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Abstract

In this experiment, the gamma-ray energy spectra of 60Co and 137Cs sources were analyzed
using a NaI(Tl) scintillation detector coupled to a photomultiplier tube (PMT) and a Multi-
Channel Analyzer (MCA). Calibration of the MCA was performed using the two characteristic
γ-ray peaks of 60Co at 1.17 MeV and 1.33 MeV. This calibration was then used to determine the
photopeak energy of 137Cs. The photopeak efficiency and the dependence of detector resolution
on PMT voltage were also studied.
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1 Introduction

Gamma-ray spectroscopy provides a quantitative method for measuring the energy and intensity of
γ radiation emitted by radioactive sources. Each radionuclide emits photons with discrete energies,
which serve as characteristic fingerprints for their identification. In this experiment, the γ spectra of
60Co and 137Cs were recorded using a NaI(Tl) scintillation detector, a photomultiplier tube (PMT),
and a Multi-Channel Analyzer (MCA).

1.1 Aim

The aims of the experiment are as follows:

1. To calibrate the Multi-Channel Analyzer (MCA) using the two γ-ray photopeaks of 60Co at
1.17 MeV and 1.33 MeV.

2. To determine the energy of the 137Cs photopeak using the obtained calibration.

3. To compute the photopeak efficiency of 60Co and 137Cs peaks.

4. To study the variation of detector energy resolution as a function of PMT voltage.

5. To understand and interpret the characteristic features of γ-ray spectra such as photopeak,
Compton continuum, Compton edge, and background.

1.2 Apparatus and Materials

The sources of γ ray photons in this experiment were radioactive 60Co and 137Cs. The detector was
NaI(Tl) scintillation crystal which was optically coupled to a PMT and MCA. Data was acquired
using Spectrum Acquisition & Analysis Software.

1.3 Experimental Setup and 137Cs Source

The experimental set up is shown in Figure 1. The radioactive sources are shown in Figure 2.

Figure 1: Experimental setup Figure 2: 60Co (left) and 137Cs (right)

2 Theory

2.1 Photon interactions with matter

Photons are quanta of electromagnetic radiation characterized by zero rest mass, no electric charge,
and constant velocity c, the speed of light. Unlike charged particles, which continuously lose energy

3



Kishal Bipin Tandel, 23MS115 Report 3 October 14, 2025

through Coulombic interactions with matter, photons travel considerable distances without signif-
icant energy loss. Instead, they interact with matter through distinct mechanisms that result in
partial or complete energy transfer to electrons. These secondary electrons subsequently deposit
energy locally within the medium. Owing to this nature, photons are significantly more penetrating
than charged particles of comparable energy.
The primary mechanisms by which photons interact with matter are the photoelectric effect,
Compton scattering, and pair production. The probability of these interactions is quantified
by the linear attenuation coefficient µ, which gives the probability of interaction per unit path
length. It is material- and energy-dependent and is commonly expressed in units of cm−1. By
normalizing with respect to density ρ, one obtains the mass attenuation coefficient µ/ρ, expressed
in cm2/g.

2.1.1 Photoelectric effect

The photoelectric interaction results in the complete absorption of the incident photon and the
ejection of a bound atomic electron. In the photoelectric process, a photon is completely absorbed
by an atom, resulting in the ejection of an electron from an inner shell, typically the K-shell if the
incident photon energy is sufficiently high. The kinetic energy of the emitted photoelectron is given
by

Ee− = hν − Eb

where hν is the photon energy and Eb is the binding energy of the electron. The resulting vacancy
in the atomic shell may lead to the emission of characteristic fluorescence X-rays. The photoelectric
effect dominates at relatively low photon energies and for materials with high atomic number Z.
Its probability τ is approximately proportional to

τ ∝ Zn

(hν)3
, with n ∈ [3, 4]

This strong Z-dependence explains why high-Z materials, such as lead, are effective shielding agents
for low-energy photons. Photoelectric absorption is responsible for the full-energy (photo)peak in a
detector when the entire photon energy is deposited. A schematic of Photoelectric Effect is shown
in Figure 3.

Figure 3: Schematic of Photoelectric Effect
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2.1.2 Compton scattering

Compton scattering involves an inelastic collision between a photon and an essentially free or loosely
bound electron. The photon is scattered at an angle θ relative to its incident direction, and a recoil
electron (Compton electron) is ejected. The scattered photon has reduced energy,

hν ′ =
hν

1 + hν
mec2

(1− cos θ)

The corresponding energy imparted to the recoil electron is

Ee− = hν − hν ′ = hν

[
1− 1

1 + hν
mec2

(1− cos θ)

]
The maximum kinetic energy transferred to the electron (Compton edge) occurs for backscatter
θ = π and is given by

Ee−,max = hν

(
1− 1

1 + 2hν
mec2

)
Compton scattering produces the continuous distribution below the photopeak with a sharp cutoff
at the Compton edge. The Compton process is dominant in the intermediate energy range (100
keV–10 MeV) and is particularly significant for photon interactions in soft tissues. Its probability,
denoted by σ, is nearly independent of Z, depending primarily on electron density. A schematic of
Compton Scattering is shown in Figure 4.

Figure 4: Schematic of Compton Scattering

2.1.3 Pair Production

When photon energy exceeds 1.022 MeV, interaction with the Coulomb field of a nucleus can lead to
pair production. In this process, the photon disappears and is converted into an electron–positron
pair:

hν → e− + e+

The threshold energy corresponds to twice the electron rest energy (2mec
2 = 1.022 MeV). The

kinetic energy of the created particles is

Ee− + Ee+ = hν − 1.022MeV
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The probability of pair production κ increases with photon energy and is approximately proportional
to Z2. The positron will eventually annihilate with an electron, producing two photons of 0.511
MeV each; if one or both of these annihilation photons escape the detector volume, escape peaks
at hν − 511 keV (single-escape) and hν − 1022 keV (double-escape) appear in the spectrum. A
schematic of Pair Production is shown in Figure 5.

Figure 5: Schematic of Pair Production

2.1.4 Bulk Attenuation and Energy Deposition

The total attenuation coefficient is the sum of the contributions from all three processes:

µ = τ + σ + κ

Not all photon energy transferred to matter is absorbed locally. Some may escape as fluorescence
photons or bremsstrahlung radiation. To describe the effective dose, one defines the energy-transfer
coefficient µtr and the energy-absorption coefficient µen, where

µen = µtr(1− g)

with g representing the fraction of transferred energy that escapes as radiative losses. The parameter
µen/ρ is especially important in medical physics and radiation protection, as it directly relates to
the absorbed dose.

In conclusion, photon interactions in matter are governed by three principal mechanisms, each
dominating different energy regimes and showing distinct dependencies on photon energy and atomic
number. These processes collectively determine photon penetration, shielding effectiveness, and
energy deposition, which are crucial in fields such as diagnostic radiology, nuclear medicine, radiation
therapy, and radiation shielding design. The plot showing the dominance of each of these three
principal mechanisms in different energy regimes and for different atomic numbers is shown in
Figure 6.

Figure 6: Atomic Number Z vs. Energy hν (MeV)
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2.2 Decay Scheme of 60Co

Cobalt-60 (60Co) is an artificial radionuclide produced by neutron activation of stable 59Co in a
nuclear reactor:

59
27Co + n → 60

27Co

It is a strong γ-ray emitter with a half-life of

T1/2 = 5.27 years.

The decay of 60Co proceeds via β− emission to excited states of nickel-60 (60Ni∗), followed by a
cascade of two characteristic γ-ray transitions to the ground state. This makes 60Co a widely used
calibration and irradiation source.

2.2.1 Beta Decay

The decay process involves a β− transition in which a neutron inside the cobalt nucleus converts
into a proton, accompanied by the emission of an electron and an antineutrino:

n → p+ e− + ν̄e

At the nuclear level, this process transforms 60Co (Z=27) into an excited 60Ni (Z=28) nucleus:

60
27Co → 60

28Ni∗ + e− + ν̄e

Approximately 99.88% of the decays populate the excited 60Ni nucleus at 2.505 MeV excitation en-
ergy, while a negligible branch (0.12%) goes directly to the ground state. The maximum (endpoint)
energy of the emitted β− spectrum is about 318 keV.

2.2.2 Gamma-Ray Cascade

The excited 60Ni∗ nucleus de-excites to the ground state through a two-step γ-ray cascade:

60
28Ni∗(2505 keV)

Eγ1=1.173 MeV
−−−−−−−−−−→

γ1

60
28Ni∗(1332 keV)

Eγ2=1.332 MeV
−−−−−−−−−−→

γ2

60
28Ni(ground)

Thus, each 60Co decay event typically results in the emission of two nearly simultaneous γ-ray
photons with energies of 1.17 MeV and 1.33 MeV, in addition to the β− particle and antineutrino.
Because these γ rays are emitted in cascade and are well separated in energy, they produce two
distinct peaks in a γ-ray energy spectrum obtained using a scintillation or semiconductor detector.

2.2.3 Internal Conversion and Coincidence Effects

As in most nuclear de-excitations, a small fraction of the transitions in 60Ni∗ can proceed via internal
conversion, in which the transition energy is transferred directly to an orbital electron, which is
then ejected. However, for 60Co, the internal conversion coefficients are very small (α ≲ 0.002), so
γ emission dominates overwhelmingly.
Because the two γ rays are emitted in rapid succession (within picoseconds), coincidence sum-
ming can occur if both photons are detected simultaneously, producing a small sum peak around
2.505 MeV in high-efficiency detectors.
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2.2.4 Summary of Decay Scheme

The decay scheme of 60Co can be summarized as follows:

60
27Co

T1/2=5.27 y
−−−−−−−→
β−, 99.88%

60
28Ni∗(2505 keV) + e− + ν̄e

60
28Ni∗(2505 keV) −→

γ1

60
28Ni∗(1332 keV) + γ(1.173 MeV)

60
28Ni∗(1332 keV) −→

γ2

60
28Ni(g.s.) + γ(1.332 MeV)

Therefore, 60Co serves as an excellent dual-line γ-ray calibration source, emitting photons at
1.17 MeV and 1.33 MeV with nearly equal intensities (each ≈99.9%), making it invaluable for
efficiency and energy calibration in γ-ray spectroscopy.

2.3 Decay Scheme of 137Cs

Cesium-137 (137Cs) is a radioactive fission product with a half-life of

T1/2 = 30.17 years

It decays predominantly by β− emission to an excited state of barium-137 (137mBa), which then
de-excites by emitting a characteristic gamma ray. The overall decay scheme is therefore a two-step
process: a nuclear β− decay followed by an electromagnetic de-excitation.

2.3.1 Beta Decay

The primary decay mode of 137Cs is β− decay, in which a neutron in the nucleus transforms into a
proton, accompanied by the emission of an electron (the beta particle) and an antineutrino:

n → p+ e− + ν̄e

At the nuclear level, this transforms 137Cs (Z=55) into an excited state of 137Ba (Z=56). The
reaction can be written as

137
55 Cs → 137m

56 Ba∗ + e− + ν̄e

About 94.6% of the decays populate the metastable isomeric state 137mBa at 661.7 keV excitation
energy. A much smaller fraction (∼ 5.4%) directly populates the ground state of 137Ba. The
endpoint energy of the emitted beta spectrum in the main branch is approximately 1.176 MeV,
while in the minor branch it is about 514 keV.

2.3.2 Isomeric Transition and Gamma Emission

The metastable 137mBa state has a half-life of

T1/2 = 2.55 minutes

It de-excites almost exclusively via electromagnetic processes. The most probable mode is gamma
emission, in which a 661.7 keV photon is emitted:

137m
56 Ba → 137

56 Ba(ground) + γ (661.7 keV)

This 662 keV gamma ray is the prominent line observed in scintillation spectroscopy of 137Cs and
is the basis for its widespread use as a calibration source in gamma-ray detectors.
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2.3.3 Internal Conversion

In addition to gamma-ray emission, the excited 137mBa nucleus can also decay via the process of
internal conversion. In this process, instead of emitting a gamma ray, the nucleus transfers its
excitation energy directly to one of its own orbital electrons, which is then ejected from the atom:

137m
56 Ba → 137

56 Ba(ground) + e−IC

The probability of internal conversion relative to gamma emission is described by the internal
conversion coefficient (ICC), defined as

α =
NIC

Nγ

where NIC is the number of internal conversion electrons and Nγ is the number of gamma photons
emitted. For 137mBa, the ICC for the 661.7 keV transition is approximately α ≈ 0.12. Thus, about
12% as many conversion electrons are emitted as gamma rays. The ejection of inner-shell electrons
also leads to the emission of characteristic X-rays from barium as the atomic vacancies are filled.

2.3.4 Summary of Decay Scheme

The complete decay scheme of 137Cs can be summarized as follows:

137
55 Cs

T1/2=30.17 y
−−−−−−−−→

β−, 94.6%

137m
56 Ba (661.7 keV) + e− + ν̄e

137m
56 Ba

T1/2=2.55min
−−−−−−−−−→

γ, 85.1%

137
56 Ba(g.s.) + γ (661.7 keV)

137m
56 Ba −−−−→

IC, 11%

137
56 Ba(g.s.) + e−IC

137
55 Cs −−−−−→

β−, 5.4%

137
56 Ba(g.s.) + e− + ν̄e

Thus, the 137Cs decay chain provides a nearly monoenergetic 662 keV gamma ray with high intensity,
making it an ideal source for energy calibration in gamma spectroscopy.

2.4 NaI(Tl) Scintillation Detector

The fundamental principle of a scintillation detector is the conversion of ionizing radiation into
visible light photons, which can then be detected by a photosensitive device. In this experiment, a
thallium-doped sodium iodide [NaI(Tl)] scintillation crystal is used. Sodium iodide is an inorganic
scintillator with a high atomic number (Z = 53 for iodine), giving it a large photoelectric cross-
section and therefore high detection efficiency for medium-energy gamma rays such as the 662 keV
photon from 137Cs. The addition of thallium, in concentrations of approximately 0.1% by weight,
introduces activator sites in the crystal lattice that are essential for efficient scintillation.

When a gamma ray enters the NaI(Tl) crystal, it interacts with the material via one of the standard
gamma-ray interaction mechanisms: the photoelectric effect, Compton scattering, or pair production
(though the latter is absent at 662 keV). In each case, energetic secondary electrons are produced.
These electrons lose their energy primarily through ionization and excitation of the crystal lattice.
The excitation energy is then transferred to the thallium activator sites. The excited thallium
ions subsequently return to their ground state by emitting photons in the visible region, typically
centered around 410 nm. This emission is well matched to the spectral sensitivity of photomultiplier
tubes.
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The NaI(Tl) scintillator has several important characteristics that make it suitable for gamma
spectroscopy. Firstly, it exhibits a high light yield, approximately 38,000 photons per MeV of
absorbed gamma-ray energy, which translates to good energy resolution. Secondly, its scintillation
decay time is relatively short (around 230 ns), allowing for the detection of events at high counting
rates. Thirdly, NaI(Tl) crystals can be manufactured in large sizes, increasing detection efficiency
for weak or extended sources. However, the material is hygroscopic and readily absorbs moisture
from the atmosphere, so the crystal must be hermetically sealed in an aluminum housing with a
transparent optical window for coupling to the photomultiplier tube. In the present experiment,
the NaI(Tl) scintillator is responsible for converting the discrete gamma-ray energies of 137Cs into
flashes of light proportional to the deposited energy.

2.5 Photomultiplier Tube (PMT)

The scintillation light emitted by the NaI(Tl) crystal is too faint to be measured directly using
ordinary electronics. Therefore, it is coupled optically to a photomultiplier tube (PMT), which acts
as an extremely sensitive light detector with high gain. A PMT consists of three main functional
components: a photocathode, a series of dynodes, and an anode.

The photocathode is a thin photosensitive layer deposited on the inner surface of the PMT win-
dow. When photons from the scintillator strike the photocathode, they liberate electrons via the
photoelectric effect. The probability of photon-to-electron conversion is described by the quantum
efficiency of the photocathode, which is typically in the range of 20–30% at 410 nm for commonly
used bialkali photocathodes. The emitted electrons are referred to as photoelectrons, and the num-
ber of photoelectrons generated is directly proportional to the intensity of the scintillation light,
and hence to the energy deposited in the scintillator by the gamma ray.

The photoelectrons are then accelerated and focused onto the first dynode by an applied high voltage
(usually several hundred to over one thousand volts across the tube). When a photoelectron strikes
the dynode, secondary emission occurs: several electrons are ejected for each incident electron. This
multiplication process is repeated at each successive dynode stage, with typical PMTs containing 8
to 14 dynodes. The overall electron multiplication, or gain, can be as high as 106 to 107, amplifying
the signal from just a handful of photoelectrons to a measurable current pulse. The final electron
cloud is collected at the anode, resulting in a sharp voltage pulse at the PMT output. The amplitude
of this pulse is proportional to the original energy deposition in the scintillator, allowing pulse-height
spectroscopy to be performed.

The PMT is therefore an indispensable part of the scintillation detection system. It combines
high sensitivity to single photons, large internal gain, and nanosecond time resolution. However,
it is also sensitive to noise such as thermionic emission from the photocathode (dark current) and
afterpulsing. Proper biasing of the PMT and shielding from ambient light are essential for stable
operation. In this experiment, the PMT provides the electrical pulses that carry the gamma-ray
energy information after detection in the scintillator.

2.6 Multi-Channel Analyzer (MCA)

The electrical pulses produced at the output of the photomultiplier tube vary in amplitude according
to the energy deposited in the NaI(Tl) scintillator by the incident gamma rays. To obtain the energy
spectrum efficiently, these pulses are analyzed by a Multi-Channel Analyzer (MCA) rather than a
Single Channel Analyzer.
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An MCA is an electronic system that measures the amplitude of each incoming pulse, converts
it into a digital number proportional to the pulse height, and sorts it into one of many channels
corresponding to discrete energy bins. The total number of channels typically ranges from 256 up
to 8192 or more, depending on the resolution and memory capacity of the device. In this way, the
MCA simultaneously records the full distribution of pulse heights, producing a histogram of counts
versus channel number that directly represents the gamma-ray energy spectrum.

Internally, an MCA consists of three principal stages: a pulse amplifier, an analog-to-digital con-
verter (ADC), and a memory or multichannel storage unit. The amplifier shapes and standardizes
the PMT pulses. The ADC then samples each pulse and assigns it to a digital value proportional
to its height. This value designates the channel number in which the count is accumulated. The
resulting spectrum can be displayed on a computer interface, showing characteristic photopeaks,
Compton continua, and other spectral features.

Compared to an SCA, which requires manual scanning of the discriminator window to reconstruct
the spectrum point by point, the MCA provides a significant improvement in speed, resolution, and
statistical accuracy. It captures the entire spectrum in a single acquisition period, enabling detailed
quantitative analysis such as energy calibration, peak area determination, and computation of the
detector’s energy resolution.

In the present experiment, the MCA was used in conjunction with the NaI(Tl) scintillation detector
and PMT to record the gamma-ray spectra of 137Cs and 60Co. The resulting spectra display
distinct photopeaks at 662 keV for 137Cs and at 1.17 MeV and 1.33 MeV for 60Co, along with
their corresponding Compton continua. These peaks serve as the experimental basis for gamma-ray
spectroscopy and detector calibration.

2.7 Efficiency of the Scintillation Detector

In gamma-ray spectroscopy, an important characteristic of the detector is its efficiency, which
quantifies the fraction of detected events that contribute to the full-energy photopeak relative to
the total number of detected events. In this experiment, the efficiency is evaluated in terms of
the photopeak efficiency εp, defined as the ratio of the counts under the photopeak to the total
counts in the spectrum:

εp =
Area under the photopeak

Total area under the spectrum
(2.7.1)

The photopeak area represents gamma rays that have deposited their full energy in the detector,
typically via the photoelectric effect, while the total area of the spectrum includes all events, such as
partial-energy depositions from Compton scattering and background counts. Thus, the photopeak
efficiency provides a measure of the detector’s ability to accurately register full-energy events relative
to all interactions.

Factors affecting the photopeak efficiency include:

1) Detector size and geometry: Larger crystals subtend a greater solid angle relative to the
source, increasing the probability of gamma-ray interaction.

2) Gamma-ray energy: Higher-energy photons have a lower probability of complete absorption,
reducing the photopeak efficiency.

3) Source-detector distance: Increasing distance reduces the fraction of emitted photons incident
on the detector.
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4) Detector material: The high atomic number of NaI(Tl) improves the likelihood of photoelectric
absorption, enhancing the photopeak contribution.

In the present experiment, the photopeak efficiency is determined by integrating the counts under
the photopeak of 137Cs (662 keV) and 60Co (1.17 MeV and 1.33 MeV) and dividing by the total counts
in the recorded spectrum. This provides a simple yet quantitative measure of the detector’s ability
to accurately register full-energy gamma interactions and is crucial for calibration and quantitative
gamma-ray spectroscopy.

2.8 Energy Resolution of the Scintillation Detector

One of the key performance characteristics of a scintillation spectrometer is its energy resolution,
which quantifies the detector’s ability to distinguish between two gamma rays of closely spaced
energies. In practice, when a monoenergetic gamma ray such as the 661.7 keV photon from 137Cs
interacts with the NaI(Tl) detector, the resulting photopeak in the pulse height spectrum is not a
sharp line but rather has a finite width. This broadening arises primarily from statistical fluctuations
in the number of scintillation photons produced, the number of photoelectrons emitted at the
PMT photocathode, and subsequent variations in the electron multiplication process. Additional
contributions come from non-uniform light collection within the crystal, electronic noise in the signal
chain, and intrinsic properties of the scintillator such as non-proportionality of light yield.

The photopeak in the measured spectrum is generally well described by a Gaussian distribution,
with its width characterized by the full width at half maximum (FWHM). The energy resolution
R of the detector at a gamma-ray energy E is therefore defined as

R(E) =
∆E

E
(2.8.1)

where ∆E is the FWHM of the photopeak (expressed in the same energy units as E). This definition
provides a dimensionless measure of the sharpness of the peak.

From a theoretical standpoint, the energy resolution is ultimately limited by the statistics of pho-
ton generation and detection. If N represents the average number of photoelectrons produced per
absorbed gamma ray, then the statistical fluctuation in this number follows Poisson statistics, with
standard deviation

√
N . The corresponding relative uncertainty scales as 1/

√
N . Since N is pro-

portional to the deposited energy E, the statistical contribution to the resolution is expected to
scale as

R(E) ∝ 1√
E

This dependence explains why scintillation detectors have better (i.e., smaller) resolution at higher
gamma-ray energies.

In practice, the measured energy resolution of NaI(Tl) detectors at 662 keV is typically in the
range of 6–10%, depending on the crystal quality, size, optical coupling to the PMT, and electronic
processing. While this resolution is inferior to that of semiconductor detectors such as high-purity
germanium (HPGe), it is adequate for many applications, particularly when high efficiency and
robustness are required.
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3 MCA Caliberation

Using a 60Co source, we performed data acquisition for 600 s at PMT high voltage 610 V. The
resulting histogram is shown in Fig 7 and the fitted peaks are shown in Fig 8.
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Figure 7: 60Co Spectrum
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Figure 8: 60Co Peaks fitted by sum of two Gaus-
sians and a quadratic polynomial

Since Energy E ∝ Voltage Pulse V ∝ Channel Number C, we will use a linear caliberation model
as follows:

E = aC + b (3.1)

where a and b are constants to be determined. If we have two energies E1 and E2 corresponding to
two channel numbers C1 and C2, using Eq.(3.1), the constants a and b are given by:

a =
E1 − E2

C1 − C2
& b =

E1C2 − E2C1

C2 − C1
(3.2)

Using known γ lines of 60Co and using Fig 8, we get energy E1 = 1.17 MeV corresponds to channel
number C1 ≈ 353.94 and energy E2 = 1.33 MeV corresponds to channel number C2 ≈ 400.80. Using
these values in Eq.(3.2), we get:

a = 3.41× 10−3 Mev/Channel & b = −3.85× 10−2 Mev (3.3)

Using Eq. (3.3) in Eq. (3.1), the MCA caliberation equation is:

E = (3.41× 10−3)C − (3.85× 10−2) MeV (3.4)

Using Eq. (3.4), we can write:

∆E = (3.41× 10−3)∆C (3.5)

4 Determination of 137Cs Peak Energy

Using a 137Cs source, we performed data acquisition for 600 s at PMT high voltage 610 V. The
resulting histogram is shown in Fig 9 and the fitted peak is shown in Fig 10.
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Figure 9: 137Cs Spectrum
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Figure 10: 137Cs Peak fitted by the sum of a
Gaussian and a straight line

Using Fig 10, we find that the photopeak corresponds to channel number C ≈ 201.71. Substituting
this value in Eq. (3.4), we find the energy of the photopeak to be E ≈ 0.65 MeV. We will now
calculate the error associated with this determined photopeak energy E = 0.65 MeV. The Literature
value is E = 0.66 MeV.

1) Absolute Error = |Determined Value - Literature Value| = |0.65 - 0.66| = 0.01 MeV

2) Relative Error = Absolute Error/Literature Value = 0.01/0.66 ≈ 0.015

3) Percentage Error = Relative Error x 100% = 0.015 x 100% = 1.5%

5 Photopeak Efficiency

We already found the area under peaks of 60Co and 137Cs as given in Fig 8 and Fig 10 respectively.
The area under spectrum of 60Co and 137Cs is calculated using OriginPro Graphing & Analysis
Software. The photopeak efficiency is calculated as given by Eq. (2.7.1) and the results are listed
in Table 1.

Source Photopeak Energy Area under Peak Area under Spectrum Photopeak Efficiency
(MeV)

60Co 1.17 69426.43 742055.00 0.0936
60Co 1.33 69500.12 742055.00 0.0937
137Cs 0.65 369964.63 1229797.00 0.3008

Table 1: Photopeak Efficiency

From Table 1, the photopeak efficiencies for 60Co at 1.17 MeV and 1.33 MeV are 0.0936 and 0.0937,
respectively, showing consistent detector response. The 137Cs source at 0.65 MeV shows a higher
efficiency of 0.3008. This indicates that photopeak efficiency decreases with increasing gamma
energy, as higher-energy photons have a lower interaction probability within the detector.
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6 Variation of Resolution with PMT Voltage

We varied PMT High Voltage and performed data acquisition for 300 s at each voltage using 60Co.
The spectrum obtained and the corresponding fitted peaks for each voltage are shown below:
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Figure 11: 60Co Spectrum at 540 V
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Figure 12: Fitted 60Co Peaks at 540 V
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Figure 13: 60Co Spectrum at 550 V

180 200 220 240

0

1×103

2×103

3×103

Peak Analysis

Fitting Results

BaseLine:Parabola

Adj. R-Square=9.97135E-01 # of Data Points=57

Degrees of Freedom=48SS=1.07599E+05

Chi^2=2.24165E+03

Peak Index Peak Type Area Intg FWHM Max Height Center Grvty Area IntgP
1 Gaussian 33654.25176 12.09702 2625.40395 193.41733 50.07753
2 Gaussian 33550.04514 13.44526 2348.1281 219.24814 49.92247

Figure 14: Fitted 60Co Peaks at 550 V
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Figure 15: 60Co Spectrum at 560 V
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Figure 16: Fitted 60Co Peaks at 560 V

15



Kishal Bipin Tandel, 23MS115 Report 3 October 14, 2025

0 500 1000
0

1000

2000

3000

  

Figure 17: 60Co Spectrum at 570 V
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Figure 18: Fitted 60Co Peaks at 570 V
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Figure 19: 60Co Spectrum at 580 V
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Figure 20: Fitted 60Co Peaks at 580 V
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Figure 21: 60Co Spectrum at 590 V
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Figure 22: Fitted 60Co Peaks at 590 V
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Figure 23: 60Co Spectrum at 600 V
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Figure 24: Fitted 60Co Peaks at 600 V
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Figure 25: 60Co Spectrum at 610 V
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Figure 26: Fitted 60Co Peaks at 610 V
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Figure 27: 60Co Spectrum at 620 V
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Figure 28: Fitted 60Co Peaks at 620 V
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Figure 29: 60Co Spectrum at 6300 V
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Figure 30: Fitted 60Co Peaks at 630 V
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Figure 31: 60Co Spectrum at 640 V
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Figure 32: Fitted 60Co Peaks at 640 V
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Figure 33: 60Co Spectrum at 650 V
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Figure 34: Fitted 60Co Peaks at 650 V
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Figure 35: 60Co Spectrum at 660 V
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Figure 36: Fitted 60Co Peaks at 660 V
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Figure 37: 60Co Spectrum at 670 V
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Figure 38: Fitted 60Co Peaks at 670 V
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Figure 39: 60Co Spectrum at 680 V
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Figure 40: Fitted 60Co Peaks at 680 V
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Using these graphs and Eqs. (2.8.1), (3.4) and (3.5), we find the resolution at different PMT Voltages.
E1,∆E1, r1 and E2,∆E2, r2 are for first and second 60Co peaks respectively. We have listed these
in the Table 2.

High Voltage E1 ∆E1 Resolution r1 E2 ∆E2 Resolution r2
(V) (MeV) (MeV) (MeV) (MeV)

540 0.5582 0.0380 0.0682 0.6377 0.0432 0.0677

550 0.6211 0.0413 0.0664 0.7091 0.0459 0.0647

560 0.7215 0.0462 0.0641 0.8224 0.0531 0.0646

570 0.8002 0.0502 0.0627 0.9118 0.0582 0.0638

580 0.8806 0.0549 0.0623 1.0026 0.0632 0.0630

590 0.9707 0.0612 0.0630 1.1043 0.0708 0.0641

600 1.0641 0.0643 0.0604 1.2105 0.0750 0.0619

610 1.1671 0.0706 0.0605 1.3271 0.0815 0.0614

620 1.2755 0.0776 0.0608 1.4500 0.0892 0.0615

630 1.3971 0.0809 0.0579 1.5868 0.0949 0.0598

640 1.5963 0.0941 0.0589 1.8136 0.1073 0.0591

650 1.7363 0.1004 0.0578 1.9711 0.1184 0.0601

660 1.8912 0.1120 0.0592 2.1462 0.1315 0.0613

670 2.0517 0.1182 0.0576 2.3263 0.1388 0.0597

680 2.2284 0.1293 0.0580 2.5285 0.1564 0.0619

Table 2: High Voltage (V) vs. Resolution

The plot of Resolution vs. PMT High Voltage (V) is shown in Figure 41.
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Figure 41: Resolution vs. PMT High Voltage (V)
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Table 2 and Figure 41 show the variation of energy resolution with PMT high voltage for the two
60Co photopeaks. The resolutions r1 and r2 correspond to the 1.17 MeV and 1.33 MeV peaks,
respectively. As the applied voltage increases from 540 V to 680 V, the energy E1 increases from
0.5582 MeV to 2.2284 MeV, and E2 increases from 0.6377 MeV to 2.5285 MeV, indicating the
expected gain amplification of the PMT with voltage.

The resolutions r1 and r2 show a clear decreasing trend with increasing voltage. At 540 V, r1 =
0.0682 and r2 = 0.0677, while at 680 V they reduce to r1 = 0.0580 and r2 = 0.0619. This implies
that the detector’s ability to distinguish between closely spaced energy peaks improves as the voltage
increases, due to higher signal amplification and improved signal-to-noise ratio.

Quantitatively, between 540 V and 600 V, both resolutions drop significantly (from about 0.068 to
0.060), showing strong improvement in detector performance. Beyond 620 V, the rate of improve-
ment becomes smaller, and the resolution values tend to stabilize around 0.058–0.061, suggesting
that further increase in voltage yields diminishing returns.

Figure 41 confirms this behavior visually: both r1 (black curve) and r2 (red curve) follow a similar
decreasing pattern with small fluctuations, showing close agreement throughout the voltage range.
The slight oscillations beyond 650 V may arise from electronic noise or statistical uncertainty in
peak fitting.

Overall, the graph and data indicate that optimal resolution occurs in the voltage range of approx-
imately 640–670 V, where both r1 and r2 reach their minimum values (around 0.058–0.060). Thus,
increasing PMT voltage improves resolution up to a point, after which further increase offers little
improvement and may risk detector instability.

7 Sources of Error

7.1 Systematic Errors

1. Energy Calibration Error: Inaccurate determination of the channel centroids for calibra-
tion peaks of 60Co can introduce systematic bias in calculated energies.

2. PMT Voltage Drift: Small drifts in the PMT high-voltage supply over time can cause gain
instability and shift the peak positions.

3. Electronic Nonlinearity: Nonlinear response of amplifier or MCA ADC can slightly distort
the proportionality between energy and channel number.

4. Background Radiation: Residual ambient background or scattering from laboratory walls
can superimpose low-level counts on the spectrum.

5. Geometric Uncertainty: Variations in the source-detector distance and alignment affect
the detected intensity and efficiency measurement.

7.2 Random Errors

1. Statistical Fluctuations: Due to the Poisson nature of radioactive decay, the number of
detected counts in each channel fluctuates randomly, especially for shorter acquisition times.

2. Photon Statistics in Scintillator: Random variations in the number of scintillation photons
and photoelectrons generated per event contribute to intrinsic resolution broadening.
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3. Electronic Noise: Random noise from preamplifier and PMT dark current contributes to
baseline fluctuations.

4. Counting Statistics: The relative uncertainty in measured counts follows 1√
N

, where N is
total number of counts, limiting precision for weak sources.

8 Results

• The calibration of the MCA using 60Co peaks yielded a linear relationship between energy
and channel number:

E = aC + b, where a ≈ 3.4× 10−3 MeV/channel, b ≈ −3.8× 10−2 MeV.

• Using this calibration, the 137Cs photopeak was found at ≈ 0.65 MeV, consistent with the
known value of 0.662 MeV.

• The photopeak efficiencies of 60Co were found to be approximately 0.09 for each of the 1.17
MeV and 1.33 MeV peaks, and for 137Cs approximately 0.30, indicating higher detection
efficiency at lower γ energy.

• The detector energy resolution (∆E/E) improved (i.e., decreased) with increasing PMT volt-
age up to a certain optimum range (around 640–670 V), beyond which electronic noise and
pulse pile-up effects may dominate.

• The FWHM values and efficiency trends were consistent with theoretical expectations for
NaI(Tl) scintillation detectors.

9 Conclusions

The γ-ray spectra of 60Co and 137Cs were successfully obtained and analyzed using a NaI(Tl)
scintillation detector and a Multi-Channel Analyzer. Calibration using the dual γ peaks of 60Co
enabled accurate determination of the energy of the 137Cs photopeak. The linear calibration constant
was in good agreement with expected values.

The measured photopeak efficiencies demonstrate the strong dependence of detection efficiency on
photon energy and detector geometry. The study of detector resolution as a function of PMT
voltage showed that resolution improves with voltage up to an optimal level, confirming that PMT
gain plays a crucial role in spectral sharpness.

Overall, the experiment validated the theoretical principles of γ-ray interaction with matter and
the operation of scintillation detectors. The characteristic photopeaks, Compton continua, and
background regions were clearly observed, providing insight into the processes of photoelectric ab-
sorption, Compton scattering, and partial energy deposition.

Directions for Future Use

• The setup can be extended to include additional calibration sources such as 22Na or 137Cs–60Co
mixed standards to test linearity over a wider energy range.

• Future experiments may employ high-purity germanium (HPGe) detectors for superior reso-
lution and comparison with scintillator results.
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• Background correction and dead-time analysis can be automated through MCA software
scripting for improved precision.

• Measurements of efficiency as a function of source-detector distance can be performed to
characterize geometric effects quantitatively.

• The experiment can be adapted to measure coincidence summing and cascade timing effects
in γ-ray emission.
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Appendix A: Full Experimental Data

The complete raw datasets corresponding to all γ-ray spectra recorded in this experiment are pub-
licly available at the following online repository:
https://github.com/KishalTandel/Lab-Reports/tree/main/Labs/Nuclear%20Physics/Report%203%20Data
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