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Energy Deposition of IR
n An important characteristic of ionizing radiation is the localized release of 

large amounts of energy
n The spatial distribution of ionization depends on the type of radiation 

a-particle – densely ionizingX-ray – sparsely Ionizing

d rays

nucleus nucleus



Track Structure vs. DNA

30 nm

Densely Ionizing Radiation

Less likely to cause DSB

Yield of SSB >> DSB (1000:40 for 1 Gy)

Sparsely Ionizing Radiation

Low probability of hitting DNA (fewer tracks per Gy)

High probability of DSB when it does hit



Ionization Density vs. Type of Radiation

EM of human liver cell

5 keV electron

Co-60 g-ray

500 keV proton

10 MeV proton

For a given particle type, the density of ionization ¯ as the energy 



Density of Ionization Event

Dimension of DNA

Much more likely 
to create DSB



Definition of Linear Energy Transfer (LET)

LET (L) = dE/dl

dE is the average energy locally imparted to 
the medium by a charged particle of specified 
energy in traversing a distance of dl

Thus, LET is the energy transferred per unit length of the track, and 
has unit keV/µm

This is merely an average quantity – even for a specific type of 
radiation, the energy per unit length of track varies over a wide range



Track Average vs. Energy Average

Equal track length

X-rays/gamma-rays

2 methods yield similar results

           Neutron 

2 methods yield different results
Example: for a 14-MeV neutron, track average = 12 
keV/µm; energy average = 100 keV/µm

The biologic properties of neutrons tend to correlate 
best with the energy average

Equal energy increments
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living creature that the Martian  encounters is an 
elephant. An average quantity has little meaning if 
individual variation is great.

The situation for LET is further complicated 
by the fact that it is possible to calculate an aver-
age in many different ways. The most commonly 
used method is to calculate the track average, 
which is obtained by dividing the track into 
equal lengths, calculating the energy deposited 
in each length, and fi nding the mean. The en-
ergy average is obtained by dividing the track 
into equal energy increments and averaging the 
lengths of track over which these energy incre-
ments are deposited. These methods are illus-
trated in Figure 7.2.

In the case of either x-rays or monoenergetic 
charged particles, the two methods of averaging 

FIGURE 7.1  Variation of ionization density associated with different types of radiation. 
The background is an electron micrograph of a human cell. The white dots are a com-
puter simulation representing ionizations. Top to bottom: A 10-MeV proton, typical of 
the recoil protons produced by high-energy neutrons used for radiotherapy. The track is 
 intermediate in ionization density. Also shown is a secondary 1-keV !-ray, an electron set 
in motion by the proton. A 500-keV proton, produced by lower-energy neutrons (e.g., from 
 fission spectrum) or by higher-energy neutrons after multiple collisions. The ionizations 
form a dense column along the track of the particle. A 1-MeV electron, produced, for ex-
ample, by cobalt-60 "-rays. This particle is very sparsely ionizing. A 5-keV electron, typical of 
secondary electrons produced by x-rays of diagnostic quality. This particle is also sparsely 
ionizing but a little denser than the higher-energy electron. (Courtesy of Dr. Albrecht 
Kellerer.)

FIGURE 7.2  Linear energy transfer (LET) is 
the average energy deposited per unit length of 
track. The track average is calculated by dividing the 
track into equal lengths and averaging the energy 
deposited in each length. The energy average is 
calculated by dividing the track into equal energy 
intervals and averaging the lengths of the track 
that contain this amount of energy. The method 
of averaging makes little difference for  x-rays 
or for monoenergetic charged particles, but the 
track  average and energy average are different for 
 neutrons.

LET = Average energy deposited per unit
length of track (keV/!!m)

Track average

Energy average
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a measure of the energy absorbed per unit mass 
of tissue. Equal doses of different types of ra-
diation do not, however, produce equal biologic 
 effects. For example, 1 Gy of neutrons produces 
a greater biologic effect than 1 Gy of x-rays. The 
key to the difference lies in the pattern of energy 
deposition at the microscopic level.

In comparing different radiations, it is custom-
ary to use x-rays as the standard. The National 
Bureau of Standards in 1954 defi ned relative bio-
logic effectiveness (RBE) as follows:

The RBE of some test radiation (r) compared 
with x-rays is defi ned by the ratio D250/Dr, where 
D250 and Dr are, respectively, the doses of x-rays 
and the test radiation required for equal biologic 
effect.

To measure the RBE of some test radiation, 
one fi rst chooses a biologic system in which the 
effect of radiations may be scored quantitatively. 
To illustrate the process involved, we discuss a 
specifi c example. Suppose we are measuring the 
RBE of fast neutrons compared with 250-kV 
x-rays, using the lethality of plant seedlings as 
a test system. Groups of plants are exposed to 
graded doses of x-rays; parallel groups are ex-
posed to a range of neutron doses. At the end 
of the period of observation, it is possible to cal-
culate the doses of x-rays and then of neutrons 
that result in the death of half of the plants in a 
group. This quantity is known as the LD50, the 
mean lethal dose. Suppose that for x-rays, the 
LD50 turns out to be 6 Gy and that for neutrons, 
the corresponding quantity is 4 Gy. The RBE of 

yield similar results. In the case of 14-MeV neu-
trons, by contrast, the track average LET is about 
12 keV/!m and the energy average LET is about 
100 keV/!m. The biologic properties of neutrons 
tend to correlate best with the energy average.

As a result of these considerations, LET is a 
quantity condemned by the purists as worse than 
useless, because it can, in some circumstances, 
be very misleading. It is, however, useful as a 
simple and naive way to indicate the quality of 
different types of radiation. Typical LET values 
for various radiations are listed in Table 7.1. In-
cluded are x- and "-rays used for radiotherapy, 
protons, neutrons, and naturally occurring #-
particles, as well as high-energy heavy ions en-
countered by astronauts in space. Note that for 
a given type of charged particle, the higher the 
energy, the lower the LET and, therefore, the 
lower its biologic effectiveness. At fi rst sight, 
this may be counterintuitive. For example, "-
rays and x-rays both give rise to fast secondary 
electrons; therefore, 1.1-MV cobalt-60 "-rays 
have lower LETs than 250-kV x-rays and are 
less effective biologically by about 10%. By the 
same token, 150-MeV protons have lower LETs 
than 10-MeV protons and therefore are slightly 
less effective biologically.

■ RELATIVE BIOLOGIC EFFECTIVENESS

The amount or quantity of radiation is expressed 
in terms of the absorbed dose, a physical quan-
tity with the unit of gray (Gy).  Absorbed dose is 

TABLE 7.1 Typical Linear Energy  Transfer Values

Radiation Linear Energy Transfer, keV/!m

Cobalt-60 "-rays — 0.2 —
250-kV x-rays — 2.0 —
10-MeV protons — 4.7 —
150-MeV proton — 0.5 —
 Track average — Energy average
14-MeV neutrons 12 — 100
2.5-MeV #-particles — 166 —
2-GeV Fe ions  — 1,000 —
 (space radiation)
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Typical LET Values

High LET radiations are qualitatively different from low LET radiation

Note again that for a given particle type, the density of ionization ¯ as the energy , and 
therefore the its biologic effectiveness 

1.1 MeV Co-60 g rays 
has lower biological 
effective by ~ 10%
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Relative Biologic Effectiveness (RBE)

RBE = 
Dose of a standard radiation
Dose of the test radiation 

to produce the same biological effect where the “standard 
radiation” is usually orthovoltage x-rays (~ 250 kVp)

D250 

Dr
=



RBE – Example  
Example: Groups of plants are exposed to x-rays or neutrons.  

Biological Endpoints: death of half of the plants (also known as LD50, or mean 
lethal dose)     

If 250 kVp is used, the dose needed to kill half of the plants = 6 Gy, i.e., D250 = 6 Gy

If neutron is used, the dose needed to kill half of the plants = 4 Gy, i.e., Dr = 4 Gy

RBEneutron = 6 Gy/4Gy = 1.5 
Then,
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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FIGURE 7.3  Typical survival curves for mammalian cells exposed to x-rays and 
fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.
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RBE – Single Doses 

Biological endpoint: SF = 0.01
RBE = 10 Gy /6.6 Gy = 1.5 

Biological endpoint: SF = 0.6
RBE = 3 Gy/1 Gy = 3.0 

RBE depends on the biological endpoints 
chosen, and therefore the doses  



RBE – Single Doses

In general, RBE of neutron  as dose ¯, 
approaching a limiting value that is the 
ratio of the initial slopes of the x-ray and 
neutron survival curves

RBE is not a unique value
It varies with the biological endpoints 
(and therefore the dose)

This is a result of the different shapes of 
the survival curves

X-rays has a large initial shoulder 
Neutron has a much smaller initial 
shoulder 
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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FIGURE 7.3  Typical survival curves for mammalian cells exposed to x-rays and 
fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.
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RBE as a Function of Dose

4MeV a-particles 

RBE decreases as dose increases
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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FIGURE 7.3  Typical survival curves for mammalian cells exposed to x-rays and 
fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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FIGURE 7.3  Typical survival curves for mammalian cells exposed to x-rays and 
fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.
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RBE and Fractionated Dose, Dose Rates  
RBE is larger for a 
fractionated regimen than for 
a single exposure 

This is a direct consequence 
of the shoulder being 
repeated for each dose 
fraction  

Same is true for exposure to 
continuous LDR irradiation
Recall that continuous LDR 
irradiation may be considered 
to be an infinite number of 
infinitely small fractions



RBE for Different Cells and Tissues

Mouse crypt cell
RBE = 7 Gy/4.5 Gy = 1.5

Mouse bone marrow cells
RBE = 2 Gy/2Gy = 1.0

Biological endpoint:  SF of 0.1

Greater variation in width of shoulder Less variation in width of shoulder



RBE Dependence on the Type of Cell 
Irradiated
n In general, cells which exhibit large shoulders in 

their survival curves have high neutron RBEs
n Conversely, cells with little, if any, shoulder will 

have low neutron RBEs
n But there are exceptions due to the different 

interaction mechanisms between low- and high-
LET radiations



Outline

n Linear Energy Transfer (LET)
n Relative Biologic Effectiveness (RBE)
n RBE As a Function of LET
n The Oxygen Effect and LET
n Radiation Weighting Factor (WR)
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in two important respects. First, the survival 
curve becomes steeper. Second, the shoulder of 
the curve becomes progressively smaller as the 
LET increases. A more common way to repre-
sent these data is to plot the RBE as a function of 
LET (Fig. 7.5). As the LET increases, the RBE 
 increases slowly at fi rst and then more rapidly as 
the LET increases beyond 10 keV/!m. Between 
10 and 100 keV/!m, the RBE increases rapidly 
with increasing LET and, in fact, reaches a maxi-
mum at about 100 keV/!m. Beyond this value 
for the LET, the RBE again falls to lower values. 
This is an important effect and is explained in 
more detail in the next section.

The LET at which the RBE reaches a peak 
is much the same (about 100 keV/!m) for a 
wide range of mammalian cells, from mouse to 
human, and is the same for mutation as an end 
point as for cell killing.

■  THE OPTIMAL LINEAR ENERGY 
TRANSFER

It is of interest to ask why radiation with an 
LET of about 100 keV/!m is optimal in terms 
of  producing a biologic effect. At this density 

for neutrons relative to x-rays is about 2.6. The 
RBE for the same radiations in Figure 7.3A at 
the same level of survival was about 1.5 because 
only single exposures were involved. This is a 
direct consequence of the larger shoulder that 
is characteristic of the x-ray curve, which must 
be repeated for each fraction. The width of the 
shoulder represents a part of the dose that is 
“wasted”; the larger the number of fractions, the 
greater the extent of the wastage. By contrast, the 
neutron survival curve has little or no shoulder, 
so there is correspondingly less wastage of dose 
from fractionation. The net result is that neu-
trons become progressively more effi cient than 
x-rays as the dose per fraction is reduced and the 
number of fractions is increased. The same is 
true, of course, for exposure to continuous low-
dose-rate irradiation. The neutron RBE is larger 
at a low dose rate than for an acute exposure, 
because the effectiveness of neutrons decreases 
with dose rate to a much smaller extent than is 
the case for x- or "-rays. Indeed, for low-energy 
neutrons, there is no loss of effectiveness.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
FOR DIFFERENT CELLS AND TISSUES

Even for a given total dose or dose per fraction, 
the RBE varies greatly according to the tissue 
or cell line studied. Different cells or tissues are 
characterized by x-ray survival curves that have 
large but variable shoulder regions, whereas the 
shoulder region for neutrons is smaller and less 
variable. As a consequence, the RBE is different 
for each cell line. In general, cells characterized 
by an x-ray survival curve with a large shoulder, 
indicating that they can accumulate and repair 
a large amount of sublethal radiation damage, 
show larger RBEs for neutrons. Conversely, cells 
for which the x-ray survival curve has little if any 
shoulder exhibit smaller neutron RBE values.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AS A FUNCTION OF LINEAR ENERGY 
TRANSFER

Figure 7.4 illustrates the survival curves ob-
tained for 250-kVp x-rays, 15-MeV neutrons, 
and 4-MeV #-particles. As the LET increases 
from about 2 keV/!m for x-rays up to 150 keV/
!m for #-particles, the survival curve changes 
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FIGURE 7.4  Survival curves for cultured cells of 
human origin exposed to 250-kVp x-rays, 15-MeV neu-
trons, and 4-MeV #-particles. As the linear energy trans-
fer (LET) of the radiation increases, the slope of the 
survival curves gets steeper and the size of the initial 
shoulder gets smaller. (Adapted from Broerse JJ, Barend-
sen GW, van Kersen GR. Survival of cultured human cells 
after irradiation with fast neutrons of different energies 
in hypoxic and oxygenated conditions. Int J Radiat Biol 
Relat Stud Phys Chem Med. 1968;13:559–572, and Barend-
sen GW. Responses of cultured cells, tumors, and normal 
tissues to radiation of different linear energy transfer. 
Curr Top Radiat Res Q. 1968;4:293–356, with permission.)
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Survival Curves for X-rays, Neutrons, and 
a-Rays

At high LET:
SF = e-aD

250-kVp

4-MeV
2 keV/µm

100 keV/µm
150 keV/µm

With increasing LET
• Curve becomes steeper
• Shoulder becomes smaller



RBE as a Function of LET

As LET increases, RBE 
increases until reach a max at 
LET of 100 keV/µm then it falls



RBE as a Function of LET
RBE varies with LET in much the 
same way regardless of the level of 
survival fraction (hence dose)

RBE reaches a peak at LET of ~ 
100 keV/µm in a wide range of 
mammalian cells,  from mouse to 
human

This is also the case when a 
different biologic endpoint, 
mutation, is assessed (which, like 
cell killing, is due to DNA damage)
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of ionization, the average separation between 
ionizing events just about coincides with the 
diameter of the DNA double helix (20 Å or 
2 nm).  Radiation with this density of ioniza-
tion has the highest probability of causing a 
double-strand break (DSB) by the passage of 
a single charged particle, and DSBs are the 
basis of most biologic effects, as discussed in 
 Chapter 2. This is illustrated in Figure 7.6. In 
the case of x-rays, which are more sparsely ion-
izing, the probability of a single track causing a 
DSB is low, and in general, more than one track 
is required. As a consequence, x-rays have a low 
biologic effectiveness. At the other extreme, 
much more densely ionizing radiations (with 
an LET of 200 keV/!m, for example) readily 
produce DSBs, but energy is “wasted” because 
the ionizing events are too close together. Be-
cause RBE is the ratio of doses producing equal 
biologic effect, this more densely ionizing ra-
diation has a lower RBE than the optimal LET 
radiation. The more densely ionizing radiation 
is just as effective per track, but less effective per 
unit dose.
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FIGURE 7.5  Variation of relative biologic effectiveness (RBE) with linear energy transfer (LET) 
for survival of mammalian cells of human origin. The RBE rises to a maximum at an LET of about 
100 keV/!m and subsequently falls for higher values of LET. Curves 1, 2, and 3 refer to cell survival 
levels of 0.8, 0.1, and 0.01, respectively, illustrating that the absolute value of the RBE is not unique 
but depends on the level of biologic damage and, therefore, on the dose level. (Adapted from 
Barendsen GW. Responses of cultured cells, tumors, and normal tissues to radiation of different 
linear energy transfer. Curr Top Radiat Res Q. 1968;4:293–356, with permission.)
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FIGURE 7.6  Diagram illustrating why radiation 
with a linear energy transfer (LET) of 100 keV/!m has 
the greatest relative biologic effectiveness (RBE) for cell 
killing, mutagenesis, or oncogenic transformation. For 
this transfer, the average separation between ionizing 
events coincides with the diameter of the DNA double 
helix (i.e., about 20 Å or 2 nm). Radiation of this quality 
is most likely to produce a double-strand break from 
one track for a given absorbed dose.
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The “Overkill” Effect 

At LET of 100 keV/µm, the average 
separation b/w ionizing events coincides 
with the diameter of the DNA double 
helix (~ 2 nm), thus the highest 
probability of producing a DSB from a 
single track

For more sparsely ionizing radiation, the 
likelihood of a single track causing a DSB 
is low 

For more densely ionizing radiation, 
though DSB is readily produced, much 
energy is “wasted”.  It is just effective per 
track, but less effective per unit dose

“Overkill”OptimalLess efficient

Radiation with optimal LET – neutrons of a few hundred keV, low energy protons, a-particles



Factors Affecting RBE
n RBE is a very complex quantity, and is dependent on 

many factors
¨ Radiation quality (LET)
¨ Radiation dose
¨ Number of dose fractions
¨ Dose rate
¨ Biologic system or endpoint 

  Clinical Implication 

Therapeutic gain factor = RBE (tumor)/RBE (normal tissue)
For high LET therapy to be successful, TGF must be greater than 1.0 (more on this later)



Outline

n Linear Energy Transfer (LET)
n Relative Biologic Effectiveness (RBE)
n RBE As a Function of LET
n The Oxygen Effect and LET
n Radiation Weighting Factor (WR)
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cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10!5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d" → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
!-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)

Fr
ac

tio
n 

of
 s

ur
vi

vi
ng

 c
el

ls

A

B C

Dose, Gy

0.1

00.1

0.001

1

0 2 4 6 8 10 12

OER = 2.5

OER = 1.6

OER = 1.0

15-MeV
neutrons

X-rays

!-rays

14 16 18 20

Fr
ac

tio
n 

of
 s

ur
vi

vi
ng

 c
el

ls

Dose, Gy Dose, Gy

0.1

00.1

0.001

1

0 2 4 6

Fr
ac

tio
n 

of
 s

ur
vi

vi
ng

 c
el

ls

0.1

00.1

0.001

1

0 1 2 3

25858_Hall_CH06.indd   8825858_Hall_CH06.indd   88 3/11/11   4:02 AM3/11/11   4:02 AM

88 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10!5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d" → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
!-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)
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cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10!5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d" → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
!-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)
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!-particles. Detailed values recommended by 
the ICRP are discussed in Chapter 17. Using this 
system, an absorbed dose of 0.1 Gy of !-particles 
with a radiation weighting factor of 20 would re-
sult in an equivalent dose of 2 Sv.

SUMMARY OF PERTINENT 
CONCLUSIONS

■ X- and "-rays are said to be sparsely ion-
izing because along the tracks of the 
electrons set in motion, primary ionizing 
events are well separated in space.

■ !-particles and neutrons are densely ion-
izing because the tracks consist of dense 
columns of ionization.

■ LET is the energy transferred per unit 
length of track. Typical values are 0.2 keV/
#m for cobalt-60 "-rays, 2 keV/#m for 
250-kV x-rays, 166 keV/#m for 2.5-MeV 
!- particles, and 1,000 keV/#m for heavy 
charged particles encountered in space.

■ RBE of some test radiation (r) is the ratio 
D250/Dr, in which D250 and Dr are the doses 
of 250-kV x-rays and the test radiation, re-
spectively, required to produce equal bio-
logic effect.

■ RBE increases with LET to a maximum at 
about 100 keV/#m, thereafter decreasing 
with higher LET.

■ For radiation with the optimal LET of 
100 keV/#m, the average separation be-
tween ionizing events is similar to the 

Radiation weighting factors are chosen by the 
ICRP based on a consideration of experimental 
RBE values, biased for biologic end points rel-
evant to radiation protection, such as cancer 
and heritable effects, and also relevant to low 
doses and low dose rate. There is a considerable 
element of judgment involved. The radiation 
weighting factor is set at unity for all low-LET 
radiations (x-rays, "-rays, and electrons), with a 
value of 20 for maximally effective neutrons and 

FIGURE 7.8  Oxygen enhancement ratio (OER) as a function of linear 
energy transfer (LET). Measurements were made with cultured cells of 
human origin. Closed circles refer to monoenergetic charged particles, 
the open triangle to 250-kVp x-rays with an assumed track average LET 
of 1.3 keV/#m. (Adapted from Barendsen GW, Koot CJ, van Kersen GR, et 
al. The effect of oxygen on impairment of the proliferative capacity of 
human cells in culture by ionizing radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:317–327, with permission.)
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FIGURE 7.9  Variation of the oxygen enhancement 
ratio (OER) and the relative biologic effectiveness (RBE) 
as a function of the linear energy transfer (LET) of the 
radiation involved. The data were obtained using T1 
kidney cells of human origin irradiated with various 
naturally occurring !-particles or with deuterons ac-
celerated in the Hammersmith cyclotron. Note that 
the rapid increase in RBE and the rapid fall of the OER 
occur at about the same LET, 100 keV/#m. (Adapted 
from  Barendsen GW. In: Proceedings of the Conference 
on Particle Accelerators in Radiation Therapy. LA-5180-C. 
US Atomic Energy Commission, Technical Information 
Center. 1972:120–125, with permission.)
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OER as a Function of LET

250-kVp X-ray

2.5-MeV a-particle  

60

OER falls slowly until LET of 
60 keV/µm, then falls rapidly 
to reach unity



The rapid fall of OER with 
LET mirrors the rise of RBE 

Variation of OER and RBE with LET
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!-particles. Detailed values recommended by 
the ICRP are discussed in Chapter 17. Using this 
system, an absorbed dose of 0.1 Gy of !-particles 
with a radiation weighting factor of 20 would re-
sult in an equivalent dose of 2 Sv.

SUMMARY OF PERTINENT 
CONCLUSIONS

■ X- and "-rays are said to be sparsely ion-
izing because along the tracks of the 
electrons set in motion, primary ionizing 
events are well separated in space.

■ !-particles and neutrons are densely ion-
izing because the tracks consist of dense 
columns of ionization.

■ LET is the energy transferred per unit 
length of track. Typical values are 0.2 keV/
#m for cobalt-60 "-rays, 2 keV/#m for 
250-kV x-rays, 166 keV/#m for 2.5-MeV 
!- particles, and 1,000 keV/#m for heavy 
charged particles encountered in space.

■ RBE of some test radiation (r) is the ratio 
D250/Dr, in which D250 and Dr are the doses 
of 250-kV x-rays and the test radiation, re-
spectively, required to produce equal bio-
logic effect.

■ RBE increases with LET to a maximum at 
about 100 keV/#m, thereafter decreasing 
with higher LET.

■ For radiation with the optimal LET of 
100 keV/#m, the average separation be-
tween ionizing events is similar to the 

Radiation weighting factors are chosen by the 
ICRP based on a consideration of experimental 
RBE values, biased for biologic end points rel-
evant to radiation protection, such as cancer 
and heritable effects, and also relevant to low 
doses and low dose rate. There is a considerable 
element of judgment involved. The radiation 
weighting factor is set at unity for all low-LET 
radiations (x-rays, "-rays, and electrons), with a 
value of 20 for maximally effective neutrons and 

FIGURE 7.8  Oxygen enhancement ratio (OER) as a function of linear 
energy transfer (LET). Measurements were made with cultured cells of 
human origin. Closed circles refer to monoenergetic charged particles, 
the open triangle to 250-kVp x-rays with an assumed track average LET 
of 1.3 keV/#m. (Adapted from Barendsen GW, Koot CJ, van Kersen GR, et 
al. The effect of oxygen on impairment of the proliferative capacity of 
human cells in culture by ionizing radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:317–327, with permission.)
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FIGURE 7.9  Variation of the oxygen enhancement 
ratio (OER) and the relative biologic effectiveness (RBE) 
as a function of the linear energy transfer (LET) of the 
radiation involved. The data were obtained using T1 
kidney cells of human origin irradiated with various 
naturally occurring !-particles or with deuterons ac-
celerated in the Hammersmith cyclotron. Note that 
the rapid increase in RBE and the rapid fall of the OER 
occur at about the same LET, 100 keV/#m. (Adapted 
from  Barendsen GW. In: Proceedings of the Conference 
on Particle Accelerators in Radiation Therapy. LA-5180-C. 
US Atomic Energy Commission, Technical Information 
Center. 1972:120–125, with permission.)
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of ionization, the average separation between 
ionizing events just about coincides with the 
diameter of the DNA double helix (20 Å or 
2 nm).  Radiation with this density of ioniza-
tion has the highest probability of causing a 
double-strand break (DSB) by the passage of 
a single charged particle, and DSBs are the 
basis of most biologic effects, as discussed in 
 Chapter 2. This is illustrated in Figure 7.6. In 
the case of x-rays, which are more sparsely ion-
izing, the probability of a single track causing a 
DSB is low, and in general, more than one track 
is required. As a consequence, x-rays have a low 
biologic effectiveness. At the other extreme, 
much more densely ionizing radiations (with 
an LET of 200 keV/!m, for example) readily 
produce DSBs, but energy is “wasted” because 
the ionizing events are too close together. Be-
cause RBE is the ratio of doses producing equal 
biologic effect, this more densely ionizing ra-
diation has a lower RBE than the optimal LET 
radiation. The more densely ionizing radiation 
is just as effective per track, but less effective per 
unit dose.
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FIGURE 7.5  Variation of relative biologic effectiveness (RBE) with linear energy transfer (LET) 
for survival of mammalian cells of human origin. The RBE rises to a maximum at an LET of about 
100 keV/!m and subsequently falls for higher values of LET. Curves 1, 2, and 3 refer to cell survival 
levels of 0.8, 0.1, and 0.01, respectively, illustrating that the absolute value of the RBE is not unique 
but depends on the level of biologic damage and, therefore, on the dose level. (Adapted from 
Barendsen GW. Responses of cultured cells, tumors, and normal tissues to radiation of different 
linear energy transfer. Curr Top Radiat Res Q. 1968;4:293–356, with permission.)
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FIGURE 7.6  Diagram illustrating why radiation 
with a linear energy transfer (LET) of 100 keV/!m has 
the greatest relative biologic effectiveness (RBE) for cell 
killing, mutagenesis, or oncogenic transformation. For 
this transfer, the average separation between ionizing 
events coincides with the diameter of the DNA double 
helix (i.e., about 20 Å or 2 nm). Radiation of this quality 
is most likely to produce a double-strand break from 
one track for a given absorbed dose.

25858_Hall_CH07.indd   10925858_Hall_CH07.indd   109 3/11/11   4:03 AM3/11/11   4:03 AM

 | Chapter 1 • Physics and Chemistry of Radiation Absorption | 9

of electrons, spins are paired; that is, for every 
electron spinning clockwise, there is another one 
spinning counterclockwise. This state is associ-
ated with a high degree of chemical stability. In 
an atom or molecule with an odd number of elec-
trons, there is one electron in the outer orbit for 
which there is no other electron with an opposing 
spin; this is an unpaired electron. This state is as-
sociated with a high degree of chemical reactivity.

For simplicity, we consider what happens if 
radiation interacts with a water molecule, be-
cause 80% of a cell is composed of water. As a 
result of the interaction with a photon of x- or 
!-rays or a charged particle, such as an electron 
or proton, the water molecule may become ion-
ized. This may be expressed as

H2O → H2O! ! e"

materials of high Z is one reason for the familiar 
appearance of the radiograph. For radiotherapy, 
however, high-energy photons in the megavolt-
age range are preferred because the Compton 
process is overwhelmingly important. As a con-
sequence, the absorbed dose is about the same in 
soft tissue, muscle, and bone, so that differential 
absorption in bone, which posed a problem in 
the early days when lower energy photons were 
used for therapy, is avoided.

Although the differences among the various 
absorption processes are of practical importance 
in radiology, the consequences for radiobiology 
are minimal. Whether the absorption process 
is the photoelectric or the Compton process, 
much of the energy of the absorbed photon is 
converted to the kinetic energy of a fast electron.

■  DIRECT AND INDIRECT ACTION 
OF RADIATION

The biologic effects of radiation result prin-
cipally from damage to deoxyribonucleic acid 
(DNA), which is the critical target, as described 
in Chapter 2.

If any form of radiation—x- or !-rays, charged 
or uncharged particles—is absorbed in biologic 
material, there is a possibility that it will inter-
act directly with the critical targets in the cells. 
The atoms of the target itself may be ionized or 
 excited, thus initiating the chain of events that 
leads to a biologic change. This is called direct 
action of radiation (Fig. 1.8); it is the dominant 
process if radiations with high linear energy 
transfer (LET), such as neutrons or "-particles, 
are considered.

Alternatively, the radiation may interact with 
other atoms or molecules in the cell (particularly 
water) to produce free radicals that are able to dif-
fuse far enough to reach and damage the critical 
targets. This is called indirect action of radia-
tion.* A free radical is an atom or molecule carry-
ing an unpaired orbital electron in the outer shell. 
An orbital electron not only revolves around the 
nucleus of an atom but also spins around its own 
axis. The spin may be clockwise or counterclock-
wise. In an atom or molecule with an even  number 

FIGURE 1.8  Direct and indirect actions of radiation. 
The structure of DNA is shown schematically. In direct 
 action, a secondary electron resulting from absorption 
of an x-ray photon interacts with the DNA to produce an 
effect. In indirect action, the secondary electron interacts 
with, for example, a water molecule to produce a hydroxyl 
radical (OH·), which in turn produces the damage to the 
DNA. The DNA helix has a diameter of about 20 Å (2 nm). 
It is estimated that free radicals produced in a  cylinder 
with a diameter double that of the DNA helix can affect 
the DNA. Indirect action is dominant for sparsely ion-
izing radiation, such as x-rays. S, sugar; P, phosphorus; A, 
 adenine; T, thymine; G, guanine; C, cytosine.
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*It is important to avoid confusion between directly and indi-
rectly ionizing radiation, on the one hand, and the direct and 
indirect actions of radiation on the other.
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n Linear Energy Transfer (LET)
n Relative Biologic Effectiveness (RBE)
n RBE As a Function of LET
n The Oxygen Effect and LET
n Radiation Weighting Factor (WR)



Radiation Weighting Factor 
n RBE depends on many factors 
n Radiation Weighting Factor (WR) was introduced as a 

simplified way to indicate the biological effectiveness of 
different radiations 

n Values are chosen by International Commission on 
Radiological Protection (ICRP) based on 
¨ Experimental RBE values
¨ A bias toward biologic endpoints relevant to radiation protection 

(e.g., carcinogenesis at low dose and low dose rate)
¨ Clinical judgment



Radiation Weighting Factors 
Type and Energy Range WR

Photons 1
Electrons 1
Protons 2
a-Particles, fission fragments,    

heavy nuclei
20

Neutrons A continuous curve is 
recommended with a max of 20 
for the most effective neutrons of 
about 1 MeV

2007 ICRP



Radiation Dose
n Measured 

¨ Either as Exposure dose in Roentgens
n 1 R = 2.58 x 10-4 C/kg air : ( 87.33 x 10-4 J/kg air)

¨ Or as Absorbed dose in Gray (Gy) 
n 1 Gy = 1 J/kg (=100rad). 1 cGy = 1 rad

n The same dose of different radiations has different levels 
of biological effect

n Therefore define (radiation equivalent dose) in Sieverts 
(Sv)

n 1Sv = 1 Gy equivalent:  1 rem = 1 rad equivalent



Equivalent Dose
Absorbed Dose expressed in Gray (Gy)

1 Gy = 1J/kg 
1 Gy = 100 rads (cGy)

Equivalent dose = absorbed dose x WR
Equivalent Dose expressed in Sievert (Sv)
1 Sv = 100 rem (1,000 mSv)

In terms of biological effectiveness
1 Gy of neutron ¹ 1 Gy of x-ray 
1 Sv of neutron = 1 Sv of x-ray



Review Questions 



Question 1
The energy average LET (in KeV/μm) for 14 MeV neutrons is approximately:
A. 1
B. 10
C. 25
D. 100
E. 250



Track Average vs. Energy Average

Equal track length

X-rays/gamma-rays

2 methods yield similar results

           Neutron 

2 methods yield different results
Example: for a 14-MeV neutron, track average = 12 
keV/µm; energy average = 100 keV/µm

The biologic properties of neutrons tend to correlate 
best with the energy average

Equal energy increments
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living creature that the Martian  encounters is an 
elephant. An average quantity has little meaning if 
individual variation is great.

The situation for LET is further complicated 
by the fact that it is possible to calculate an aver-
age in many different ways. The most commonly 
used method is to calculate the track average, 
which is obtained by dividing the track into 
equal lengths, calculating the energy deposited 
in each length, and fi nding the mean. The en-
ergy average is obtained by dividing the track 
into equal energy increments and averaging the 
lengths of track over which these energy incre-
ments are deposited. These methods are illus-
trated in Figure 7.2.

In the case of either x-rays or monoenergetic 
charged particles, the two methods of averaging 

FIGURE 7.1  Variation of ionization density associated with different types of radiation. 
The background is an electron micrograph of a human cell. The white dots are a com-
puter simulation representing ionizations. Top to bottom: A 10-MeV proton, typical of 
the recoil protons produced by high-energy neutrons used for radiotherapy. The track is 
 intermediate in ionization density. Also shown is a secondary 1-keV !-ray, an electron set 
in motion by the proton. A 500-keV proton, produced by lower-energy neutrons (e.g., from 
 fission spectrum) or by higher-energy neutrons after multiple collisions. The ionizations 
form a dense column along the track of the particle. A 1-MeV electron, produced, for ex-
ample, by cobalt-60 "-rays. This particle is very sparsely ionizing. A 5-keV electron, typical of 
secondary electrons produced by x-rays of diagnostic quality. This particle is also sparsely 
ionizing but a little denser than the higher-energy electron. (Courtesy of Dr. Albrecht 
Kellerer.)

FIGURE 7.2  Linear energy transfer (LET) is 
the average energy deposited per unit length of 
track. The track average is calculated by dividing the 
track into equal lengths and averaging the energy 
deposited in each length. The energy average is 
calculated by dividing the track into equal energy 
intervals and averaging the lengths of the track 
that contain this amount of energy. The method 
of averaging makes little difference for  x-rays 
or for monoenergetic charged particles, but the 
track  average and energy average are different for 
 neutrons.

LET = Average energy deposited per unit
length of track (keV/!!m)

Track average

Energy average
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Question 2
As the energy of a particulate type of radiation increases, the LET tends to:
A. increase
B. decrease
C. first increase and then decrease
D. first decrease and then increase
E. remain unchanged



Definition of Linear Energy Transfer (LET)

LET (L) = dE/dl

dE is the average energy locally imparted to 
the medium by a charged particle of specified 
energy in traversing a distance of dl

Thus, LET is the energy transferred per unit length of the track, and 
has unit keV/µm

This is merely an average quantity – even for a specific type of 
radiation, the energy per unit length of track varies over a wide range



Ionization Density vs. Type of Radiation

EM of human liver cell

5 keV electron

Co-60 g-ray

500 keV proton

10 MeV proton

For a given particle type, the density of ionization ¯ as the energy 



Question 3

Which of the following statements concerning RBE is CORRECT? The 
RBE: 
A. is lower for neutrons than for protons over the therapeutic energy 

range 
B. for high LET particles is greater for hypoxic cells than for 

oxygenated cells of the same type 
C. for carbon ions is diminished when delivered in several fractions 

rather than as a single dose 
D. for heavy charged particles is greatest at the beginning of the 

particle tracks



Question 3 

Answer: B
The RBE for high LET particles is greater for hypoxic cells than for well-oxygenated cells of the same 
type because there is little or no oxygen effect for high LET radiation. 
The RBE is greater for neutrons than it is for protons in the therapeutic energy range because the high 
energy protons used in radiotherapy are of a relatively low LET and therefore possess an RBE of 
approximately 1.1. 
The RBE for carbon ions, or any other type of high LET radiation, is greater for a fractionated 
irradiation compared with an acute exposure because of the substantial sparing exhibited with the 
reference X-rays with fractionation. 
The RBE for charged particles is low at the beginning of the particle track and greatest near the end of 
the track, in the Bragg peak region. RBE does show a fractionation dependence; it decreases with 
increasing fraction size.



Question 4
Concerning cellular radiation response and LET, which one of the following 
statements is TRUE?
A. RBE reaches a maximum for radiations with LET values in the range of ~ 25 

keV/µm
B. High-LET radiations tend to produce exponential survival curves
C. High-LET radiations yield survival curves with higher D0 values than low-

LET radiations
D. Oxygen plays a greater role as a radiation sensitizer for high-LET compared 

with low-LET radiation
E. There is a greater variation in sensitivity through the cell cycle for high-LET 

compared with low-LET radiations



Question 5
The correct ranking of the following radiations in order of increasing LET is:
A. 50 keV X-ray, 20 MeV photons, 20 MeV alpha, 250 keV alpha
B. 20 MeV alpha, 250 keV alpha, 20 MeV photons, 50 keV X-rays
C. 250 keV alpha, 20 MeV alpha, 50 keV X-rays, 20 MeV photons
D. 20 MeV photons, 50 keV X-rays, 250 keV alpha, 20 MeV alpha
E. 20 MeV photons, 50 keV X-rays, 20 MeV alpha, 250 keV alpha



Question 6
As the time to deliver a dose of radiation increases (ex: increased number of 
dose fractions)
A. the RBE of neutrons increases
B. the RBE of neutrons decreases
C. LET increases
D. LET decreases
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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FIGURE 7.3  Typical survival curves for mammalian cells exposed to x-rays and 
fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.
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AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.
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RBE and Fractionated Dose, Dose Rates  
RBE is larger for a 
fractionated regimen than for 
a single exposure 

This is a direct consequence 
of the shoulder being 
repeated for each dose 
fraction  

Same is true for exposure to 
continuous LDR irradiation
Recall that continuous LDR 
irradiation may be considered 
to be an infinite number of 
infinitely small fractions


