Radiation Detection and
Measurement

1 June 2006
Larry MacDonald
macdon@u.washington.edu

 Particle Range in Matter
continuous energy spectrum

f particle ranges vary from one electron to the next, even for ps of
the same energy in the same material.

This is due to different types of scattering events the § encounters
(i.e., scattering events, bremsstrahlung-producing collisions, etc.).

The B range is often given as the maximum distance the most
energetic f can travel in the medium.

The range for f particles emitted in tissue is on the order of mm’s.

Types of radiation relevant to
Nuclear Medicine

Particle Symbol Mass (MeV/c?) Charge

Electron e, f- 0.511 -1
Positron 0.511 +1
Alpha 3700 +2

Photon \ no rest mass

Interactions of Photons with Matter
Exponential Penetration: N=Nye**

Photoelectric effect No
photon is absorbed

Compton scattering
part of the energy of the photon is absorbed
scattered photon continues on with lower energy

Pair production
positron-electron pair is created
requires photons above 1.022 MeV

Coherent (Rayleigh) scattering
photon deflected with very little energy loss
only significant at low photon energies (<50 keV)

a Particle Range in Matter
mono-energetic

« Loses energy in a more or less continuous slowing down
process as it travels through matter.

« The distance it travels (range) depend only upon its initial
energy and its average energy loss rate in the medium.

* The range for an o particle emitted in tissue is on the order
of ym’s.
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Basic Radiation Detector Systems Interaction Rate and Dead-time

What do you want to know about the radiation?
Energy?

Pulse Mode versus Current Mode

Position (where did it come from)? Pulse mode
How many / how much? — Detect individual photons

— Required for NM imaging applications

Measured rate

Important properties of radiation detectors Current mode

(depends on application) — Measures average rates of photon flux

Energy resolution — Avoids dead-time losses

Spatial resolution

Sensitivity 1
Counting Speed paralyzable non-paralyzable

4 = recorded events

Types of Radiation Detectors

detection modes / functionality

Types of Radiation Detecto Gas-filled Detectors

physical composition VOLTAGE SOURCE
Counters e
— Number of interactions Gas-filled detectors
— Pulse mode INCIDENT ct:{ANODE ) ELECTRICAL
IONIZING CURRENT

Spectrometers Solid-state (semiconductor) detectors mojation | L1 MEASURING

e DEVICE
— Number and energy of interactions AIR OR OTHER

— Pulse mode Organic scintillators (liquid & plastic) L
Dosimeters —CATHODL)  reuinsabouseev
— Net amount of energy deposited Inorganic scintillators

— Current mode

Fig. 4-1. Basic principles of a gas-filled detector. Electrical charge liberated by

Imaging Systems scintillators operate with a o radintion is collected by positive and negative electrodes
— CT = current mode photo-sensor
— NM = pulse mode (i.e. another detector)
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Number of lon Pairs Collected

Gas-filled detectors

(operates in three ranges)
GoigorMusllor
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Continuous Geiger-Muller counters

Discharge

ot
Proportionality

Recombination

lonization Chamber
Region

Proportional counters
Proportiona Region
i lonization chambers

; - Radiation survey meters
‘“::‘:‘:" i — Dosimeters (dose calibrator)

Applied Voltage

Semiconductor Detectors

Works on same principle as gas-filled detectors
(i.e., production of electron-hole pairs in
semiconductor material)

Only ~3 eV required for ionization (~34 eV, air)

Usually needs to be cooled (thermal noise)

Usually requires very high purity materials or
introduction of “compensating” impurities that
donate electrons to fill electron traps caused by
other impurities
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Fig. 42, Voltage response curve (charge collected versus Dose Calibrator
voltage applied 1o the electrodes) for a typical ionization it
chamber. In sual operation, applied voliage exceeds sarr. N0 2mplification
ration voltage V. 1o ensure complete collection of liberated N0 déad-time

Signal = liberated charge

charge

Settings for different isotopes

Calibrations

From: Physics in Nuclear Medicine (Sorenson and Phelps)
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From: Physics in Nuclear Medicine (Sorenson and Phelps)
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Semiconductor Detectors

« CdZnTe detectors - can operate at
room temperature

Position Sensitive
CZT Detectors

SIEMENS
vanced Researeh

Nclear Midicine Croup
2500 S, Rarvingion Road
Hoftman Estases, Hinak 60105

Organic Liquid Scintillators

(liquid scintillator cocktail)
Organic solvent - must dissolve scintillator material and
radioactive sample
Primary scintillator (p-terphenyl and PPO)
Secondary solute (wave-shifter)
Additives (e.qg., solubilizers)
Effective for measuring beta particles (e.g., H-3, C-14).

b

Liquid scintillator




Inorganic Scintillators photo-sensor needed with scintillators

(physical characteristics) Photomultiplier Tube (PMT)

: o relevant detector ureur
Absorpt!on of radiation lifts electrons from valence to ) T ) G property T SIGNAL
conduction band I

Density (gm/cm3) 3.67 713 7.4 6.71

Inorganic Scintillato
(physical characteristics)

" . s Effective o
Impurities (actn{altors).createl energy I_evgls within the Atomic Number 51 75 sensitivity
band gap permitting visible light scintillations Attenuation

(@511 keV, cm1)  0.34

Light Output )
= (photons/Mev) 40K energy & spatial resol.
conduction band FoCUSING
Decay Time 230 ns. 60 ns i s e
activator excited state v counting speed RID ——
band “i"““ﬂ“""l Wavelength 410 nm 430 nm
gap activator ground state

PHOTOCATHODE

. /" §LiGHT
Index of Refraction 1.85 1.85 photo-sensor matchlng ENTRANCE ({ PHOTON
valence band Hygroscopy no manufacturing / cost Winoow
Fig. 414, Basic principles of a photomultiplier (PM) tube, (Note: Three dynode
Rugged no stages omitted. |
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mple Spectroscopy System Interactions of Photons with a mple Spectroscopy System
Hardware Spectrometer Output

~20% electron multiplication  (Statistical Ideal Energy pectrum

converted to

plectrons becomes electric uncertainties!) . Photoelectric

oy i Load Shiold . Compton + Photoelectric

Compton

Iarg(?/roit;rgrznt o A T . Photoelectric with characteristic
| o i) x-ray escape

more electrons . Compton scattered photon from
| lead shield

more scintillation 5 Ch_aracteristic x-ray from lead

photons Load Shioid shield

| @ PULSE AMPLITUDE
(ENERGY DEPOSITED IN DETECTOR)

PHOTOPEAK, E7

CATTERING

COMPTON EOGE, .,
MULTIPLE COMPTON SCATTERING

COMPTON REGION

SINGLE
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SCATTERING

PULSE AMPLITUDE

ELATIVE NUMBER OF COUNTS

From: The Essental Physics of Medical Imaging (Bushberg, et al) From: The Essental Physics of Medical Imaging (Bushberg, et al)




Energy Resolution

Realistic Energy Spectrum

%)s AE . 46 o
FWHM () £ = 265 X 100%
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Sample Spectrum (Cs-137)

Detection efficiency
(32 keV vs. 662 keV)

Number of Interactions

W0 w0 &0 600

Energy (keV)

A. Photopeak
B. Compton continuum
C. Compton edge

20 %0
Energy (keV)

D. Backscatter peak
E. Barium x-ray photopeak
F. Lead x-rays

Number of Interactions

Sample Spectrum (Tc-99m)

. Photopeak

. Photoelectric with
iodine K-shell x-ray
escape

. Absorption of lead x-
rays from shield

Note absence of
s Compton continuum

X 0 60 0 100 10 W 10
Energy (keV) Why?

Fig. 11-11. Calculation of FWHM energy resolution of a Nal(Tl) detector for
WICs 662 keV v rays

Calibrations

140kev Energy calibration (imaging systems/spectroscopy)
— Adjust energy windows around a known photopeak

— Often done with long-lives isotopes for convenience
662 keV (close to PET 511 keV), T, ,=3

22 keV (close to Tc99m 140 keV ), T,,,=272d

Sample Spectrum (In-111) Effects of Pulse Pileup

i
IN WELL COUNTER

173 kev+ "Ca X RAYS

247 kev+™ca X RAY

40 80 ia
PHOTON ENERGY (keV)
BASELINE SHIFT—+

B,

source Dose calibration (dose calibrator)

— Measure activity of know reference samples (e.g., Cs-
137 and Co-57)

— Linearity measured by repeated measurements of a

R ) L u decaying source (e.g., Tc-99m)

ENERGY (keV)

OUT OF WELL

NUMBER OF COUNTS

detector
/

/

RELATIVE NUMBER OF COUNTS




Raphex Question Raphex Answer

D58. The window setting used for Tc-99m is set with the center at 140 keV with a

D58. The window setting used for Tc-99m is set with the center at 140 keV with a width of +/-14 keV i.e., 20%. The reason for this is:

width of +/-14 keV i.e., 20%. The reason for this is:

A. Photons, which impinge upon the crystal, lose energy by Compton

A. The energy spread isa consequence of the statistical broadening when
amplifying the initial energy deposition event in the Nal(Tl) crystal.

B. The 140 keV gamma ray emission of Tc-99m is not truly monoenergetic but
the center of a spectrum of emissions.

C. The higher and lower Gaussian tails are a consequence of compton scattering
within the patient.

D. The result of additional scattered photons generated in the collimator.

E. A consequence of patient motion during scanning.

Sources of Error

Systematic errors
— Consistently get the same error
Random errors

— Radiation emission and detection are
random processes

Blunder
= operator error

scattering and the photoelectric effect. Both processes convert the gamma
ray energy into electron energy. On average approximately one electron
hole pair is produced per 30 eV of gamma ray e nergy deposited in the
crystal. These electrons result in the release of visible light when trapped
in the crystal. These light quanta are collected and amplified by
photomultiplier tubes. The statistical fluctuation in the number of light
quanta collected and their amplification is what causes the spread in the

tect ner k. even when most of the Tc-99m photon: it
exactly 140 keV in the Nal(Tl) crystal.

Measures of Central Tendency

Mean

— Average value

Median

— Middlemost measurement (or value)
— Less affected by outliers

Example: 8, 14, 5, 9, 12
Mean = 9.6
Median =9

Counting Statistics

Measures of Variability

» Variance

— Measure of variability:

=+ e v D)2
5 N-1

o2

» Standard deviation

— Square root of variance

Bsavor—




Statistical Models for Random Trials

Binomial Distribution
Poisson Distribution

— Simplification of binomial distribution with
certain constraints

Gaussian or Normal Distribution

— Further simplification if average number of
successes is large (e.g., >20)

Binomial probability density function
mean and variance

and o =VpN(I -p)

+ N is total number of trials
+ pis probability of success
+ Xis mean, o is standard deviation

If p is very small and a constant then:
6 =VpNI -p) =~ VpN="Vx

Same as Poisson random process.

Binomial process

+ Trial can have only two outcomes

Trial Definition of a success Probability of a success

Toss of a coin “Heads" 172

Toss of a die “A four" 116

Observation of a radioactive It decays 1-en
nucleus for a time “t"

Observation of a detector of A count E(1 - e )
efficiency E placed near a
radioactive nucleus for a time “t"

Source: Adapted from Knoll, GF. Radiation detection and measurement, 3rd ed. New York: John Wiley,
2000.

Poisson PDF

Radioactive decay and detection are Poisson

random processes

— Observation time is short compared to the half-life of the

source

« probability of radioactive decays (i.e., p) remains constant
+ probability of a given nucleus undergoing decay is small

Variance

— Variance = mean = pN = x

Standard deviation

— Standard deviation = v variance =V pN = VX

Can estimate standard deviation from a single

measurement

Binomial probability density function
(PDF)

+ Nis total number of trials
+ pis probability of success
+ xis number of successes

Confidence Intervals

Interval about measurement
+0.6740




Propagation of Error

Raphex Question Raphex Answer

D70. How many counts must be collected in an instrument with zero background
to obtain an error limit of 1% with a confidence interval of 95%?
D70. How many counts must be collected in an instrument with zero background

A. 1000 to obtain an error limit of 1% with a confidence interval of 95%?

B. 3162

C. 10,000 D. A 95% confidence interval means the counts must fall within two standard

D. 40,000 deviations (SD) of the mean (N). Error limit = 1% = 2 SD/N, but SD = N'2,

E. 100,000 Thus 0.01 = 2(N"?)/N = 2/ N"2. Where [0.01]>=4/N and N = 40,000.
Addition of two numbers containing
random errors

Subtraction of two numbers containing
random errors

Note the PLUS sign: combination of two measurements with error leads
ith greater overall error - e dd “in quadratur
und, they can’t ‘cancel” each other.
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Raphex question Raphex answer What piece of equipment would you used to
measure the activity of a pure beta emitter?

G74. A radioactive sample is counted for 1 minute and produces 900 c ounts.
G74. A radioactive sample is counted for 1 minute and produces 900 counts. The background is counted for 10 minutes and produces 100 counts. The net
The background is counted for 10 minutes and produces 100 counts. The net count rate and net standard deviation are about and counts/min.
count rate and net standard deviation are about ____and ____ counts. -

D. The netcount rate is:
A. 800, 28
B. 800, 30
C. 890, 28
D. 890, 30
E. 899, 30

[(N4/t,) - (Ny/t,)] = [(900/1) - (100/10)] = 890.

Liquid scintiator

The net standard deviation, o is:

[(NJ/E) + (N/3)] ' = [(900) + (1)] = 30.

From: The Essential Physics of Medic



Radiation detectors used in
Nuclear Medicine




