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MonoKimos A.r., Cnypttb1 <.I>., Bn'leK E. E16-99-98 
l-:13yqem1e BKJiai{a BTOpH'IHblX T5DKeJibIX 3ap.sDKeHHblX qacn1u 
B ,n03HMeTpH'-1eCKHe xapaKTepHCTHKH panHOTepaneBTH'!eqmx 
npoTOHHblX nyqKOB C IIOMOWbIO TpeKOBblX ,neTeKTOpOB 

B TepaneBTII'leCKHX npOTOHHblX nyqKax o6pa3yIOTC.sl BTOpH'IHble T.sl)l(eJibie Ja­
'p.si:)l(eHHbie '-laCTHUbI, KOTOpbie BHOC.slT BKJlai{ B ,no3y o6nyqeHH.sl nautteHTa. B ,naH­
HOH pa6oTe 3KCIIepHMeHTaJibHO II3yqanc.si: BKJlai{ BTOpH'-IHblX qacrnu C BbICOKHM 
JHa'-leHHeM mmeuttou nepe,na'ltt 3Hepnm (JITT3) B ,noJttMeTptt'leCKtte xapaKTepttc­
THKH npOTOHHbIX nyqKOB. 

MeTO,n II3MepeHH.sl JITT3 C HCIIOJib30BaHHeM TpeKOBbIX cneKTpOMeTptt'!eCKHX 
.neTeKTOpOB II03BOJI.sleT onpe.neJIHTb BKJlai{ BTOpH'!HblX '-laCTHU B ,noJHMeTptt'-leCKHe 
xapaKTepHCTHKH npOTOHHbIX nyqKOB - nornomeHHyIO _n03y H 3KBHBaJieHTHyIO 
JITT3 B IIpOTOHHOM nyqKe C 3Hepmeu 200 M3B. IlyqoK IIpOTOHOB C 3Heprneu 
80 M3B cpopMHpyeTC.sl B pe3yJibTaTe 3aMe,nneHtt.si: nepBH'-IHOfO nyqKa B so.ne, B pe-
3YJibTaTe '-lero co.nep)l(HT 60JibIIJOe 'IHCJIO BTOpH'IHbIX HH3K03HepreTH'-leCKHX HeH­
TpOHOB. 

EcJIH OTHOCHTeJibHbIH BKJlai{ BTOpH'IHbIX '-laCTHU B nornomeHHyIO ,no3y He npe­
BbIIIJaeT 1-2%, TO HX BKJlai{ B 3KBHBaJieHTHyIO _n03y ,nn.si: IIpOTOHHbIX nyqKOB MO­
)l(eT ,noCTHraTb 20%, '!TO HeCOMHeHHO ,nOJI)l(HO yqttTbIBaTbC.sl nptt cpopMttposaHHH tt 
HCIIOJlb30BaHHH nyqKOB. 

Pa6orn Bbmon11e11a a Jla6opaTOpHH 51llepHbIX npo6neM 0115U1. 
Coo6meH1ie 061,eumieHHOro HIICTHTyra ll)lepHbIX HCCne)loBaHHH. lly6Ha, 1999 

Molokanov A.G., Spumy F., Vlcek B. E16-99-98 
The Contribution of Secondary Heavy Charged Particles 
to Dosimetric Quantities of Radiotherapy Proton Beams 
Using a Track Etch LET Spectrometer 

Proton radiotherapy beams produce non-negligible number of secondary 
heavy charged particles, which contribute to the dose in a patient. The contribution 
of secondary particles with high linear energy transfer (LET) to dosimetric quanti­
ties of proton beam has been e,xperimentally studied. 

The method of the LET spectra measurement with a track etch spectrometer 
permits to determine the ,contribution of secondary particles to the dosimetric 
quantities of the therapeutic proton beams, absorbed dose and equivalent dose. A 
spectrometer of the LET was used to obtain the spectra of LET in a proton beam 
with:the primary energy of 200 MeV. The beam of 80 MeV protons has been ob­
tained by the slowing down primary protons in water, it should be therefore more 
contaminated by lower energy neutrons. 0 rJ 

If the relative contribution of secondary heavy particles to absorbed dose does 
not exceed 1-2%, their contribution to equivalent dose may reach up to 20% for 
proton beams and undoubtedly must'be taken into·•~ccount during beam produc­
tion and using. , 

The investigation has been performed at the Laboratory of Nuclear Problems, 
JINR. 
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I. INTRODUCTION 

A spectrometer of the linear energy transfer (LET) based on the 
chemically etched polyallyldiglycolcarbonate (P ADC) track etched detector 
(TED) has been recently developed in our laboratory /1-3/, it was already used 
to determine LET spectra in several radiation beams and fields /4-8/. 

This paper presents, discuss and analyzes the LET spectra obtained in the 
detectors irradiated in beam of protons with energies of 80 and 200 MeV. The 
goal of experiments was to enlarge the studies already performed with the 
protons of energies from several tens MeV up to 1 GeV /5-7,9/. 

2. EXPERIMENT 

2.1. Irradiation 
The irradiation has been realised in the beam of protons of the phasotron 

of the Laboratory of Nuclear Problems of the Joint Institute for Nuclear 
Research (LNP JINR), Dubna, Russia. The monitoring of irradiation conditions 
has been ensured through the ionisation chamber measurements. The detector 
sets have been irradiated perpendicularly to the beam, the proton tissue kerma 
was about 500 mGy. In total, four sets of detectors have been exposed. Two sets 
of detectors were irradiated with primary proton beam with the energy of 
200 Me V and other two sets of detectors were irradiated with protons slowed 
down by means of water degrader to 80 MeV. 

Each set contained two sheets of track detectors, the upper one was 
covered by one half with polyethylene (PE). In this situation there are four 
different " radiators " in the front of a detector sheet: no radiator (bare), 2 mm of 
polyethylene (PE), upper sheet of detector (bare-CR) under upper sheet of 
detector behind PE (PE-CR). 

2.2. LET Spectrometer Based on Chemically Etched P ADC TED 
Polyallyldiglycolcarbonate available from Pershore Moulding, England 

(curing time 32 hours, thickness 0.5 mm) has been used. The detector samples 
have been etched in a SN NaOH at 70°C. Each sample was before etching 
irradiated in a comer with 252Cf fission fragments, in another one with 241 Am 
alpha particles to check exact etching conditions and to determine the bulk 
etching. The optimal conditions corresponded to 18 hours of etching ( one-side 
removed layer about 17µm). 

To determine LET-value of a particle, the etch rate ratio V (V=VTN8 ; 

where V 8 is bulk etching rate and VT is track etching rate) has been primarily 
established through the determination of track parameters. The track parameters 
have been measured by means of an automatic optical image analyzer LUCIA II 



based on a Leitz microscope /1-3/. The value ofV was calculated by at least two 
ways of track parameters combination, the final optimisation is performed 
through the comparison of the removed layer thickness recalculated from V­
value and that directly measured through fission fragment tracks diameter. V­
spectra obtained are corrected for the critical angle of the registration and 
transformed to LET spectra on the basis of the heavy charged particles 
calibration checked through high dose electron irradiation. The spectrometer 
permits to establish LET of a track between 100 and 7000 MeV.cm2.g·1 in tissue. 

3. RESULTS; DISCUSSION 

3.1. LET spectra 
LET spectrometer permits to establish the distributions in LET of both the 

absorbed dose and the dose equivalent; quality factors from both recent ICRP 
Recommendations /10,11/ have been used. We have observed that there are · 
rather important differences in absolute values of differential dosimetric 
quantities behind different radiators. In spite of that, there is a minimal influence 
of the radiator on both the absorbed dose and the dose equivalent distributions in 
the linear energy transfer. Typical examples of the results are obtained for a set 
irradiated with 80 Me V protons presented for the absorbed dose and the dose 
equivalent with ICRP 60 quality factors in the Figures 1 and 2. One can see 
there that the both spectra of differential dose quantities are quite similar for all 
four radiators. The same behavior was also observed for another individual set 
of detectors at the energy of 80 Me V and both sets irradiated with protons of the 
energy of200 MeV. 

More information on the contribution of particles with the different LET 
values to the total values can be obtained from so-called microdosimetric 
distributions L *D(L), resp. L *H(L). These distributions for two detectors set 
irradiated by 80 MeV protons for the absorbed dose as well as for the equivalent 
doses with both sets of quality factors are presented in Figures 3 and 4. One can 
see there that the absorbed dose and equivalent dose distributions of two sets 
irradiated are different as well as their absolute values. The set V exhibits clearly 
higher values of differential quantities, the spectrum is shifted to higher values 
of LET. The extent of this difference will be more discussed in the connection 
with integral values of dosimetric quantities. 
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Figure I: Radiator influence on the dose Figure 2: Radiator influence on the equivalent 
distribution in LET dose (ICRP60) distribution in LET 
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Figure 3: Microdosimetry distributions, set Figure 4: Microdosimetry distributions, set V 
KT irradiated by 80 Me V protons irradiated by 80 Me V protons 

We have observed the same behavior also in the case of sets irradiated by 
protons with the energy of 200 MeV. Microdosimetric distributions for these 
sets of detectors are presented in figures 5 and 6. One can see there that the 
tendencies are the same as for 80 Me V protons. Again, the sample V exhibits 
clearly higher values of differential quantities, the spectrum is also shifted to 
higher values of LET. The quantitative differences will be again shown and 
discussed more in the connection with integral values of dosimetric 
characteristics. 

3 



:~lliiii 111111111: 
10000 

8000 

I :i! IF 
::i 8000 600 

::i 
p ~:I I llll~lZLl iilllll:~ "¥ 

..I ,000 400 ..I 

1000 J • /IC:! . ....~ Af · k.oW I . , i , 11 100 
2000 200 

1000 10000 I I 0

100 LET. MeV .cm2 .g-1 1000 10000 

LET, MeV.cm2.g·1 

Figure 5: Microdosimetry distributions, set Figure 6: Microdosimetry distributions, set V 
KT irradiated by 200 Me V protons irradiated by 200 Me V protons 

3.2. Integral dosimetry and microdosimetry characteristics 

The LET distributions in the absorbed dose and the dose equivalent enable 
to calculate the integral values of the dose, D, respectively. The equivalent dose, 
H, corresponding to the secondary particles the tracks of which are revealed. 
These integral values are obtained as: 

D= J(dN/dL)·L·dL; 

H = f(dN I dL)· L· Q(L)· dL; 

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

(1) 

(2) 

The integral values of dosimetric characteristics for two sets exposed to 
80 MeV protons obtained from LET distributions via the equations (1) and (2) 
are pres~nted individually for each of four radiators in Table 1. One can see 
there that the absolute values for " bare " detectors differ substantially from 
other radiators. While for set KT these values are exceptionally low, for set V 
are exceptionally high. We do not know exactly what are the reasons for that 
exceptional behavior, some possibilities will be outlined below. 

The integral values of dosimetric quantities for two sets exposed to 
200 Me V protons are presented in· Table 2, again individually for each of four 
radiators. Here the values for both sets of PE radiator are higher than for other 
radiators. Nevertheless, in this case the differences are not so pronounced 
particularly for the set V. 
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Table 1: Integral values of dosimetric quantities for sets irradiated by 80 MeV 

-- -

Set Radiator D H(21) H(60) 
mGv mSv mSv 

bare 5.25 39.6 45.4 
KT PE 7.53 59.4 69.0 

bare-CR 6.74 50.3 57.6 
PE-CR 9.58 . 71.7 81.3 

bare 13.88 129.7 148.4 
V PE 8.12 81.8 95.1 

bare-CR 7.23 72.8 84.3 
PE-CR 6.32 61.9 72.0 

Table 2: Integral values of dosimetric quantities for sets irradiated by 200 Me V 
,t, 

Set Radiator D H(21) H(60) 
mGy mSv mSv 

bare 3.59 29.3 36.3 
KT PE 5.27 48.2 59.8 

bare-CR 3.88 31.5 37.7 
PE-CR 3.51 28.8 35.1 

bare 6.52 74.7 88.1 
V PE 8.08 82.9 98.4 

bare-CR 7.08 83.1 96.8 
PE-CR 5.40 59.9 71.5 

The average values for all radiators, except bare detector and 80 Me V 
protons, are presented in Table 3. 

One can see there that: 
1. The reproducibility of the values of integral dosimetric quantities under the 

different radiators is not the best for both proton energies. The relative 
uncertainties (1 O"re1) are going up to 20 %. 

2. The differences between sets KT and V are really important, particularly in 
the case of 200 Me V protons, where the values for the dose equivalents are 
about twice more high for the set V. The results differ also qualitatively as 
it could be seen in the values of quality factors which are always higher for 
sets V. · 
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Table 3:.Average values of integral dosimetric quantities calculated from LET 

Dosimetric 80 Me V protons 200 Me V protons 
quantity setKT set V setKT set V 
D,mGy 7.95±1.20 7.22±0.73 4.06±0.71 6.77±0.97 

H(21), mSv 60.5±8.8 72.2±8.1 34.5±8.0 75.1±9.4 
H(60),mSv 69.3±9.6 83.8±9.4 42.4±10.2 88.7±10.7 

Q(21) 7.6±1.6 10.0±1.5 8.5±2.5 11.1±2.1 
Q(60) 8.7±1.8 11.6±1.7 10.4 ±3.1 13.1±2.5 

There is another important characteristics we are studying in this type of 
experiments: the relative contribution of secondary particles registered by the 
LET spectrometer to the ionization loss energy transfer of primary protons. As 
mentioned above, this dose for both proton energies was about 500 mGy. One 
can see in the Table 3, that this relative contribution to the ionization dose is 
about 1.5 % in the case of 80 MeV protons, between 0.8% (set K1) and 1.4 % 
(set V) in the case of 200 MeV protons. The value for 80 MeV protons agrees 
well with the results of our. previous studies, while the value for 200 Me V 
protons is more than twice lower /9/. 

We do not know exactly what are the reasons for that exceptional 
behavior, some possibilities will be outlined in future. 

4. CONCLUSIONS 

1. It was found out that the LET spectra of secondary particles between 100 and 
7000 MeV.cm2.g"1 do not depend on the radiator, the absolute values of both 
differential and integral dosimetric quantities are, however, rather different 
both for different radiators as well as for the detector samples from different 
lots of fabrication. 

2. These results are rather confusing, we have not usually observed such bad 
reproducibility and big differences in responses behind different radiators 
/6,8,13,14/. We suppose that three reasons could explain that: contamination 
of the proton beams, n·ot unified parameters of LUCIA II equipment during 
the evaluation and the differences in characteristics of KT and V detectors. 
The following can be told about these possibilities: 

a) The beam of 80 MeV protons, being realised by slowing down in an 
absorber, should be more contaminated by lower energy neutrons. 
However, the overresponse behind PE radiator, usually seen in the case 
like that is more pronounced for 200 Me V protons. 

b )The choice of parameters adopted for the evaluation by means of 
LUCIA II equipment is not exactly known, it should be analysed more 
in details. 
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c )The samples KT originated from older lot of fabrication. Some kind of 
aging could be therefore responsible for lower response obtained. 

3. The method of the LET spectra measurement with a track etch spectrometer 
permits to determine the contribution of secondary particles with high LET to 
the dosimetric quantities of the therapeutic proton beams, the absorbed dose 
and the dose equivalent. 

4. This contribution to dosimetric quantities in proton beams with the energies 
of 80 and 200 Me V has been established. It was obtained that these 
contributions for the absorbed dose of 80 Me V protons are about 1.5 %, it- is 
in a good agreement with previous studies. In the case of 200 Me V protons 
this contributi.on is between 0.8 and 1.2%, more than twice lower than in 
previous studies. If the relative contribution to absorbed dose does not exceed 
1 - 2 %, its contribution to the dose equivalent may reach up to 20 % for 
proton beams and undoubtedly must be taken into account during beam 
production and radiotherapy application. Using a weighting biological 
functions /I 2/ for various biological systems instead of quality factors, our 
results may be compared with a study of the relative biological effectiveness 
of proton beams. . 

5. The results presented in this paper complete the results already obtained in 
our previous studies. However, some irregularities have been observed. The 
possibilities of their explanation are outlined, this will be the object of future 
studies. 
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