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1. INTRODUCTION
A spectrometer of the linear energy transfer (LET) based on the

chemically etched polyallyldiglycolcarbonate (PADC) track etched detector
(TED) was developed in our laboratory / I-3/ and employed to determine the
LET spectra in several radiation beams and fields /4-10/.

This report presents and discusses the dosimetric and microdosimetric
characteristics pertinent to the secondary high LET particles born in the
detectors irradiated in the proton beams with primary energies of 155 and 200
MeV. The goal of experiments was to study qualitative and quantitative changes
in the above characteristics with the depth of the penetrated material.

2. EXPERIMENTAL
2.1. Track Detectors

Polyallyldiglycolcarbonate available from Pershore Moulding, England
(curing time 32 hours, thickness 0.5 mm) was used. Each detector was
assembled of two sheets of track detectors, with the upper one half-covered with
polyethylene (PE). This provides for four different types of «radiators» in front
of a detector sheet: no radiator (bare), 2 mm of polyethylene (PE), upper sheet of
detector (bare-CR), and upper sheet of detector behind PE (PE-CR).

2.2. Irradiation
Irradiations were performed in the proton clinical beams of the phasotron

at the Laboratory of Nuclear Problems of the Joint Institute for Nuclear
Research (LNP JINR), Dubna, Russia, and in a clinical beam of the proton
synchrotron at the Institute for Theoretical and Experimental Physics (ITEP),
Moscow, Russia.

The detectors were positioned orthogonally to the beam direction; the
proton tissue kerma was about 150 mGy at the beam entrance. To monitor the
JINR beam, an ionization chamber was used.

At 155 MeV primary energy, two samples were exposed:
• one with the Lucite degrader 38 mm thick, i.e. with the mean residual energy

of about 134 MeV;
• the second one behind additional 100 mm of water as the degrader, i.e. with

the mean residual proton energy of about 70 MeV.
At 200 MeV primary energy, three samples were exposed:

• the first one with Lucite degrader 38 mm thick, i.e. with the mean residual
proton energy of about 180 MeV;

• the second one, with the additional water degrader 91 mm thick, i.e. with the
mean residual proton energy of about 130 MeV; and

• the third one, with the additional water degrader 166 mm thick, i.e. with the
mean residual proton energy of about 70 MeV.
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The proton beam at ITEP was monitored with a transmission-type current
19 11

transformer, calibrated with an activation detector based on C(p,pn) C
reaction.

Two samples were exposed in the ITEP synchrotron beam:
• one at the average residual proton energy of about 190 MeV (degrader

thickness 2 g.cm"2).
• the second one, at the average residual proton energy of about 70 MeV

(degrader thickness 22.0 g.cm"2).

2.3. LET Spectrometer Based on Chemically Etched PADC TED
After irradiation, each part of the detector assembly was etched in a 5N

NaOH at 70°C. Before etching, one corner of each part was irradiated with 252Cf
fission fragments, and another one with 24iAm alpha particles. This was done to
check the exact etching conditions and to determine the bulk etching rate. The
etching time was 18 hours, which corresponded to the removal of a layer about
17um thick on each side of the detector. To determine the LET value of a
particle, the etch rate ratio V (V=VT/VB; where VB is bulk etching rate and VT is
track etching rate) was primarily established through the determination of track
parameters. The track parameters were measured by means of an automatic
optical image analyzer LUCIA II based on a Leitz microscope 11-31. The value
of V was calculated by at least two track parameter combinations; the final
optimization was performed through the comparison of the removed layer
thickness recalculated from V-value and that directly measured through fission
fragment track diameters. V-spectra obtained were corrected for the critical
angle of the detection and transformed into LET spectra based on the heavy
charged particles calibration checked through high dose electron irradiation. The
spectrometer allows to determine the LET value of a track between 10 and
700 keV/|im in tissue.

3. RESULTS AND DISCUSSION

3.1. LET spectra
The LET spectrometer allows to study the distributions in two

characteristics: the absorbed dose D(L) and the dose equivalent H(L). For
H(L)-distributions, quality factors from two recent ICRP Recommendations
/11,12/ were used. We observed only minimal differences in the absolute values
of differential dosimetric characteristics behind different radiators, as well as in
their distributions in LET. Typical examples of the obtained results for 180 MeV
protons are presented in Figures 1 and 2. It can be seen that the spectra of both
of the differential dose characteristics are quite similar for all four radiators. The
same behavior was observed for another group of detectors at all energies for
which the full set of radiators was used.



Figure 1: Radiators effect on the
D- distribution in LET; Ep =180 MeV

Figure 2: Radiators effect on the
H(60)- distribution in LET; Ep=180 MeV

More information on the contribution of different LET particles to the total
values can be obtained from the so-called microdosimetric distributions. To
illustrate this, the absorbed dose distribution, L*D(L) and the equivalent dose
distribution, L*H(L) that are obtained using detector assemblies irradiated with
180 MeV and 134 MeV protons and employing ICRP 60 quality factors, are
presented in Figures 3 and 4.
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Figure 3: Microdosimetric distributions, set
irradiated with 180 MeV protons

Figure 4: Microdosimetric distributions, set
irradiated with 134 MeV protons

One can see that the absorbed dose and the equivalent dose distributions
from the two irradiations differ slightly. The assembly irradiated at 134 MeV
exhibits relatively higher values of differential quantities, with the spectrum for
this assembly shifted to lower LET values. Similar behavior was observed for all
other detector assemblies irradiated in all three irradiation runs described in this
report. The quantitative differences are presented and discussed in connection
with the integral values of dosimetric and microdosimetric characteristics.



3.2. Integral dosimetry and microdosimetry characteristics
Absorbed dose and dose equivalent LET distributions allow one to

calculate integral values of the absorbed dose, D and the dose equivalent, H
corresponding to the contribution of secondary particles whose tracks are
revealed. These integral values are obtained as:

D = J(dN/dL)-L-dL; (1)

H = J(dN/dL)-L-Q(L)-dL; (2)

where dN/dL is the number of tracks in a LET interval, dL;
L is the value of LET;
Q(L) is the quality factor corresponding to the value of L.

The integral values of dosimetric characteristics for the LET range of
(12 - 700) keV/um covered by our spectrometer are presented in Tables 1 - 3.
The results show clearly that the contribution of the secondary high LET
particles to dose values increases for the same entrance proton energy with depth
in tissue-like material.

Table 1: Integra! dosimetry values of secondary high LET particles in the beam
with primary energy Ep = 155 MeV (Entrance dose 150 mGy, JINR phasotron)

Dosimetric quantity

Absorbed dose
Dose Equivalent (ICRP26)
Dose Equivalent (ICRP60)
Quality factor (ICRP26)
Quality factor (ICRP60)

Unit

mGy
mSv
mSv

Residual En, MeV
134
6.69

48.11
52.61
7.19
7.86

70
28.30
197.9
219.8
6.99
7.77

Table 2: Integral dosimetric values of secondary high LET particles in the beam
with primary energy Ep = 200 MeV (Entrance dose 150 mGy, JINR phasotron)

Dosimetric quantity

Absorbed dose
Dose Equivalent (ICRP26)
Dose Equivalent (ICRP60)
Quality factor (ICRP26)
Quality factor (ICRP60)

Unit

mGy
mSv
mSv

Residual En, MeV
180

4.31
37.80
43.75
8.77
10.15

130
7.40

54.15
59.98
7.32
8.11

70
12.70
98.30
109.61
7.74
8.63



Table 3: Integral dosimetric values of secondary high LET particles in the beam
with primary proton energy Ep =200 MeV (Entrance dose 150 mGy, ITEP
synchrotron)

Dosimetric quantity

Absorbed dose
Dose Equivalent (ICRP26)
Dose Equivalent (ICRP60)
Quality factor (ICRP26)
Quality factor (ICRP60)

Unit

mGy
mSv
mSv

Residual En, MeV
190
5.30

44.76
49.59
8.45
9.36

70
18.66

111.77
116.98
5.99
6.27

As the kinetic energy of the penetrating protons decreases with depth, the
dose rate increases. The quantitative data on this increase were taken from our
measurements in the JINR beam with a Si-diode, and the examples are presented
in Figure 5.
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Figure 5: Depth dose distributions of the JINR phasotron proton beams.

Even if the increase in the dose rate is accounted for, the contribution of
secondary high LET particles increases along the primary protons' range. The
values of the absorbed dose from the high LET secondary particles divided by
the absorbed dose of the primary beam at the points of track detectors irradiation
are presented in Table 4. It can be seen that these contributions are of the order
of a few percent and increase substantially with depth in tissue-like material.



Table 4: Relative contributions of the high LET secondary particles
to the absorbed doses

Primary Beam

155MeV-JTNR

200 MeV - JINR

200 MeV - ITEP

i . .

Residual
Ep., MeV

134
70
180
130
70
190
70

Relative contribution of high LET
particles to the absorbed dose, %

4.51

12.9
2.9
4.3
6.2
3.5
7.8

As regards the values of this contribution at the entrance, these are
somewhat higher than the ones reported in our previous studies /5,7,10/, mostly
due to improvements in our track parameter determination which has lead to the
decrease of the lowest LET value taken into account. To illustrate this
phenomenon, when the LET threshold is shifted to 16 keV/rum; the relative
contribution decreases to about 60 % of the value given in Table 4 for
the 12 keV/um threshold.

The increase in the relative contribution with depth in tissue-like material
can be attributed to the birth of additional secondary particles through the
primary proton interactions (lower energy protons and neutrons). Their influence
can change not only the relative contribution as a whole, but also its qualitative
characteristics, i.e. the LET spectrum of high LET particles read out with our
spectrometer. We tried to consider such a possibility through the analysis of the
variations in the average values of quality factors corresponding to the detected
particle tracks. The trends observed are presented in Figure 6.

Figure 6 indicates that both of the secondary particles' quality factors
decrease with depth in tissue-like material, i.e. with decrease in residual proton
energy. The decrease is similar for both of the recommended sets of QF values,
which suggests that the changes are caused mainly by the increase in
contribution of particles with lower LET values. We tried therefore to look at the
changes in the relative contribution of particles with LET below 90 keV/^m to
the total values of dosimetric characteristics. The results obtained are presented
in the Figure 7. One can see that the relative contribution of particles with the
LET below 90 keV/um (which corresponds to the maximum LET vaiue for
protons) increases regularly with decrease in residual proton energy, i.e. with
depth in tissue-like material.
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Figure 6: QF(26) and QF(60) as functions
of the residual proton energy.

Figure 7: Relative contributions from
the particles with LET below 90 keV/|^m

4. CONCLUSIONS
There are two aspects that should be discussed in connection with the

results presented in this work:
1. The reasons for the increase in the absorbed dose due to high LET secondary

particle contribution with depth in tissue-like material observed for few-
hundred-MeV protons and the reasons for the qualitative and quantitative
variations in this contribution with depth in the material.

2. The importance of this phenomenon for practical applications such as
radiotherapy and radiation protection where high energy particles are used.

As was already mentioned, the reasons for the above contribution are the
origin of secondary and further generations particles through nuclear
interactions and their energy transfer to the matter. The quantitative and
qualitative proof to this influence can be obtained through an appropriate
particle transport calculation. Efforts are in place in our laboratories to develop
this approach to the problem as well.

If ionization losses are taken into account, protons of the energies
considered in this work can be regarded as low-LET particles. Our results show,
however, that, when all radiation transfer and absorption processes are taken
into account, the situation becomes less straightforward.

As regards radiation protection, the contribution of secondary high LET
charged particles modifies the radiation quality factors. While for ionization
losses only the quality factor is about 1.0, for the high LET secondaries it may
exceed 10.0 (see Tables 1 through 3). It was calculated that this phenomenon
can modify the average QF in a human body by more than a factor of 2 /13/.



As far as proton radiotherapy is concerned, the dose due to secondary
high LET charged particles changes not only quantitative, but also qualitative
characteristics of the beam. While the secondary charged particles contribute
only a few percent to the absorbed dose at the beam entrance, the absorbed dose
may increase by more than ten percent at greater depths. Besides, due to the
increased fraction of high LET particles, radiobiological characteristics of the
beam may also change with the depth. This effect may be of a lesser extent than
it is assumed through the values of quality factors, but nonetheless it may
be responsible for the increased effectiveness of high energy proton radiotherapy
/14/.
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