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Abstract

Quality factors for protons and helium particles has determined for cell inactivation using linear energy
transfer. The quality has also been investigated as a function for other physical parameters, such as mean free
path and effective charge for protons and helium particles, for a better interpretation to the effectiveness of
these charged particles in V79 cells. Explanation of quality is clearly illustrated in terms of the average dis-

tance of energy deposition events in biological systems.
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1. Introduction

Investigations of the biological effects of low doses io-
nizing radiation is important in the application of radio-
logical protection.

The different types of radiation has different qualities
in terms of equal doses, whereby it is necessary to intro-
duce quality factors, Q, which are used as a multiplier
yields a dose-equivalent, quality factors are allocated va-
lues which are exceed the measured RBE’s relevant to
end-point [1].

The quality factor from the absorbed dose is to be
multiplied in order to obtain a quantity that expresses a
common scale for all ionizing radiation qualities. Up to
now, Q is related to linear energy transfer, LET, of the
radiation. LET is not a good physical quality parameter
to quantify the radiation effects, as such representing Q
in terms of LET is not an accurate method to quantify the
effectiveness of ionizing radiations [2].

The relative biological effectiveness, RBE, will be un-
limited quantity if the absorbed dose in of survival cur-
ves for mammalian cells approaches the zero point. This
problem is normal in radiation protection that involves
the low doses. The quality factors are introduced in radi-
ation protection because of the fundamental difficulties
that relates to RBE [3] and it is also because of the large
variations found in many biological systems, quality
factors are usually based on the RBE measurements [4].

As the same absorbed dose delivered by radiations th-
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rough different quality, i.e., linear energy transfer LET
that has different effectiveness in causing damages, as
such absorbed energy is not appropriate physical quantity
for radiation protection at lower doses. On the other hand,
RBEs are too complex and it’s also too dependent on ab-
sorbed dose, dose rate as well as the biological end-point,
and it is to be used in radiation protection [5]. The quali-
ty factor Q replaces RBE in radiation protection. While
RBEs are measured values, the quality factors are estab-
lished on the basis of measured RBEs. The quality factor
can be viewed as an average RBE in different doses,
dose rates, as well as the endpoints.

The probability of a stochastic effect does not only de-
pend on the absorbed dose but also on the type and ener-
gy of the radiation. Some radiation doses are more effec-
tive biologically, compared to other doses. All these are
taken into account by weighting the absorbed dose th-
rough a factor which is related to the quality of the radia-
tion. A radiation weighting factor is a multiplier quantity
whereby it is used to place biological effects (risks) from
exposure of the different types of general radiation mea-
sure [6].

The specification of radiation quality is based on the
energy deposition which has a limited value in defining
the quality of ionizing radiations in creating damage [7].
The quality of ionizing radiation produces inactivation e-
ffect which is more obvious if it interpreted based on the
mean free path between the primary ionizations, i.e. by
determining the mean free path between the primary io-
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nizations along with the particle tracks corresponding to
2 nm spacing between the strands in double-stranded
DNA. Anyway, the radiation quality can also determine
by using microdosimetric quantities.

One contention states that the energy imparted to the
biological target is not the primary factor in determining
the radiation quality but it is meant as a mean free path
for the charged particles that travels through the targets.
The optimum mean free path was found to be about 2 nm
related to the DNA double strand break [8].

Watt [9] has reported that if a holistic system of radia-
tion protection and dosimetry does not require foreknow-
ledge for the radiation quality has established, then the
quality factors will become old-fashioned.

Whatever advances made in knowledge and under-
standing of the biological effects of ionizing radiation,
the shortages continuous in limiting the ability to provide
a fixed scientific basis for the radiation protection criteria
[10], i.e., the ability to evaluate realistic values of the qua-
lity factor for different qualities of radiation which de-
pends mainly in knowing the exact interaction mecha-
nism of the ionizing radiation inside the biological targets.

In this paper, the quality factors of two types of ioniz-
ing radiations (*H and *He) are determined as function of
linear energy transfer, quality factors of these particles,
in certain range of energy spectrum, are represented gra-
phically in terms of other physical quality parameters,
such as particles energy E, free path A, and effective ch-
arge Zg to identify the dependence of quality of effec-
tiveness for inactivation effect on theses parameters at
lower doses, and what the physical features of these re-
presentations in radiation protection.

2. Materials and Method

Quality factor which represents the biological effective-
ness of radiation quality is determined by using the fol-
lowing expression [11].

Q(L)=1 for L<10 (1)
Q(L)=0.32xL-22 forL:10-100  (2)
Q(L)=300x L2 for L>100 (3)

Where Q represents quality factor of charged particle and
L is unrestricted linear energy transfer. In this expression
of quality factor, linear energy transfer has divided for
three regions.

Effective charge (Ze) of proton and helium particles is
calculated utilizing Equations (4) and (5) respectively.

E 1.2
Zy = (84—><Aj 4)

E 0.9
Zy = [mj 5)
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Linear primary ionization (1) represents the number of
ionization events per unit track length of charged particle
traversal in the irradiated entity.

Mean free path for primary ionization, A, expresses
the average distance traversed by before a specified type
quality of radiation between subsequent interactions (io-
nizations) in the medium. Average distance A can get di-
rectly from simple reciprocal of I. The most effective va-
lue of A would represent the spacing of double strands of
DNA segment in cell nucleus. This parameter has used by
Cannell and Watt [12] to investigate the biophysical me-
chanism of fast particles effects in mammalian cells.

Physical quality parameters for every particle which
are studied in this research are taken from the same ex-
periments. Unrestricted linear energy transfer, linear pri-
mary ionization and mean free paths are interpolated us-
ing the standard values of physical parameters [13]. The
physical relationships between Q and the different phys-
ical parameters are appraised on the type of correlations
evolved between the chosen parameters.

3. Results and Discusion

Figure 1 shows relationship between quality factor and
energy for protons. As energy of proton increases the
quailty decreases dramatically. At 1700 keV, quality of
protons reaches the minimum value. After that quality
rises up again. The good correlation of data is fitted by
the following model:

Q(E)=C,E+C,E*+C, (6)

where C, =-7.59, C, =222,
C, =3.82 with R*=0.90.
The same relationship between quality factor and ener-
gy for helium particles has obtained as represented in
Figure 2. Quality factor inversely decreases as a function
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Figure 1. Relationship between quality factor and energy
for protons used to irradiate V79 cells invitro.
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Figure 2. Relationship between quality factor and energy
for helium particles used to irradiate V79 cells invitro.
of helium particles energy. That data is fitted with linear
quadratic expression which given as:
Q(E)=C,E+C,E* +C4E’+C, ()
where C, =-7.14x10"°, C, =8.28x107,
C, =-3.23x10™", C, =28.32, with R =0.76.

The relationship between quality factors and linear
energy transfer for protons is presented in Figure 3.
There is half bell-shape response, at the beginning, qual-
ity factor is steadily increased with increasing in LET,
after certain value the quality factor went up to maxi-
mum value at 19 keV/um. The data has fitted by the fol-
lowing mathematical expression:

Q(L)=C,L+C L +CL° +1.22 8)
where C, =-0.11, C,=7.82,
C,, =3.08, with R*=0.99.
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Figure 3. Relationship between quality factor and linear

energy transfer for protons used to irradiate V79 cells invi-
tro.
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Figure 4 indicates the relation between quality factor
and linear energy transfer for helium particles, in this re-
lation quality factor is proportional linearly with LET.
This response can be modeled as:

Q(L)=C,L-22 9)

where C,, =0.32, with R* = 1.

In Figure 5 the relation between quality factor and
mean free path has been represented to better quantifica-
tion of quality factor on the basis of average distances of
ionization events rather than energy description parame-
ters. As is observed, quality factor for protons decreases
dramatically as mean free path increases, in this spec-
trum of proton energies, inactivation of V79 cells does
not occur at low doses. The good representative model of
the represented data is:

Q(4)=C,1+C;A% +1.59 (10)

where C, =-11x107%, C,=5.07x10"°, with R® =
0.99
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Figure 4. Relationship between quality factor and linear
energy transfer for helium used to irradiate V79 cells invi-
tro.
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Figure 5. Relationship between quality factor and mean
free path for protons used to irradiate V79 cells invitro.
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Figure 6 shows the relationship between quality factor
and mean free path for helium particles, quality of effec-
tiveness decreases with increasing of mean free path. The
presented data is well fitted by the mathematical model
which given as:

Q(4)=CyA+CA® +C A +23.01 (11)

where C,=-2.99, C, =0.08,
C, =8.99x10™, and R°=0.72.

Figure 7 gives relation between quality of effective-
ness of protons and effective charge. The quality of ef-
fectiveness decreases dramatically as effectiveness charge
increases until reach minimum value at 15x10™*, after
this value quality of inactivation by protons went up until
the maximum at 4x107% of effective charge. The mathe-
matical model which describes these data is given as:

Q(Zeff ) =CyyZy +CyeZss +CioZiy

(12)
+CyyZa +C,Z5% +5.53

where C,, =—68.54x10?, C, =25.47x10°,
Co =96.59x1072, C,, =-38.377x10,

C,, =-1.13x10®, and R?= 0.97.

The Figure 8 represents the relation between quality
factor of effectiveness for helium particles and effective
charge. The quality decreases until reaches the minimum
value, after that the quality increases constantly with in-
creilse effective charge reaching the maximum at 54.73 x
10™.

Q (Zeff ) =CppZus +CpZg +CpuZsy +CsZiy

(13)
+CpZ +77.50x1072
where C,, =15.78x107, C,, =12.77x107°,
C,, =51.26x107%, C,, =10.21x107,
C, =80.70, with R? = 0.89.
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Figure 6. Relationship between quality factor and mean free
path for helium particles used to irradiate V79 cells invitro.
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Figure 7. Relationship between quality factor and effective
charge for protons used to irradiate V79 cells invitro.
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Figure 8. Relationship between quality factor and effective
charge for helium used to irradiate V79 cells invitro.

4. Conclusions

Quality factor which represent the effectiveness of pro-
tons and helium particles has determined in terms of un-
restricted linear energy transfer. Quantification of effec-
tiveness for charged particles, i.e., protons and helium
particles using mean free path and effective charge pro-
vide an alternative method to qualitative assess the effec-
tiveness of ionizing radiations at lower doses.

The average distance between ionizations along the pri-
mary track of charged particles is more appropriate phy-
sical quantity than the absorbed or energy deposition pa-
rameters in quantifying the all types of biological effects
of ionizing radiations in Micro-dimensional systems.
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