Radiation Spectroscopy of
Gamma-Rays
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My reference is the book Radiation detection
and measurement, 4th ed by Glenn F. Knoll.
And in this arctile T will follow the structure of
Chapter 10 in the book and discuss the critical
mechanisms of gamma-ray spectroscopy with
scintillators.

1. Introduction

X-ray or gamma-ray photons are uncharged
and therefore primarily invisible to the
detector. The key of detecting them is to first
convert incident photons into fast electrons
and then collect these electrons.

Since the stopping power of gases is low, e.g. 1
MeV electron in STP gases can penetrate for
several meters and most gamma-ray incuded
pulses from a gas-filled counter actually arise
from the solid counter wall and have lost
varialbe energy in the wall, gas-filled detectors
are not suitable for gamma-ray spectroscopy.

The thallium-activated sodium iodine
scintillation detector arose in the 1950s have
proven the effectiveness of scintillation
detectors in gamma-ray spectroscopy.

2. Review on Gamma-Ray

Interactions
In Chapter 2 we have studied the three
interaction mechnisms of significance in
gamma-ray spectroscopy. The dominant
parameters in these three interactions are hv,
the photon’ s energy and Z, the atomic
number of the absorbing material.
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Figure 1: Relative importance of three main
gamma-ray interactions

2.1. Photoelectric Absorption
Photoelectric absorption is an interaction that
absorbs the photon and emits a photoelectron
of the energy:

E, =hv—E, (1)

Where E, is the binding energy and is in the
form of a characteristic X-ray or Auger
electron’. Most possibly, photoelectron
emerges from the K shell, whose typcial
binding energy ranges from few keV (;;Na,
1keV) to hundred keV(gRa, 100keV).

2.2. Compton Sacttering
The result of Compton scattering is a scattered
photon and a recoil electron.

hv
(14 (hv)/mye?)(1 — cos )
E, =hv—hv (2)

hv' =

The angular distribution of scattered gamma
rays is predicted by the Klein-Nishina formula
and is ploted polarly in Figure 2.

do 9 1 >(1+cos?6
dQ 1+ a(l—cosf) 2

a?(1 — cos 6?) )

(1 T 1 cos26)(1 T a(l —cos8))

a = hv/myc?, ry = classical electron radius (3)

'Auger electrons have extremly short range because
of their low energy
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Figure 2: Compton sacttering

And generally the shape of the electron energy
distribution has a so-called Compton edge.

2.3. Pair Production

The process occurs in the intense electric field
near the protons in the nuclei of the absorbing
material and corresponds to the creation of an
electron-positron pair at the point of complete
disappearance of the incident gamma-ray
photon.

E. + E,. = hv — 2mc? (4)

Once the kinetic energy of the positron is lost,
it will annihilate with or combine with a
normal electron in the absorbing medium,
which will make the spectroscopy analysis
more complicated as we shall see later.

3. Predicted Response Function
We have discussed the three main mechanisms
of gamma-ray interactions. Their simplest
energy spectrum of their own is presented in
Figure 3.
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Figure 3: Three main mechanisms in gamma-
ray interactions
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3.1. Ideal Case of Intermediate

Detectors
As for practical detectors, the actual response
is much more complicated. All these
interactions take place and the properties of
the detector material and the geometry of the
detector will affect the response function as
well as the cirumstances.
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Figure 4: Small detector VS extreme large
detector

As stated in Figure 4, the spectrum depends on
whether all primary and Secondary
interactions happen within the active volume
of the detector or not.

The real detectors are all of medium size and
we can never achieve the ideal case of all
interactions happening within the active
volume since there are always interactions
near the entrance surface.
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Figure 5: Real detector

It’ s worth mentioning that there is “Multiple
Compton events” . The multiple Compton
events arise from the escape of the final
scattered photons, which can thus partially fill
in the gap between the Compton edge and the
photopeak.

3.2. Complications in the Real

Response
There are several more complicated cases than
those shown in Figure 5.

3.2.1. Secondary Electron Escape

Especially for high energy gamma-rays, the
Secondary electrons may escape the active
volume since their range is larger than the size
of the detector. This effect will alter the shape
of the Compton continuum and lower the



photofraction due to envents loss from the
photopeak.

3.2.2. Bremsstrahlung Escape

Radiative processes for charged particles due
to coulomb interactions are Bremsstrahlung,
where energy converts into electromagnetic
radiation. The linear specific energy loss is:

E NEZ(Z +1)e* 2F 4
_(4E) _ (Z+De” (41 —2) (5)
dz ) 137m3c* mye? 3

Again for high energy (few MeV and above)
gamma-rays and high atomic number absorber
case, the Bremsstrahlung loss is of importance.

3.2.3. Characteristic X-ray Escape
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Figure 6: X-ray escape mechanism

Normally characteristic X-ray emission is
reabsorbed near where it is produced. But if
the photoelectric absorption occurs near a
surface of the detector, the X-ray may escape
and so does its energy. This gives rise to a new
peak below the full energy photopeak. Usually
we can only distinguish the K-shell X-ray
escape peak from the photopeak.

3.2.4. Secondary Radiations Created Near the
Source

3.2.4.1. Annihilation Peak

If the gamma-ray source happens to emit
positrons, a peak of 0.511 MeV will rise since
the positron will annihilate when stopped in
the surrounding covering. Sometimes if the
detector can detect both annihliation photons
simutaneously, a peak of 1.022 MeV will
appear.

3.2.4.2. Bremsstrahlung

Most commonly available gamma-ray sources
are 8~ emitters at the same time. And
Bremsstrahlung photons (low energy most

possibly) will contribute to the spectrum due
to absorption of 3~ decays in the
encapsulation. So use of low atomic number
absorbers will help minimize the generationn
of Bremsstrahlung.

3.2.5. Effects of Surrounding Materials

3.2.5.1. Backscatterd Gamma-Rays
As discussed before, the energy of
backscattered photon is:

hv

P —
Y lgn 1+ 2hv/mc?

And in the limit of hv >» mc?, the energy
reduces to myc?/2. The backscatter peak
always occurs at 0.255 MeV or less.
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Figure 7: Backscatterd gamma-rays

3.2.5.2. Other Secondary Radiations

Other interaction of the primary gamma-rays
in the surrounding materials, for example,
characteristic X-rays, will reach the detector
and produce noticeable peaks. One method to
reduce the effect is to use graded shields
consisting of high-Z bulk and low-Z inner
layers. The inner layers will absorb the strong
characteristic X-rays from the bulk and only
emit weak X-rays on their own.

Another effect of high energy primary gamma-
rays is the enhanced pair production process
within high-Z surrounding materials.

3.2.6. Coincidence Methods in Gamma-Ray
Spectrometers
To achieve ideal delta response function, some
steps are taken at the price of added
complexity. For the case of sodium iodide
spectrometers, the most common methods
involve the use of an annular detector
surrounding the primary crystal for Compton
suppression by anticoincidence.

And here is an example from germanium
detectors in Figure 8, coincidence detection of



the escaping photons in a surrounding annular
detector(BGO and Nal(T1)?)
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4. Properties of Scintillation
Gamma-Ray Spectrometer

4.1. Response Function

Sodium iodide (Nal) gained popularity due to
the high atomic number (Z = 53) of its iodine
component, which enhances photoelectric
absorption, resulting in high intrinsic
detection efficiency and a large photofraction.
This combination has led to the success of Nal
scintillation spectrometers. Despite newer
scintillators like LaBr3(Ce) offering higher
light yield and better energy resolution,
Nal(Tl) remains widely used due to its balance
of low cost, availability, and adequate
performance. Detailed studies and extensive
experimental data on Nal(Tl) have further
solidified its reliability and predictability in
gamma-ray spectroscopy. Nal(T1) also shows
significantly better energy resolution
compared to materials like BGO (see to

Figure 9).

*BGO has the strong advantage that its high density
and atomic number allow a more compact
configuration compared with a sodium iodide detector
of the same detection efficiency.
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Figure 9: Comparative pulse height spectra
measured for BGO and Nal

Due to the challenges in experimentally
measuring the gamma-ray response function
across all energies, calculations using the
Monte Carlo method (see Figure 10) are
essential, as they effectively model complex
interactions within detectors. Additionally, for
organic scintillators, which have low
photoelectric interaction probabilities,
deconvolution techniques can enhance
gamma-ray spectra analysis (see Figure 10).
These methodologies underscore the critical
role of advanced computational and analytical
techniques in gamma-ray spectroscopy.
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Figure 10: Anticoincidence Compton
Suppression

4.2. Energy Resolution
The energy resolution R is defined as

FWHM
R=
Hy
where H;, = mean pulse height (7)

As argued in Chapter 4, the finite energy
resolution of any detector may contain
contributions resulting from the effects of
charge collection statistics, electronic noise,
variations in the detector response over its
active volume, and drifts in operating
parameters over the course of the
measurement.



Howerver, the charge collection statistics, i.e.
photoelectron statistics is the dominant factor
in the energy resolution of scintillation
detectors.

Therefore

FWHM vVE 1
_FWHAM _ g vE (8)
H, E VE

If we take logarithm of both sides, we derive

R

lnRzan—%lnE 9)

And a more adequate representation of
measured data takes the form

va+ BE

R = 10
- (10)
where a, 8 are constants particular to any
specific scintillator-PMT combination.
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Figure 11: Measured In R vs In E from a NalI(T1)
detector

There are still other factors that affect the
energy resolution, which include:
variations in light generation and
measurement
non proportionality of light yield
long term drift

4.3. Engergy Calibration

Perfect proportionality between light output
and deposited energy in scintillators would
yield a linear calibration of pulse height or
centroid channel number for full-energy peaks
VS gamma-ray energy.

However, due to inherent nonproportionality
in scintillator responses to fast electrons,
calibrations typically exhibit some
nonlinearity, resulting in curved peak
positions specific to each detector.

But normally the assumption of linearity leads

to negligible error.
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Figure 12: Complex energy origin and non
linearity response

The measured relative light output from
sodium iodide over the low energy range is
presented in Figure 12. There is a dip near the
K-shell absorption edge of iodine. The
response of the scintillator actually depends
on the energy that is deposited by secondary
electrons produced by the incident photon,
and a complex mix of photoelectrons and/or
Auger electrons will result from various types
of photon interactions.

4.4. Detection Efficiency

Common application of sodium iodide
scintillators is to measure the absolute
intensity, which requires a prior knowledge of
the effeiency of radiation detector. And
published data on the detection efficiency of
Nal(Tl) detectors are undoubtedly abundant.

*following the photoelectric absorption of an
incident X-ray or gamma ray with energy E that is
above the K-shell binding energy of 33.17 keV
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Figure 13: Absorption efficiency of Nal of
different thicknesses
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Figure 14: Periodic Table
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Table 1: Terminologies

17

9 18,9984

F

Fluoring
Halagen

17 3545

Cl

Chiorine
Halagen

35 79.30

Br

Bromine
Halagen

53 126.9045

lodine
Halagen

85 209.96..

At

Astating
Halagen

117 2942

Ts

Tennessine
Halagen

70 17305

Yb

Ytterbium
Lanthanide

102 2591

No

Nobelium
Actinide

18
2 400260

Helium
Noble Gas

10 20180

Ne

Neon
Noble Gas

18 399

Ar

Argon
Noble Gas

36 83.80

Kr

Krypton
Noble Gas

54 13129

Xe

Xenon
Noble Gas

86 222.01.

Rn

Radon
Noble Gas

118 2952

Og
Oganessan
Noble Gas

71 174.9668

Lu

Lutetium
Lanthanide

103 266.1

Lr

Lawrencium
Actinide
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