X-ray interaction with matter

The 4 major interactions of x-ray and gamma-ray photons with matter are:

Photoelectric effect
Rayleigh scattering
Compton scattering
Pair production (above 1.022 MeV)

M FIGURE 3-13 Graph of the Rayleigh, Mass Attenuation Coefficients for Soft Tissue

photoelectricc, Compton, pair production, 10 M
and total mass attenuation coefficients for
soft tissue (Z = 7) as a function of photon
energy.
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Figure 1.27: The region where each x-ray interaction process is most likely is shown as
a function of atomic number and x-ray energy. The transition zones between regions corre-
spond to the two cross sections being equal (t =0 and o = ).



Linear attenuation coefficient

The fraction of photons removed from a monoenergetic beam of x-rays or gamma rays
per unit thickness of material is called the linear attenuation coefficient (W), typically
expressed in units of inverse centimeters (cm™"). The number of photons removed
from the beam traversing a very small thickness Ax can be expressed as

n=uN Ax [3-4]

where n = the number of photons removed from the beam, and N = the number of
photons incident on the material.

The relationship for thin slab AX, can be integrated. If N, is the number of the incident photons
and N the transmitted photons through a thickness x without any interaction (primary):

N=N,e "




Linear attenuation coefficient
mathematical model

Let’s consider monoenergetic photons through an absorber of infinitesimal thickness dx of
the same material and the same density
If n is the number of photons removed from the beam: n = -dN

where -dN is the variation in photon number; minus sign indicating that the intensity is
reduced by the absorber

-dN = u N dx
Dividing by N

dN
-2 _udx
Yl

This equation describes the situation for thin absorber with thickness dx.
For the thickness x of an absorber we integrate the above equation.
From thickness 0 to x, the radiation intensity will decrease from N, to N:

NN x
_IW=‘“fdx ln(;\,\:)=—ux

N
— = exp(—ux
N, p(—u x)



Linear attenuation coefficient

The linear attenuation coefficient is the sum of the individual linear attenuation
coefficients for each type of interaction:

n= uRayleigh + l'lphotoeleclric effect + uCompton scatter T upair production [3-6]

In the diagnostic energy range, the linear attenuation coefficient decreases with
increasing energy except at absorption edges (e.g., K-edge). The linear attenuation
coefficient for soft tissue ranges from approximately 0.35 to 0.16 cm™" for photon
energies ranging from 30 to 100 keV.

For a given thickness of material, the probability of interaction depends on the
number of atoms the x-rays or gamma rays encounter per unit distance. The den-
sity (p, in g/cm?®) of the material affects this number. For example, if the density is
doubled, the photons will encounter twice as many atoms per unit distance through
the material. Thus, the linear attenuation coefficient is proportional to the density of
the material, for instance: S

\

Wwater = Wice = Uwater vapor



Mass attenuation coefficient

For a given material and thickness, the probability of interaction is proportional to
the number of atoms per volume. This dependency can be overcome by normalizing
the linear attenuation coefficient for the density of the material. The linear attenua-

tion coefficient, normalized to unit density, is called the mass attenuation coefficient.

Mass Attenuation Coefficient (p/p) [cm2 / g]

_ Linear Attenuation Coefficient (u)em™] [3-7]
Density of Material (p) [g/cm’]

The linear attenuation coefficient is usually expressed in units of cm™!, whereas
the units of the mass attenuation coefficient are usually cm?/g.

The mass attenuation coefficient is independent of density. Therefore, for a given
photon energy,

“’waler/pwaler = ice/pice o p"waner vapor/pwalcr vapor

However, in radiology, we do not usually compare equal masses. Instead, we usu-
ally compare regions of an image that correspond to irradiation of adjacent volumes
of tissue. Therefore, density, the mass contained within a given volume, plays an
important role. Thus, one can radiographically visualize ice in a cup of water due to
the density difference between the ice and the surrounding water



Mass attenuation coefficient

To calculate the linear attenuation coefficient for a density other than 1 g/cm’, the
density p of the material is multiplied by the mass attenuation coefficient to yield the linear
attenuation coefficient. For example, the mass attenuation coefficient of air, for 60-keV
photons, is 0.186 cm?/g. At typical room conditions, the density of air is 0.00129 g/cm”.
Therefore, the linear attenuation coefficient of air under these conditions is

= (wp )p = (0.186 cm?*/g) (0.00129 g/cm’) = 0.000240 cm™

To use the mass attenuation coefficient to compute attenuation, Equation ~ can
be rewritten as

N = Noe—(%)p )



Linear attenuation coefficient

TABLE 3-1. MATERIAL DENSITY, ELECTRONS PER MASS, ELECTRON DENSITY,
AND THE LINEAR ATTENUATION COEFFICIENT (AT 50 keV) FOR
SEVERAL MATERIALS

Density Electrons per Mass Electron Density ueso

Material (g/cm?) (e/g) x 108 (e/em?) x 10 keV (cm™)
Hydrogen 0.000084 5.97 0.0005 0.000028
Water vapor 0.000598 3.34 0.002 0.000128
Air 0.00129 3.006 0.0038 0.000290
Fat 0.91 3.34 3.04 0.193
Ice 0917 3.34 3.06 0.196
Water 1 3.34 3.34 0.214
Compact bone 1.85 3.192 5.91 0.573




Good and bad geometry
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Figure 1.32: The so-called bad geometry and good geometry for making x-ray attenuation
measurements are illustrated. Bad geometry exists whenever the exposure measurement
includes an appreciable amount of x-ray scatter from the attenuator. The scatter contribution
to the measurement can be reduced by using pre-attenuator collimation to limit the x-ray field
and post-attenuator collimation to reduce the chance of scatter reaching the x-ray detector.

Attenuation is the removal of photons from the x-ray beam, both by absorption
and scattering. To assess attenuation, the x-ray beam that is not removed by atten-
uation is what is actually measured (the primary x-ray beam). It is important that
scattered photons not be included in this measurement. Because scattered x rays
tend to fly about in all directions near an object being exposed to an x-ray beam, it
is important to use a measurement geometry which excludes the measurement of
scattered x-ray photons, to the extent possible.



Half-value layer

The half-value layer (HVL) is defined as the thickness of material required to reduce
the intensity (e.g., air kerma rate) of an x-ray or gamma-ray beam to one half of
its initial value. The HVL of a beam is an indirect measure of the photon energies
(also referred to as the quality) of a beam, when measured under conditions of nar-
row-beam geometry. Narrow-beam geometry refers to an experimental configuration
that is designed to exclude scattered photons from being measured by the detector
(Fig. 3-15A). In broad-beam geometry, the beam is sufficiently wide that a substantial
fraction of scattered photons remain in the beam.
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M FIGURE 3-15 A. Narrow-beam geometry means that the relationship between the source shield and the
detector is such that almost no scattered photons interact with the detector. B. In broad-beam geometry, scattered
photons may reach the detector; thus, the measured attenuation is less compared with narrow-beam conditions.

Underestimation of attenuation means overestimation of HVL



Half-value layer

The HVL of a diagnostic x-ray beam, measured in millimeters of aluminum
under narrow beam conditions, is @ measure of the penetrability of the x-ray

spectrum.
Relationship between u and HVL

N is equal to Ny/2 when the thickness of the absorber is 1 HVL. Thus, for
monoenergetic beam:

N /2 = N e WHVD
O1 1) = etl r(HVL)
In (1/2) = ln e “HD
—0.693 = —w (HVL)
HVL = 0.693/1u



Half-value layer

For a monoenergetic incident photon beam, the HVL can be easily calculated
from the linear attenuation coefficient, and vice versa. For example, given
1. p.=035cm™

HVL = 0.693/0.35 cm™ = 1.98 cm

2. HVIL=25mm = 0.25 cm
= 0.693/0.25cm = 2.8 cm™!

The HVL and p can also be calculated if the percent transmission is measured under
narrow-beam geometry.

EXAMPLE: If a 0.2-cm thickness of material transmits 25% of a monoenergetic beam of pho-
tons, calculate the HVL of the beam for that material.

STEP1. 0.25 = e —w0.2cm)
STEP2. In0.25= —u(0.2 cm)

STEP3. p =(-In0.25)/(0.2cm) = 6.93 cm™’
STEP4. HVL = 0.693/i = 0.693/6.93cm™' = 0.1 cm



Half-value layer

For monoenergetic photons under narrow-beam geometry conditions, the
probability of attenuation remains the same for each additional HVL thickness
placed in the beam. Reduction in beam intensity can be expressed as (‘)" where 7
equals the number of half value layers. For example, the fraction of monoenergetic
photons transmitted through 5 HVLs of material is

o XV XX hX'h= ('/2)S ='/2=0.031 or 3.1%

Therefore, 97% of the photons are attenuated (removed from the beam). The
HVL of a diagnostic x-ray beam, measured in millimeters of aluminum under nar-
row-beam conditions, is a surrogate measure of the average energy of the photons
in the beam.




Monochromatic beam attenuation

Semi-logarithmic graph:
transmission decreases linearly

Smaller the energy, higher the
attenuation: the slope is higher

Beam attenuation for
monoenergetic beams for

different tissue thickness (in cm)

nsmission

Tra

1.00 V : v
0.50F “t
V
0. 10k 150 ke 2
100
0.05F 50 y
20 30
1 1 L
0 5 10 15 20

Tissue thickness (cm)



Polychromatic beam attenuation
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Figure 1.33: Attenuation profiles (exposure as a function of thickness) are shown for alu-
minum and for three different x-ray beams. The dashed lines are for monoenergetic x-ray
beams at 40 keV and 80 keV. Higher-energy x rays are more penetrating, so the curve for
80-keV x rays is less steep than the curve for 40-keV x rays. On this semi-logarithmic plot,
the attenuation curves for monoenergetic x-ray beams appear as straight lines. For a 100-
kVp x-ray spectrum, the attenuation curve demonstrates curvature which is representative
of beam hardening. The half-value layer (HVL) is the thickness of aluminum required to re-
duce the exposure of the x-ray beam by 50%. The HVL for the 100-kVp attenuation curve
shown is approximately 3.7 mm Al

The homogeneity coefficient is the ratio of the first to the sec.:ond HYI, and
describes the polyenergetic character of the beam. The first HVL is the .thlckness
that reduces the incident intensity to 50% and the second HVL reduces it to 25%
of its original intensity [i.e., (0.5)(0.5) = 0.25]. A monoenergetic source of gamma
rays has a homogeneity coefficient equal to 1.




Average energy

The conventional notation for photon fluence (photons/mm?) at a given energy E is ¢(E).
The corresponding energy fluence ( joules/mm?2 or ¢(E) x E is y(E))

In case of polyenergetic beams the concept is replaced by fluence spectrum and energy
fluence spectrum, differential in energy E (fluence/rate if per unit of time )

do
OLE)=(E) W (B)= G (B) =L (E)E

E max
Ei " W(E) EdE [ ey EdE
_ E =_0
E= lgmax “ o (E) —M(E)xdE
e
[ #(E) dE Je

0
We can calculate the average energy of a given spectrum and the average
energy of an attenuated spectrum after x mm of Al.

DHE)E b,(E)e " " E,

E=- =
2¢1(E1) Eaﬂ E¢i(Ei)€_M(Ei)x

¢; (E;) is the total photon fluence in an
i-th energy interval with bin width AE




Beam hardening
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Figure 1.36: The average x-ray energy in a 100-kVp x-ray spectrum is illustrated as a
function of thickness for three different attenuators. Fifty millimeters of water produces only
a modest increase in average x-ray energy, whereas 50 mm of aluminum causes a more
noticeable increase in average energy. Because of the high atomic number and density of
tin (Z = 50, p = 7.3 g/em?), it has a profound beam-hardening effect.



Exposure and HVL

An air-ionization exposure meter is a device capable of accurately measuring x-ray
exposure. Exposure is a term which relates primarily to the x-ray beam intensity or the
beam quantity.

Measuring the x-ray energy spectrum is much more difficult, and requires sophisticated
equipment that is only available in a handful of laboratories. Nevertheless, some idea of
the spectral distribution (beam quality) of the x-ray beam can be evaluated. The x-ray
attenuation coefficients are energy dependent, and therefore by measuring the exposure
attenuation, a parameter relating to the x-ray beam energy distribution ( (E)) can be
assessed.

The parameter used to characterize polyenergetic beam quality in field measurements of
attenuation is called the half-value layer (HVL). The HVL, usually calculated using
aluminum in diagnostic radiology, is the thickness of aluminum required to reduce the
exposure of the x-ray beam by a factor of 2 (i.e., to 50% of its unattenuated exposure).
Exposure is defined in air (only), and therefore the HVL is properly measured only using

an air ionization exposure meter; the HVL measured using a solid state x-ray detector
system, for example, will be different.



Effective energy

The HVL of a diagnostic x-ray beam, measured in millimeters of aluminum under
narrow beam conditions, is a measure of the penetrability of the x-ray spectrum.
Since x-ray beams in radiology are polyenergetic, the determination of HVL is the way
of characterizing the penetrability of the x-ray beam for a given kV..

The HVL (in mm of Al) can be converted to a quantity called the effective energy.

EFFECTIVE ENERGY OF AN

X-RAY BEAM
It is an estimate of the penetration power HVL (mm Al) EFFECTIVE ENERGY (keV)
of the x-ray beam, expressed as the 0.26 14
energy of a monoenergetic beam that 0.75 20
would exhibit the same "“effective” 125 24
penetrability. e >0
The effective energy from a typical k- Ea
diagnostic x-ray tube is one third to one 2 2l
half the maximum value. >.76 45
6.97 50
9.24 60
11.15 70
12.73 80
14.01 90
15.06 100

Al, aluminum.



Table 1.4: Mass attenuation coefficients of aluminum (p = 2.699)

E (keV) (1/p)al E (keV) (/p)a
10 26.048 50 0.368
11 19.678 55 0.315
12 15.330 60 0.278
13 12.264 65 0.252
14 9.731 70 0.230
15 7.980 75 0.214
16 6.576 80 0.202
17 5.500 85 0.192
18 4.647 90 0.183
19 4.034 95 0.177
20 3.423 100 0.171
25 1.830 105 0.166
30 1.131 110 0.161
35 0.769 115 0.157
40 0.567 120 0.153

45 0.446




Beam hardening

The lower energy photons of the polyenergetic x-ray beam will preferentially be
removed from the beam while passing through matter. The shift of the x-ray spec-
trum to higher effective energies as the beam transverses matter is called beam hard-
ening Low-energy (soft) x-rays will not penetrate the entire thickness of
the body; thus, their removal reduces patient dose without affecting the diagnostic
quality of the exam. X-ray machines remove most of this soft radiation with fil-
ters, thin plates of aluminum, copper, or other materials placed in the beam. This
added filtration will result in an x-ray beam with a higher effective energy and thus

a greater HVL.
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Figure 2.11 X-ray spectra for an x-ray tube with a tungsten target; . .
10%) kV constant %ot%ntial with 2.5 mm aluminium added. The spec- Figure 2.12 X-ray spectra for an )'Hag Otube Wlthlab (;nOIde?lltum
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tissue plus 1.5cm bone. (The spectra are based on the work of The spectra are shown both before and after attenuation by 5cm

Birch et al (1979).) tissue. (The spectra are based on the work of Birch ef al (1979).)



= The values of spectrum for a variety of spectra are calculated for different kV. The HVL, the
exposure, the x-ray fluence for a wide range of spectra can be estimated.

= Note: Energy_effective < Energy_average

Table 1.5: Beam-quality parameters (HVL in mm Al, Ey. and E. in keV) and photons/cm?
per R for beams of different kV and added filtration (F = mm Al)

kV-F HVL Ege Eqt  ®/R  kV-F HVL Ege Eaqr  ®/R

30-0 080 223 199 6.14le+7 800 229 413 270 1.553¢+8
30-1 097 233 215 6923¢e+7 80-1 295 434 303 1.770e+8
30-2 1.09 240 225 7483e¢+7 80-2 347 449 328 192% + 8
30-3 1.19 246 233 7920e+7 80-3 391 462 347 2054e+8
30-4 127 250 239 8280e+7 80-4 430 473 365 2.156e+ 8
30-5 134 254 244 8588e+7 80-5 463 482 379 2242+ 8
40-0 1.12 266 219 837le+7 850 244 429 274 1616e+8
40-1 141 281 241 9659 +7 85-1 3.13 450 309 1.836e+8
40-2 1.63 29.1 256 1062¢+8 852 3.69 466 335 199%e+ 8
40-3 182 299 268 1.138¢+8 853 416 479 355 2.120e+8
40-4 198 306 277 1202¢+8 854 456 490 372 2222¢+8
40-5 2.12 311 28,6 1256e+8 85-5 491 499 388 2306e+ 8
50-0 144 308 237 1057¢+8 90-0 258 444 278 1673e¢+8
50-1 184 324 263 1222¢+8 90-1 331 465 314 1.8%e+8
50-2 215 336 280 1346e+8 90-2 390 482 341 2053¢+8
50-3 241 346 295 1444e+8 90-3 439 495 362 2.177¢+8
50-4 263 353 30.7 1526e+8 90-4 481 506 380 2276e+8
50-5 283 360 316 159%e+8 90-5 5.18 516 396 2.359% +8
550 159 327 244 1.158e¢+8 100-0 286 472 287 1.770e+ 8
55-1 204 345 270 1337¢+8 100-1 3.67 494 324 1990e + 8
552 239 357 290 147le+8 100-2 431 510 35.1 2.145¢+8
55-3 268 368 306 1579 +8 100-3 4.84 523 374 2264¢+8
55-4 294 376 318 1668¢+8 100-4 530 535 395 2358¢+8
55-5 3.16 383 330 1.744e+8 100-5 5.69 545 413 2435¢+8
60-0 174 345 249 1250e+8 110-0 3.15 497 294 1.848e+8
60-1 222 363 278 1440e+8 110-1 4.02 519 334 2063¢+8
60-2 261 377 298 1582¢+8 1102 471 536 363 2212 +8
60-3 294 388 315 1.69e+8 110-3 527 549 387 2.323e+8
60-4 322 397 329 179le+8 110-4 575 56.1 409 241le+8
60-5 347 404 341 187le+8 110-5 6.16 57.1 428 248248



Attenuation and energy deposition

= Just as the total linear attenuation coefficient p is the sum
of the linear attenuation coefficients of the individual
interaction types, the total mass attenuation coefficient is
the sum of its constituents as well:

BRONERONG

= Attenuation is useful in describing the propagation of x rays
through a material, but it does not tell the complete story in
terms of energy deposition. Energy deposition is important
both in the calculation of the radiation dose to a patient,
and for the calculation of the total signal generated in an x-
ray detector



Energy absorption and biological damage
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Figure 5-1. Schematic dia-
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tion of energy from radiation
resulting in biological dam-
age.



Misura di Laboratorio. Spessore di dimezzamento

Half Value Layer HVL €’ lo spessore di un materiale necessario per ridurre della meta’
I intensita’ del fascio.

Caratterizza il tubo fissata la tensione
Va controllato il suo valore nel tempo

Misurare il valore di HVL e di E_4 per il primo ed il secondo
dimezzamento per diversi spettri di partenza
Due senza filtro e diverso kV e uno con il filtro di Mo

Discutere la variazione dell'E_4 con la quantita’ di filtro totale di Al
applicato

Vedi anche spettro simulato
https://health.siemens.com/booneweb/index.html

(https://www.oem-xray-components.siemens.com/x-ray-spectra-
simulation)

Discutere il variare dell’E_4 con la presenza del filtro di Mo.



Misura di HVL
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HVL

measurements
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E_« calculation

@ntﬁenuﬂﬁon coefficient

Aluminum attenuation
20

10 E0—

10 20 30 40 50 60
Energy (keV) keV




E_: calculation

given: HVL = 2.4 mm Al w= 0693 /HVL =0.693/0.24 ¢cm

=0.24cm Al 2 888 cm!
-1
?E;er keV L;(gl;l‘q ) interpolate table values to estimate E g
15 21.33 p(cm™) Emr&r (keV)
20 9.153
30 3.024 30
40 2.888 ? » 309
50 0.990
60 0.748 1525 40
80 0.543
100 0.459 Effective Energy = 30.9 keV

M.H. McKetty RadioGraphics 1998; 18:151-163




X-ray spectra simulation:

https://health.siemens.com/booneweb/index.html

Database NIST — attenuation and absorption coefficients

https://www.nist.gov/pml/x-ray-form-factor-attenuation-
and-scattering-tables

https://physics.nist.gov/PhysRefData/FFast/html/form.html

XCOM

https://www.nist.gov/pml/xcom-photon-cross-sections-database
database search form

(https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html)

XMuDat software (not for Mac):
https://www-nds.iaea.org/publications/iaea-nds/iaeands-0195.htm



