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I. INTRODUCTION 

A spectrometer of the linear energy transfer (LET) based on the 
chemically etched polyallyldiglycolcarbonate (P ADC) nuclear track detector 
(NTD) has been recently developed 11-3/. It has already been used to determine 
LET spectra in several radiation beams and fields /4-8/. 

This report presents, discusses and analyzes the LET spectra established 
in the detectors irradiated by the beam of I Ge V protons. The goal of 
experiments was to enlarge the studies already performed with the protons of 
energies of few hundred MeV /5-7/ and, also, to obtain new data on the 
dosimetric characteristics of beams· supposed to be used for the programme of 
the «accelerator driven transmutation technologies>> (ADTT) /9/. 

2. EXPERIMENT 

2.1. Irradiation 

The irradiation has been carried out by the beam of I Ge V protons of 
the LHE synchrophasotron. The monitoring of irradiation conditions has been 
ensured through the beam ionization chamber measurements. The proton flux 
during the irradiation was about 1.65x!08 cm·2, that corresponded to the tissue 
kerma value about 50 mGy. The particle fluences have been determined by the 
sets of activation detectors (reactions 12C ~ nc; 21 Al ~ 2"Na or 18F). placed 
perpendicularly to the beam simultaneously with the NTD. In total, five sets of 
detectors have been exposed. 

2.2. LET Spectrometer Based on Chemically Etched PADC NTD 

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 5N NaOH at 70°C after irradiation. Each sample was 
irradiated before etching in a corner 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 condition was corresponded to 18 hours of 
etching (one-side removed layer about 17 IJ.lll). 

To determine LET-value of a particle, the etch rate ratio V ~vTNs 
(where V8 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 analy>er LUCIA II 
based on a Leit2 microscope /1-3/. The value of V was calculated by at least 
two ways of track parameter combination, the final optimization is performed 
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through the comparison of the removed layer thickness recalculated from V
value and directly measured through fission fragment track diameter. The 
obtained V -spectra were corrected for the critical angle of the registration and 
transformed to LET spectra- on the basis of the heavy charged particles 
cahbration checked through high dose electron irradiation. The spectrometer 
permits to estimation LET of a track between 100 and 7000 MeV.cm2 g'1 in 
tissue_ 

Two sheets ofPADC NTD 30x30 mm2 covered by one half with 2 mm 
of polyethylene (PE) represent an irradiation set. It is always irradiated being 
sealed in an aluminized foil. The sheets combination gives the possibility to have 
four radiator positions: bare, under PE, under the first of P ADC sheet (bare
CR) and under P ADC covered with PE (CR-PE). 

3. RESULTS AND DISCUSSION 

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

both the absorbed doseD and the equivalent dose H. For these purposes quality 
fitctors from both recent ICRP Recommendations II 0, I II have been used_ First, 
we have observed that there is a minimal influence of the radiator on both 
absolute values of linear energy transfer as well as their spectral shape. Typical 
examples of the obtained results are for the absorbed dose and the equivalent 
dose with ICRP 60 quality factors presented in Figures 1 and 2. One can see 
there that the both spectra as well as absolute values of differential dose 
quantities are quite similar for all four radiators. A good agreement has been 
also observed for the exposed five detector sets. 

More information on the contribution of secondary charged particles 
with the different LET values to the total LET value can be obtained from so
called microdosimetric distnbutions L *D(L) and L *H(L) respectively_ These 
distributions are presented in Figure 3, for the absorbed dose as well as for the 
equivalent doses with both sets of quality fitctors. 

One can see that all three spectra are peaked in the region about 2000 
MeV.cm2_g·', the average values of LET with respect to the energy delivery can 
be estimated to about 1600 MeV.cm2 g'1 for the absorbed dose and the 
equivalent dose (ICRP 21). It is a little less in the case of the equivalent dose 
with ICRP 60 quality factors. 

3.2. Integral dosimetry and microdosimetry characteristics 

The LET absorbed dose and equivalent dose distnbutions enable us to 
calculate the integral values of the absorbed dose- D and equivalent dose H. 
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corresponding to the secondary particle tracks which are revealed. These 
integral values are obtained as: 

D = f(dN /dL)-L-dL; (I) 

H=f(dN/dL)-L-Q(L)-dL: (2) 

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 of L 

The integral characteristics obtained from the LET distributions through 
the equations(!) and (2) are presented in Table I. As discussed in previous 
papers /7/, the values presented in Table I could represent the total contribution 
of high LET particles to the tissue dose characteristics in the beam of high 
energy protons_ One can see that these contributions increase regularly with the 
proton energy, going fer the tissue kerrna and I GeV protons up to about 6_8 % 

Table I: Total dose and dose equivalents due to track forming secondary 
particles created in the PADC LET spectrometer under high energy proton 
irradiation (primary proton tissue kerma = 1 Gy). 

Quantity; unit £.. GeV 
1.0 0.2 0.16 0.085 

D,mGy 68.2+6.2 27.2±2.1 22.5±2.0 12.2±0.6 
H (ICRP21), mSv 782+80 277±25 187±21 140+6 
H (1CRP60), mSv 944±92 327±28 225±24 175±7 

Of course, the quality factors defined for radiation protection purposes 
are not appropriate to appreciate, for example, relative biological efficiency in 
the radiotherapy. Nevertheless, the values of obtained «equivalent doses>> are 
high enough (up to 90 % of tissue kerrna due to ionization losses for I GeV 
protons) to be considered in the relation to possible differences in the efficiency 
of high energy protons as compared with photons and/or electrons with 
comparable microdosimetric characteristics for primary radiation. It is well 
known, for example, that the relative radiotherapy biological efficiency of few 
hundred MeV protons is estimated up to about 1.2 /12/. Nevertheless at 
radiobiological irradiation by a high energy particle beam even with thin 
biological samples it is very important to know the secondary charged particle 
contributions to the doses. The described technique of experimental estimation 
of LET -spectra in solid matter (the composition of CR-39 detector is tissue
equivalent roughiyi allows one to define more exactly dosimetric characteristics 
and corresponding biological efficiencies at radiobiological experiments_ 

Work partially supported through the EC Project Fl3P-CT92-<l026 and the gmnt No. 
3048606 of the IGA ofthe AS CR and the grant No. ZUZ/Ili51/'J9 of the GACR. 
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Fig.!. LET spectra of the absorbed dose 
due to the secondary particles in the 1 GeV 
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Fig.2. LET spectra of the equivalent dose 
(ICRP60) due to the secondary particles in 

the 1 Ge V proton beam 

4 

} 

\ 
n 
' 

0000 

-

.... 1--- .......,_L'"'H{I..) ICRP21 

--*"-eH(l) ICRP60 
-+-L'"'D{L) 

6000 ---' 
:i: 
• 
--' 4000 

2000 

...../ .-
0 

100 

,. 
... li_ 

t ' i/ ~ 
1/ ~ I~ 
~ 

1000 

LET, MeV cm2 g·' 

1000 

BOO 

600-
--' 

400 

200 

0 
10000 

0 
• --' 

Fig.J. Microdosimetric distributions of the absorbed and equivalent doses due to the 
secondary particles in the 1 Ge V proton beam 

5 



REFERENCES 

1. J. Charvat: ,,LET spectrometry with polymer track etched detectors". PhD 
Thesis, Prague I 986, PP- I- I II 

2. F. Spumy, J. Bednar, L. Johansson, A. Siitherberg. "LET spectra of 
secondary particles in CR39 track etch detectors". Radiation Measurements 
26, (I 996), P- 645-649 

3. F. Spumy, J. Bednar, K Turek "Spectrometry oflinear energy transfer with 
a track etch detectors"_ Radiation Measurements 28, (I 997), p. 515-518 

4. F. Spurn:Y, L Johansson, A. Satherberg, J. Bednar, K Turek "Contribution 
of Secondary Heavy Particles to the Absorbed Dose from High- Energy 
Photon Beams". Phys. Med. BioL 41, (1996), p. 2643-2656 

5. V. E. Dudkin, F. Spumy. "Contribution of Secondary High LETparticles to 
the Energy Transfer from High Energy Protons". Proc. IRPA9 Congress, 
Vienna 1996, voL 2., p; 250-253 

6. F. Spumy, J. Bedmir, -K Turek, V. P. Barnblevski. "Spectrometry of the 
LET in High Energy- Reference Fields'' Bezp. jademe energie 5 (43), 
(I 997), P- 354-358 

T F. Spumy, J. Bednar, K. Turek, J.-F. Bottollier-Depois, V. E. Dudkin. 
"Secondary Particles Contribution to the Dose Characteristics in High 
Energy'Particle Beams and Fields". Radiation Measurements 28, (1997), p. 
505-5!3 . 

8. J.-F. Bottollier-Depois, F. Spumy, L Plawinski, L Votockovil, J. Bednar, 
M. Vise and A. Laharthe. "Dosimetry during the FirSt IBIS Facility Flight" 
Adv. SpaceResearch22, (1998), p. 517-520 

9. Accelerator Driven TT; 
10. uRecommendations of the Interriational Commission on Radiological 

Protection". ICRP Publication 26, Annals of!CRP, I, No.3, (1977) 
11. "Recommendations of the International Commission on Radiological 

Protection". ICRP Publication 60, Annals ofiCRP, 21, No_ 1-3, (1990) 
12. A. Warnbersie. "Dose Specification in Heavy Particle Therapy" 

Radiat.Prot.Dosim. 70, (1997), 

Received by Publishing Department 
on May 31. !999. 

6 

The Publishing Department 
of the Joint Institute for Nuclear Research 
offers you to acquire the following books: 

Index Trtle 

El.2-97-79 Proceedings of the XIII International Seminar on High Energy Physics 
Problems. Relativistic Nuclear Physics and Quantum Chromodynamics. 
Dubna, 1996 (2 volumes. 364 p. and 370 p., in English) 

DS,II-97-1 12 Proceedings of the 9th lnternationa1 Conference «Computational 
Modeiling and Computing in Physics». Dubna, I996J378 p., in English) 

E2-97-2l3 Proceedings of the V International Seminar on Interaction of Neutron 
with Nuclei «Neutron Spectroscopy, Nuclear StruCture, Related Topics». 
Dubna, 1997 (446 p., in English) 

E2,4-97-263 Proceedings of the Third International Conference «Renormalization 
Group'96». Dubna, 1996 (436 p .. in English) 

EI0-97-272 Proceedings of the Data Acquisition Systems of Neutron Experimental 
Facilities (DANEF'97). Dubna, 1997 (325 p., in English) 

Dl9-97-284 Proceedings of the International Symposium «Problems of Biochemistry. 

E2-97-413 

E15-98-57 

013-98-66 

El.2-98-154 

E3,14-98-168 

E3-98-202 

01,2-98-215 

E2-98-254 

Radiation and Space Biology». Dubna, 1997 (2 volumes 284 p. and 
405 p., in Russian and English) 

Proceedings of the VII Workshop on High EnergySpin Physics 
(SPIN'97). Dubna. 1997 (398 p., in English) 

Proceedings of the III International Workshop «Hyperfine Structure and 
Nuclear Moments of Exotic Nuclei by Laser Spectroscopy». Poznan. 1997 
(200 p., in English) 

Proceedings of the XVII International Symposium on Nuclear Electronics. 
Varna, 1997 (242 p., in English and Russian) 

Proceedings of the XIII International Seminar on High Energy Physics 
Problems «Relativistic Nuclear Physics and Quantum Chromodynamics». 
Dubna, 1996 (2 volumes 300 p. and 282 p .• in English) 

Proceedings of the German-Russian User Meeting «Condensed Matter 
Physics with Neutrons at IBR-2». Dubna. 1998 (I 26 p., in English) 

Proceedings of the VI International Seminar on Interaction of Neutrons 
with Nuclei Neutron Spectroscopy, Nuclear Structure, Related Topics. 
Dubna. 1998 (352 p., in English) 

Proceedings of the International Workshop «Relativistic Nuclear Physics: 
from MeV to TeV». Dubna, 1998 (384 p., in English and Russian) 

Proceedings of the International Workshop Hadronic Atom<; and 
Po::>itronium in the Standard ModeL Dubna, 1998 (260 p., in English) 


