ﬂé"tébﬁwﬂ” mechanism of energy transfer for electrons and muons is inelastic

mecHaRisH: Vi'ﬂﬂ.).ﬂ{ifi-‘;ctmni [1]. This can lead to jonization or raising the electrons to exited

states. In the scintillatin® material, when exited electrons decay to lower-energy states 1n a time
on the order of 10 5, some energy is carried off by a photon (fluorescent radiation) producing a
“light flash™ [6]. The scintillating blocks contain also a ﬁnﬁdﬂrf scintillating matenial, which
“zhifiz” the emitted photon 1o a longer wavelength thal. match::z the peak spectral sensitivity of
the PMT, phamsmmrste. . (T ofeis avtdope v g problim - o nbanld w

Photons generated in the scintillators by stop and decay events are directed to the
photomultiplier tubes by the light pipes (angled plastic). PMTs detect the “light flashes™, convert
them into electric pulses and amplify them



Experimental Setup - Example II
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All figures need
Figure 1. Scheimstic dugram of the :|p|::|rul.||:-A/

captions



Experimental Setup - Example ITI

A block diagram of the logic in the coincidence circuit block is shown in figure 2. The

pulses from the PMTs are fed into the negative input connector. They are discriminated using a
comparator. If the pulse amplitude exceeds a certain preset threshold value, the discriminator
pulputs a standard width and amplitede pulse. So, the discriminator rejects signals produced by
the environmental noise. The pulse from the discnminiator sets a flip-fop, so that no other pulse
can enter the gate forming univibeators #1-6, until the flip-flop is reset by the trailing edge of the

Explains longest time bin {univibrator #6). Univibrator {d) delays the gate starting time by a fraction of a

opera’rion Of microsecond to prevent counting the stopping pulse as a decay, The six gates, generated by

electronics . uwnivibeators #1-6 are opened simultancously, but they are closed one after another in abou
1,2.3,4.5,6 pus, respectively, after opening. The output of cach gate is fed into one input of the
cormesponding coincidence circuit. The other input to cach coincidence circuit 15 the pulse from
the discriminator (through the testrun switch and univibrator (2)). If there is a second pulse in
the input, which comes in the time interval of one of the gates, the corresponding coancidence
will register a count. Thus, the second pulse delayed approximately by 0.4.. ps is cownted as a
decay cvent by scalars #1-6, the pulse delayed approximately by 1...2 ps is counted by scalars
#2-6 and 50 on. If the delay of the second pulse exceeds the time interval of the longest gate, this
pulse can already be accepled by a Mlip-flop and thus stans the gates again.



Experimental Setup - Example IV
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Oops. Forgot caption.



Experimental Setup - Example V

Points out unexpected

behavior in apparatus Offers possible explanation.
of umvibrator (c) 15 scaled|as “Total A”. Scalar “Total B

The twial number of pul:
e discnminator, In the qun mode these two numbers of
value of “Tatal BY should be larger or equal to the

counts all the pulses recerved from
pulses are roughly equal. We expect that
value of “Total A™. This is confirmed il we 0N the coincidende block by feeding the two-pulse

sequence from the pulse generator into the negati\inpat in the jrun mode. When the pulses from
the photomultiplier are fed into it, a different situation is obsefved - the value of “Todal B is
slightly smaller than the value of “Twal A™. The probable reason of this siteation could be the
following. The signal from the PMTs is weak and noisy, and the slight discrepancy in the
thresholds of “Total A™ and “Total BT triggering can lead 1o such behavior, In any Cise, this Facl

does not affect the statistics of the detected muon decays. frem b PRI S .r

Tries to evaluate impact on data.
This helps make this report outstanding.



Results and Discussion

« Start by summarizing data collected

Experimental data
A total of 49,024 double counts were recorded in approximately 282.75 hours (11.8

days). The number of double counts observed in the time bins #1-6 are displayed in table 2 along
with (he final values of scalar A and scalar B. From the total number of single pulses displayed

by scalar B, the counting rate r was found to be 38278 counts/hour or 10.63x10° counts/ps.

Another example:

Both of these methods were then repeated for second sound. In total, two sweeps from
T == 1.7 K (the lowest temperature attainable) to Ty were made while recording with the
pulse propagation method and one with the standing wave method.



Results and Discussion

 Describe analysis in enough detail so that
another student with your data would arrive at
the same results.

» Understand features in the data.

* Estimate errors

 Explore sources of bias



Results and Discussion - Tables

e Use Tables ....to display data

Table 2. Final counter valites after running the experiment during 282,735 hours.

Scalar

Number

20163

30709

38562

431156

46461

49024

" Like figures,
tables need captions

10897970 /

..}o show data analysis

wof ST TN Y JIT) O P

10823123/

Table 3. Data used for the determination of the effective muon lifetime.

Relative errors are indicated in parentheses.

Consecutive time intervals #] W #3 #4 #5 46
Edges (ps) 040-141 | 141222 | 222316 | 3.16394 | 394472 | 4.72-568 .
- Here, each line

Width Af, (ps) 1.0110.04 | 0.811004 | 0.9410.04 | 078004 | 0.7840.04 | 0.96:0.04

Differential nuamber of | 20168+142 | 105411103 | 7853+89 | 4594468 | 3305458 | 2563451 dlSplGYS one

decays An; (0.7%) (1.0%) (1.1%) (1.5%) (1.7%) {2.0%) .

Any/at; (1/us) 19968803 | 130141655 | 83544368 | 58901314 | 42374230 | 26701123 STep In The
(4.0%) (5.09%) (4.4%) (5.3%) (5.4%) (4.6%) .

Center 8, of the time | 0924002 | 1824002 | 2704002 | 35540.02 | 4331002 | 5204002 GﬂClIYSIS

interval (ps) o _

Weighted center 6" of the | 0.8610.05 | 1.79+0.05 | 2.65t0.06 | 3.524006 | 4.30+0.07 | 5.1610.07

time interval {us) _ '



Results and Discussion - Tables

e ..to summarize results
Like figures,

/ tables need captions

Table 2. (3 and ¢ values measured by four different methods.

Q ErrorinQ c(kg-m*mis) Error in ¢ (kg-m*m/s)
Amplitude Ratio 9.77 0.29 1.19E-04 481E-06
Amplitude Graph 9.87 0.32 1.18E-04 4. T2E-06
Phase Graph 9.73 0.31 1.19E-04 4.85E-06
Time Constant 10.17 0.36 1.14E-04 4 47E-06
Mean 9.89 0.64 1.18E-04 9.43E-06

‘ \ Note that errors are

reported with the
The table makes it results. This is

easy to compare crucial
these 4 results.



Results and Discussion - Graphs

* Use graphs liberally Provide a key if more

o diSplay raw data than one set of data
~ is shown. This key

- would be better if it
were clearer.

Label eac

axis with

quantity

plotted and _’Timet aaaaaaa ) 4 Uh Oh. For‘go*
: Fece S i

units - caption.

This plot is excellent. By superimposing data from two runs the
author has communicated a about data stability.



Results and Discussion - Graphs

* Use graphs liberally
...Yo display raw data Nice key. But

’ /rheor'y curves
PN |
2 / \ should also be
\ |
i1 . labelled.
Figure 2. Amplitude 1 Jon R ]
as a function of M o ;,f'i?-/,{ 7 T%
frequency for four \hfi“’w & ey Zﬁ‘ﬁ “ K‘\J\f
values of the damping - g
current. 5 &
' %s 4 45 5 5.5 8 6.5
Vern
,:) A 3 Frequency (cycles/sec)
Oops. f-gor'gof axis
label.

This plot makes trends in the data immediately clear.



Results and Discussion - Graphs

..fo compare data with theory
Be sure to provide the

Cotes it imeah miemdesss K functional form of
00 - R T el LRy A oy -k o o
. | theory curves..either in
- . — the key or in the text.
g " .
- T 2%
Az i Include error bars on
Oops o L
: . points whenever
o ) R )Y o
FOf‘gOT UnITS.l- - o poss|b|e.
L e —- s I —y
1 F 4 ] L 5 i
Fime 1 ()

Figure 4. Matara! logarithm of the avernge decay rate versus centers of the carresponding fime mlereals

How large should the graph be? Large enough for the
important features to be visible.



Results and Discussion - Graphs

* ..To look for problems in the data

Initial Acceleration Data

3 1 ' 1

a0 Ty = BBGETE-DAX: + 4.2762E-U2x - 2857 1E-02
R® = 8.9961E-01 /
- f

Time (seconds)

Oops. No caption.

[7131E-02% + 1 .9643E-(
? = BOOTEE-O1

| = Praition 2
{=— Poly. (Position &

4 where the data

deviate from theory.
The text explains why.



Results and Discussion - Graphs

* ...Yo show the effect of a correction

10,0 .091;5.

1.8
95 \\Sm

Centers of ime intervals as t coordinates

T 801 ~
kS| ~.
c A A5ys
2
3 a5 S\ A%
-
20 \\_1520;;5
75 ey
* 2 3 4+ 2 -]
Timet us)

Figure 4. Naturat logarithm of the average decay rate versus centers of the corresponding time intervals.

Weighted certers of time intervals as t coordinates
mo  O88ks
[ % Hodelie Ly avadi= 1 fr, o4
\\\“ 1.78ps PIERIP-T
851 h ] Az 10.2820.0
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E 8.0 \i\\
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S g5 \"\ 4.30us
s
.
. 51
a0 ™ Bre
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Time t {us)

Figure 5. Natural logarithm of the average decay rate versus weighted centers of the corresponding time intervals.

Here, a correction has
been applied to the
data in the lower plot.
Had the student
superimposed these
two graphs, the effect
of the correction
would have been much
clearer.



Results and Discussion - Graphs

* ..To compare two techniques Here data sets

Spoed of Second Sound obtained using two
- Fulse Propagation, Run 2 different techniques

o +# “if[““i‘l“*%@a}q}% R are superimposed.
%”i‘f“% This is a superb way
o S to compare them, and
£ J%& should always be
;% 10 done..even when the
| A agreement isn't great.
1 | | e : If the
1.6 17 1.8 19 2.0 2.1 22 agr'eemen'r 1S pOOI“,

Adjusted Temperature (K)
explore reasons WHY.

In excellent reports, the student puts a lot of effort into to
explaining quirks in the data.



Errors

Explain how each error is evaluated

..from counting statistics
are correlated (since one includes another), therefiore | the statishcal ermor Tor the number of

decays Awr, can be calculated as u'?ﬂ',] [n thas experimend, the relative error was within 2% for

..from a reference

we do nol know the energy spectnam of incident nw-:-n.s['l'ht: rfio of positively and negatively

charged muons p /p” =1.0640.03 measured by Morewats and Shamos FE-H at sen level for the

..from a fit |
can be used as f values (table 33 In this case, the weighted Gt with erors on each data point

vields the value of T2, 15820037 ps (ligure '|:I.]T'|'||.':|_ it 1% possible (0 impeove our guess for 1



Errors

.. or from sensible estimates

The error 1 the determination of £y and 8 15 the eror in the measurement of the delay
tme between pulses by oscilloscope {approximately ©.02 ps) and the uncertainly in the

electronics triggering. Since the electronics tiggers on the front edge of the input pulse, this

The error on the vahie of S was tricky to determine. I used a data set based on the peak to
peak average of each cycle, and found a standard deviation for each position. Ithen

added these errors to find the error in S. Again, the last row shows the values of G when

When the error estimation is straight-forward, it generally
works best to estimate the error right when you introduce
the value. From then on, quote the error with the number
every time.



Keeping Track of Errors

Table 3. Data used for the determination of the effective muon lifetime.

Consecutive time intervals

] # #3 #4 #5 #6
Edges (ps) 0.40-1.41 1.41-2.22 222-3.16 3.16-3.94 394472 | 4772-5.68
Width Ar; (s) 1.0110.04 | 0.8110.04 | 0.9410.04 | 0.7840.04 | 0.7810.04 | 0.96+0.04
Differential number of | 20168+142 | 10541+103 | 7853+89 4594468 3305458 2563451
decays An; {0.7%) (1.0%) (1.1%%) (1.5%) (1.7%) {2.0%)
AniAt (1/us) 199684803 | 13014655 | 83544368 | 38904314 | 42374230 [ 26701123
{4.0%) (5.0%) (4.4%) (5.3%) (5.4%) {4.6%)
Center 6, of the time| 0924002 | 1.82+002 | 2704002 | 3551002 | 4333002 [ 5.2040.02
interval {(ps) . —
Weighted center 6,° of the | 0.8610.05 | 1.7920.05 | 2654006 | 3.5240.06 5.160.07

time interval {us)

4.3040.07

Relative errors are indicated in parentheses.

This table includes the errors in each line.




Numbers

Right: Wrong:

0.86 + 0.05 15 0.79+04 us
(1.29 + 0.09) x 10% m 0.7+0.12 15
(7.06 + 0.10) x 102 m 0.792 + 0.432 yus

0.001 £ 0.007 pm 129 m+ 2 cm



Results and Discussion

* Consider sources of bias

.. and then suppress them
correction factor [ has been applied. Averaging the two values 1o compensate for other

=10 ; -§ 2 i -2
other gravitational influences gives a final result of 6.86x107" £ 0422107 mkg s for

.. or quantify them

Random counts can be described by the Poisson statistics. The probability of the second

pulse detection after the first pulse within the time inlerval AT is

P
m

Py @="e | (8)

where m is the mean value of counts deiected within the time interval AT . For the longest time
bin #6 AT=5.68 pus* and m=rAT~6.04x107 counts, (8) yields the probability of 3.7x1071°. The
product of the obtained probability and the total number of single pulses observed during the
experiment gives the number of background counts in time bin #6. It was found to be

approximately 0.04 counts. The number of the background counts in the time bins #1-5 is even

Really excellent reports are really quantitative



Results and Discussion

* Try to understand the data.

about three peaks were nicely shaped and dlscernable the shape of the response pulses was
very much deformed from the sort of smoothly damped oscillations we might have expected
to see'’, at least as we would from a sharp impulse. Two likely reasons are: 1) Since the
repetition rate of the oscillator may not be sufficiently low, for a given pulse’s response we

sequence from the pulse generator into the negative input in the run mﬂde.[%en the pulses from
the photomultiplier are fed into 1t, a different situation 15 observed - the value of “Total B” is

slightly smaller than the value of “Total A”. The probable reason of this situation could be the
following. The signal from the PMTs is weak and noisy, and the slight discrepancy in the
thresholds of “Total A” and “Total B” triggering can lead {o such behavior. In any case, this fact
does not affect the statistics of the detected muon decays. Geod ¢ ‘;M

Notice places where the data behave unexpectedly,
and use them to learn about the system.



Conclusions

e Compare your result with expectation, if you
haven't already done so.

Be aware that the odds of deviating from truth by
(SD = Standard Deviation)

>1 SD are 32% (by def of SD)
>2 SD are 5%
>3 SD are 0.3%

If your result deviates from expectation by >2-3 SD,
take it seriously.
* Point out changes in the experimental
technique that would improve the results. Even
better, quantify the size of the improvement.



