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Chapter 1

Comments

This script is based on the old script. Unfortunately, I do not know who did write it. Anyway,
Thanks old script very much. It had a couple of very useful information which gave me
understanding of this experiment.

1.1 Two Reports

• Your group number, full names, lab course date, and your email address must be
written in your reports.

• One report per One group. It does not matter how many students join one group.

• Send your reports to me by email.

1.2 Grading and Cheating Policy

• Your final grade is based on several things:

– 2 major reports.

– The first report can be several answers and solutions about preparatory things
which you can find later. The score of each problem or question is 10. Total score
is 90 (roughly 67% of your total score in first test).

– The second report can be final experiment report (roughly 67% of your total score
in second test).

– 2 major experimental activities (roughly 33% of your total score in both test).

• Cheating in any form, including copying answers and results on both reports, is
banned. Any person did cheating will earn 0 score in this course.
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2 Chapter 1. Comments

1.3 Handling and Care of

1.3.1 Radioactive Source

All radioactive sources are potentially dangerous and have to be treated with caution.

• NEVER eat, drink, or smoke something in the laboratory area.

• Wash your hands at the end of the experiment.

•
207Bi source contains low activity and can be safely handled with your fingers. It is
good practice to always handle the source by the edge of the disk.

1.3.2 CAMAC

• Never unplug the CAMAC-modules from the frame while power supply is being on.
Plug and unplug the modules while power is being off.

• Keep paying attention to the ventilator which is running throughout measurement.

1.3.3 Power Supply

• To turn off the power supply requires a deal of patience. Firstly, slow down the voltage
with a knob. Secondly, please wait a couple of minutes until a needle points
to zero roughly. Then turn it off.



Chapter 2

Preparatory Things

Nothing in the world can take the place of persistence. Talent will not; nothing is more common
than unsuccessful men with talent. Genius will not; unrewarded genius is almost a proverb.
Education will not; the world is full of educated failures. Persistence and determination alone
are omnipotent.

Calvin Coolidge

2.1 Questions and Problems

Questions

Firstly, read all following questions, and try to answer the questions. Do not exceed one
page of A4 paper to answer four questions.

• What is an isomeric transition (IT)?

• There is a nucleus with Z (atomic number) and A (atomic weight). During the isomeric
transition, how can Z and A be changed?

• What is an internal conversion (conversion electron) and what is a γ Decay ?

• Explain the difference between β− decay and internal conversion.

Problem 1
207Bi was first reported by Neumann and Perlman[2]. Consult the references about the more
information about 207Bi[3, 4, 5, 6, 7]. Explain the following decay scheme individually and
what is the difference between the two decay schemes[8] (Fig.2.1,2.2)?
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4 Chapter 2. Preparatory Things

Figure 2.1. Electron Capture Decay Scheme

Problem 2

Atomic-electron binding energies of 82Pb is the following[9]. From the decay scheme (Fig.2.2)

Shell Binding Energy K L1

Unit [keV] 88.0045 15.8608

of IT, find the energies of the internal conversion electrons roughly, and compare these with
the values which you have already known as following Table[16]:

Nuclide Half- Type Electron Emission Photon Emission
life of decay Energy prob. Energy prob.

(year) (MeV) (%) (MeV) (%)

31.8 Electron 0.481 2 0.569 98
207
83 Bi Capture 0.975 7 1.063 75

(EC) 1.047 2 1.770 7
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Figure 2.2. Isomeric Transition Decay Scheme

Problem 3

What is the three major types of interaction mechanisms for γ rays in matter? And explain
the three processes in more detail.

Problem 4

3 MeV photons are counted by a NaI(Tl) detector. Sketch the expected spectrum and
explain what you sketch and the physics process beneath it.

Problem 5

From the incoming of an charged particle or γ in a plastic scintillator to the output signal
of the photomultiplier tube (PMT), explain how a plastic scintillation counter works.

Problem 6

How many counts are needed to make the standard deviation equal to 1%? And if one
obtains 8,423,456 counts in 300 seconds, what is the standard deviation of the count rate?
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Problem 7 [10]

Random processes play an important part in subatomic physics. We shall consider about
the production of electrons at the photocathode of a multiplier. Each incident photon
produces n photoelectrons as output. We can repeat the measurement of the number of
output electrons N times, where N is very large. In each of these N identical measurements,
we shall find a number ni, i−1, ..., N . The average number of output electrons is then given
by

n̄ =
1

N

N
∑

i−1

ni. (2.1)

The question of interest can be stated: How are the various values ni distributed around
n̄? Another way of phrasing the same question is: What is the probability P (n) of finding
a particular value n in a given measurement if the average number is n̄? The probability
P (n) of observing n events is given by the Poisson distribution,

P (n) =
(n̄)n

n!
e−n̄, (2.2)

where n̄ is the average defined by the above equation.
With n̄ = 3.5, calculate the probability of observing 2 events and a standard deviation,

and then plot(sketch) the distribution.

Problem 8

A counter is set to count gamma rays from a radioactive source. The total number of counts,
including background, recorded in each 1 min interval is listed in the accompanying table.
An independent measurement of the background in a 5 minutes interval gave 58 counts.
From these data find:

(a) The mean background in one minute interval and its uncertainty.
(b) The corrected counting rate from the source alone and its uncertainty.

Trial 1 2 3 4 5 6 7 8 9 10
Total Counts 125 130 105 126 128 119 137 131 115 116

2.2 Textbooks

For convenience, the textbooks, which one has to read before the laboratory exercise, are
collected in other script.



Chapter 3

Detail Instructions

What would a physicist do if he were asked to study ghosts and telepathy? We can guess. He
would probably (1) perform a literature search and (2) try to design detectors to observe ghosts
and to receive telepathy signals. The first step is of doubtful value because if could easily lead
him away from the truth. The second step, however, would be essential. Without a detector that
allows the physicist to quantify his observations, his announcement of the discovery of ghosts
would be rejected by Physical Review Letters [1].

3.1 The First Week

CAMAC(Computer Automated Measurement And Control) is a modular system. Equip-
ment assemblies are formed by mounting appropriate plug-in units in a standard chassis
or crate. Each plug-in unit occupies one or more mounting stations in the crate. At each
station there is an 86-way connector socket giving access to the CAMAC Dataway, a data
highway which forms part of the crate. The Dataway consists mainly of bus-lines for data,
control, and power [15].

CAMAC modules, which we will use in this experiment, have already been plugged into a
CAMAC crate which has 25 stations, numbered 1 − 25. Station 24 and 25, the rightmost two
stations, usually are reserved for a Crate Controller(CC), whereas stations 1 - 23 are normal
stations used for CAMAC modules. The purpose of CC is to issue CAMAC commands to
CAMAC modules and transfer information between PC and CAMAC modules.
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8 Chapter 3. Detail Instructions

3.1.1 A Word Generator : WG2401

WG2401 is a 24 bit word generator, which is a single-width CAMAC module. A 24 bit
word can be issued by some combinations of switches. One can read the results, which are
generated by WG2401, by CAMAC commands.

What will we understand?

The main purpose of the first task is to understand basic CAMAC commands by a word generator.

What do we have to do?

1. The station number N in the range 1 to 23 (24−25 for CC) is for the position of a
module(see the number on the front panel of CAMAC crate). The function number
F (0−31) defines the type of operation and the sub-address A(0−15) defines special
registers or inputs / channels. In WG2401 case, we only use F(0) and A(0). What do
F(0) and A(0) mean?

2. You may find a strange behavior of the word generator. If do, is it really a problem of
the word generator or a problem of CAMAC crate? How can one decide it? Explain
the method.

3.1.2 On your mark with a small detector

What will we understand?

The main purpose of this task is to understand the plastic scintillator and the energy measure-
ment. The superficial and simple results of this task are easily understood. However, a more
sophisticated approach is needed to understand important process beneath them. Students
should understand how light is generated in a scintillator, how light is transmitted
to a Photomultiplier tube(PMT), and how a PMT generates an electric signal. This
means that students are supposed to discuss scintillator performance in terms of the
following: the energy deposition, the scintillation material, the material geometry, the
path length, the light collection, the light transfer efficiency, the quantum efficiency
of the PMT, and the gain of the PMT. Remember that this simple and basic task is more
crucial. If one can use some kind of detector system, one has to do the same thing.

What do we have to do?

In the Figure 3.1, the shadow area denotes the plastic scintillator which is a small cylinder
shape and has already been combined with PMT. Its diameter is 20 mm and the height is
9.7 mm. The CAEN Model N 401 QUAD LINEAR FAN-IN FAN-OUT is a single width
NIM module equipped with four independent sections, whose input signals can be negative,
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positive, or bipolar. For each section, a single input signal generates four identical output
signals with a ±1× gain [17]. The discriminator is a device which responds only to input
signals with a pulse height greater than a certain threshold value. If this criterion is satisfied,
the discriminator responds by issuing a standard logic signal; if not, no response is made.
The value of the threshold can usually be adjusted by a screw on the front panel [11].
The QD410 Charge Digitizer is a CAMAC standard single width module that contains

Figure 3.1. The setup of the energy measurement

four separate 10-binary-bit charge sensitive analog-to-digital converters (ADCs) and buffer
registers. The unit is designed to operate on negative-going input signals in the range of 0
to 250 pC. Each ADC is preceded by a linear gate that switches the input current to the
integrator and also rejects unwanted input signals. For more information about QD410, see
the technical data of it.

1. Before setting to work on Fig. 3.1, one has to check out the following by an oscilloscope:

• Decide a proper high voltage (HV) value of PMT (roughly 1300 V). Connect HV
cable and a signal cable. And the other side of the signal cable will be connected
to an oscilloscope. When a high voltage is increased, one might get more and
larger signals from PMT. However, QD410, which is used in the lab course, has a
maximal 210(1024) channels and the range of 0 to 250 pC. In order to use a whole
channel, provided by QD410, the high voltage of PMT is crucial to determine
properly. How can one do this? Explain one possibility by the following equation.

Q =

∫

U(t)

R
dt ≃

1

2

(height of a signal × width of a signal)

50(Ω)
(3.1)

Is there an additional possibility to determine HV?
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• The signal cable will be connected to In of FAN-IN FAN-OUT. Check out two
Outputs. Is there some discrepancies between an In and two Outputs? The
unused input and output connectors must be terminated in 50Ω.

• Determine a threshold value of a discriminator, and determine a width of its
output signal according the property of QD410. If the threshold value is given
too much, many signals might be lost. What is good threshold value and width of
your setup?

• Determine delay values of a delay box. Make sure that a signal, which comes
from the delay box and is connected to In of QD410, must be inside other signal,
which comes from a gate generator and is connected to Ch Gate. Why do we
need to do it? Explain the reason.

2. Now, it is playing time with NAF commands.

• Please fill the following table and discuss the difference between A, B, and C?

# N A F Q X comment interpretation

A 3 0 0

3 0 0
B 3 0 9

3 0 0

C 3 0 2

D 3 12 1
3 12 8

• Some data can be read by using NAF commands. Determine a minimum number
and a maximum number of the data. What do these data mean? If HV is good
for PMT, one should get data which will be in the whole range of QD410. If
not, please adjust the high voltages of PMT. Is it good agreement with the former
calculation Eq.(3.1)? If not, why?

3. Take the spectrum with the bismuth source, and the background spectrum without
the source for 300 seconds.

4. According to the level scheme and the table of isotopes about 207Bi, what do we expect
to see?, and how about the measured spectrum? The resolution [11] is usually given
in terms of the full width at half maximum of the peak(FWHM). Energies which are
closer than this interval are usually considered unresolvable. If we denote this width
as ∆E , then the relative resolution at the energy E is Energy Resolution = ∆E

E
.

Equation (4) is usually expressed in percent.

Discuss forms of the measured spectrum and calculate energy resolutions.
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3.1.3 Time Calibration

The TD811 Time Digitizer contains eight precision time-to-digital converters (TDCs) that
are coupled to a common start input for measuring time intervals over a range of 0 to 200
ns with 100 ps resolution. The 11 bits of each register are reserved for valid data (providing
2047 channels).

What will we understand?

The main purpose of the third task is to understand how TDC works and to do calibration of
TDC.

What do we have to do?

1. The setup for time calibration is shown as below Fig. 3.2 :

Figure 3.2. The setup of the time calibration. The HV range of PMTs is roughly 2050 ∼

2150 V.

2. It will be crucial to make an AND signal from two discriminator signals since two
spectra of TDC, which you can measure by PC, will depend on it. There are two ways
to make an AND signal. The width of AND signal can be adjusted by a screw driver.
Which one do you want to use?
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3. After you select the one way and finish to make an AND signal, connect three signals,
which will be connected to Start, Stop 1, and Stop 2, to an oscilloscope. Determine
two values of two delay boxes since Start signal must be faster than two Stop signals
and care about the shapes of three signals on a screen of the oscilloscope. These will
give handy hints on understanding TDC spectra.

4. Take TDC spectra without the bismuth source by the Multi program. How about your
TDC spectra? Could you see what you expect?

5. Insert an extra delay box between Stop 1 or Stop 2 and the delay box. Take TDC
spectra without the bismuth source by increasing the delay time with 10 ns up to 60
ns. The distances between the peaks, which could be produced by the different delay
times, then give a relation between a time and a channel of TDC. One peak might be
Dirac δ-function shape, dependent on your method to make the AND signal. If you
see a δ-function of TDC spectra, this spectrum could be defined as a trigger signal of
your setup. If you do not see a δ-function, how can you make it?

6. Plot the delay times of the extra delay box versus the channels of peak position of the
spectrum of TDC. Determine an conversion factor (constant), which enables conversion
from any of these units to any other. One can use the following equation to get the
conversion factor

delay[ns] = A[ns] + B[ns/ch] · peak[ch],

where B is the conversion factor or the slope. Does your conversion factor agree with
a resolution of TDC? See the technical data of TD811.
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3.2 The Second Week

You did the energy measurement with ADC and the time calibration with TDC last week.
With these experiences the tasks of the second week will be easy of you to do and understand.

3.2.1 Effective Propagation Speed and Intensity of Light in the
Scintillator

What will we understand?

The main purpose of this task is to understand some properties of a plastic scintillator and some
processes beneath an detector system by measuring an effective speed and an intensity of light
(photon) in the scintillation material.

What do we have to do?

1. One of the signals from PMTs should be used for triggering the system. AND signal
should be used for a gate signal of ADC and for a start signal of TDC. Care about
the width of it according to the property of ADC and TDC.

2. Take the spectra of ADC and TDC without the bismuth source and discuss the results.

3. Put the bismuth source on the scintillator with the different positions, and take the
spectra for 300 seconds.
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position on a scintillator peak position of a spectrum
30
60
· · · · · ·

150

• The distances between the peaks of TDC, produced by the different positions,
give a a relation between a position and a channel of TDC.

4. Plot the different positions on the scintillation versus the channels of peak position
of the spectrum of TDC. Determine an conversion factor with using the following
equation.

peak[ch] = C[ch] + D[ch/cm] · position[cm],

where D is the conversion factor.

5. Calculate an effective propagation speed of light in the scintillator by using the two
conversion factors, B and D (see Time Calibration). Compare this result with an ideal
case with the refractive index of the plastic scintillator. (n ≃1.58)

• Hint :

m

s
=

m

cm
·
ns

s
·
cm

ns
= 102

· 10−9
·
cm

ns

The dimension of B times D = BD =
[ns

ch

]

[

ch

cm

]

=
[ ns

cm

]

The speed of light in the vacuum [12]

= 2.99752458× 108[m/s] = 29.9752458[cm/ns]

By comparison with the above results, a large discrepancy is easy to see. Why?

6. Charged particles pass through a plastic scintillator and lose their energy, deposited in
the material. The deposited energy is converted into scintillation lights, called optical
photons. Part of that lights stays due to the total reflection in the material, and
travels to the one of the end of the scintillator, where the PMT and the scintillator
are coupled together. Since these photons are emitted isotropically in the scintillator,
a small fraction of those photons can be propagated along scintillator’s length and be
captured by PMT. The light collection and transfer efficiency (CT) may be estimated
by the following expression [18]:

CT = (δΩ/4π) [A(x) + R · AR(x)] · T. (3.2)
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Here, δΩ/4π is the tapping efficiency, A(x) is the attenuation of the direct scintillation
light, R is a non-zero factor only if one consider a reflection of the end of the scintilla-
tor, AR(x) is the attenuation of the reflected scintillation light, T is the transmission
coefficient through the optical connector between the scintillator and PMT, and x
denotes the location of the ionization position from one readout end of the scintillator.
Here A(x) is denoted by

A(x) = A0e
−

x

a , (3.3)

where a is the attenuation length and A0 is the initial light intensity. For the sake
of simplicity, just ignore the tapping efficiency, the reflection R, and the transmission
T, and then determine the attenuation length of the plastic scintillator with using the
above ADC data.

3.2.2 Time-of-Flight(TOF) measurement

What is the Time-of-Flight measurement? Before finding an answer of it, let us introduce
more physical question. What is the mass? This question is hard to answer. We need
to make one definition that mass is one of units, used to describe Nature. And mass is
also used to identify the particle. If one can measure a momentum and a velocity of an
unknown particle, this particle can be classified as a known particle e.g. electron, pion, etc.
Sometimes this process is called the Particle Identification(PID).

Now let us return the first question. TOF measurement is usually used to determine a
velocity. Two scintillation detectors provide a start signal and a stop signal. The distance
between two detectors is fixed. Therefore the velocity of an particle, passes through two
detectors, can be determined by a simple relation v = d/∆t.

What will we understand?

The main purpose of this task is to understand a simple principle of TOF measurement.

What do we have to do?

Actually, the effective speed inside the scintillation material can be determined by this setup.

1. The Time-of-Flight(tTOF ) and the location(x) along the scintillator where the particle
penetrated the counter are given by

tTOF =
TDCL + TDCR

2
, (3.4)

x =
TDCL − TDCR

2
· veff = tx · veff , (3.5)

where veff is the effective speed of light. Derive the above equations.
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2. Put the trigger scintillator on the large scintillator with three different positions, take
the spectra without the bismuth source for 600 seconds. Compare the effective speed
of light with the former calculation.

position TOF tx
middle - 20 cm

middle · · · · · ·

middle + 20 cm

3. In the menu Secondary parameter of Multi program, additional new parameters can
be defined. Allowed are simple equations containing the operations +,−, ∗, / and the
use of brackets (8 bracket levels allowed). In defining equations measured parameters
(P1, P2, P3, P4,.....) as well as constants (integer values) can be connected as shown
in the following example,

P7 = (P3 + P4)/2, P8 = (P3 − P4)/2, P9 = (P4 − P3)/2.

And define new spectrum with P3, P4, P7, P8, and P9.

4. If one has time and wants to find out more about the TOF measurements, consult the
reference [14].
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Technical data
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