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Abstract 

Alexeev A.G. Application of Low-Pressure Tissue-Equivalent Proportional Counter for IHEP 
Radiation Protection: IHEP Preprint 95-69. - Protvino, 1995. - p. 13, figs. 12, tables 1, refs.: 18. 

Mixed radiation fields behind the shielding of the 70-GeV proton synchrotron are composed of 
neutrons with energy from thermal up to several GeV, high energy charge particles (E> 20 MeV) 
and photons. Now one of the major techniques for direct dose equivalent measurements in such 
mixed radiation fields is based on low-pressure tissue-equivalent proportional counters (TEPC). 
The dosimetric method based on TEPC is described, which is used for radiation dosimetry 
in IHEP. The main technical data of TEPC and experimental results of dose characteristics 
measurements are presented for the reference fields ofIHEP and JINR (Dubna). The results are 
compared with other dosimetric systems. An application of correction methods for neutron dose 
equivalent measurement on the base of TEPC microdosimetry spectra and using the detector 
with different neutron energy response is discussed. 

AHHoTaUHJI 

AJIeKceeB A.r. HCnOJIb30BaHHe TKaHe3KBHBaJIeHTHOro nponOpllHOHaJIbHOrO C'tIeT'tIHKa HH3Koro 
,llaBJIeHHJI B panHallHOHHOM KOHTpOJIe H<I>B3: llperrpHHT H<I>B3 95-69. - llpOTBHHO, 1995. 
13 c., 12 pHC., 1 Ta6JI., 6H6JIHOrp.: 18. 

CMemaHHoe H3JIy'tIeHHe 3a 3aIIlHTOH npOTOHHoro CHHXpOTpOHa Ha 70 r3B COCTOHT H3 HeHTpo
HOB C 3HeprHeH OT TennoBoH ,llO HeCKOJIbKHX r3B, BhICOK03HepreTH'tIeCKHX 3apJl)KeHHhIX 'tIaCTHll 
(E> 20 M3B ) H <pOTOHOB. B HaCTOJImee BpeMJI O,llHHM H3 OCHOBHhIX MeTO,llOB H3MepeHHJI 3KBH
BaJIeHTHOH ,l103hI B TaKHX CMemaHHhIX nOJIJIX JlBnJleTCJI MeTO,ll Ha OCHOBe TKaHe3KBHBaJIeHTHOro 
nponOpllHOHaJIbHOro C'tIeT'tIHKa HH3Koro ,llaBJIeHHJI (T3llC). OnHcaH MeTO,ll H3MepeHHJI 3KBH
BaJIeHTHOH ,l103hI Ha OCHOBe T3llC, HCrrOJIb3yeMhIH B pa,llHallHOHHOM KOHTpOJIe H<I>B3. llpe.n
CTaBJIeHhI OCHOBHhIe xapaKTepHCTHKH T3llC. Ha OCHOBe pe3YJIbTaTOB H3MepeHHH B onopHhIX 
rronJlx H<I>B3, OHSIH npOBe.neHO cpaBHeHHe C,llpyrHMH ,l103HMeTpH'tIeCKHMH CHCTeMaMH. 06cy
)K,llaeTCJI B03MO)KHOCTb HCrrOJIb30BaHHJI MeTO,llOB KoppeKllHH ,llJIJI H3MepeHH.JI 3KBHBaJIeHTHOH ,l103bI 
HeHTpoHoB CnOMOIUl>IO T3IIC, OCHOBaHHhIX Ha aHaJIH3e MHKP0,l103HMeTpH'tIeCKHX cneKTpOB HJIH 
C HCnOJIb30BaHHeM ,l103HMeTpa C ,llpyroH 3HepreTH'tIeCKOH 3aBHCHMOCTbIO 'tIyBcTBHTeJIbHOCTH !( 

HeHTpOHaM. 

© State Research Center of Russia 
Institute for High Energy Physics, 1995 



INTRODUCTION 

Radiation behind shields of high energy charge particles accelerators (for example, 
the IHEP 70 GeV proton synchrotron (U-70)) is of a mixed composition. The major 
component of radiation is high energy neutrons with energy above 20 MeV. The dose 
equivalent measurement of high energy neutrons is a difficult problem for the radiation 
protection dosimetry, because there are no standard devices for this energy region. Now 
only a measurument method on the base of low-pressure tissue equivalent proportional 
counter (TEPC) is used as universal in mixed radiation fields. This dosimetric method 
has more than 20-year history of application at the IHEP accelerator. The method has 
been improved in measurements, the counter design and applications. The linear energy 
transfer (LET) spectrometer (SLET-03) on the base of TEPC [1] is used for metrological 
measurements in IHEP radiation protection. In this paper the TEPC method is presented 
as now used in IHEP. 

1. EXPERIMENTAL PROCEDURE 

The spherical tissue equivalent proportional counter has been developed in collabora
tion with the Institute of Biophysics (Moscow) [2] . Fig. 1 shows the external view of 
TEPC. The TEPC has been designed by Benjamin P. The TEPC body was produced 
from caprolon (tissue equivalent material) 10.8 em in inside diameter and 0.2 em thick. 
The aluminium layer 0.1 pm thick was evaporated on the inner of the counter body. The 
counter design has been presented in [2]. It has a gas tight aluminium cover 0.2 em thick 
a.nd is filled with methan under a pressure corresponding to 2 pm tissue. The counter 
is provided with the a-monitor with alpha source for calibration. The gas gain is kept 
constant in ± 10 % region over 2 years due to the special training of the counter. The 
standardized commercial multichannal analyser is used for events spectrum measurement. 
A charge produced in the counter cavity (the counter as an ionization chamber) is be
hind measured simultaneously with an event spectrum by the standardized commercial 

1� 



electrometer (DRG2-01). The tissue kerma and dose equivalent are then calculated as 
follows: 

(1) 

I<n = An 
ima.:

I: Ni · i, (2) 
i=imin 

(3) 

imo% 

Hn = An . Bn I: Ni · Qi, (4) 
i=imin 

Hph = I<ph • Bph , (5) 

Hn 
Qn = I<n' Bn' (6) 

where Rph [GY'nC-I] and An [Gy· MeV-I] are the calibration factors; q is the charge pro
duced in the cavity; Ni is the total number of events in the i-th channel of the pulse-height 
analyser. The Qi function has been chosen to simulate the quality factor dependence on 
linear energy transfer 1. K ph and K n are photon and neutron tissue kerma, respectively. 
K ph+n is the sum of photon and neutron tissue kerma. Hph and Hn are photon and neu
tron dose equivalents; Bn and Bph are the phantom conversion factor from tissue kerma 
to dose equivalent for neutron and photon, respectively. The events with pulse height 
above 6 keV· Ilm-1 (in the units of linear energy) are included to obtain K n values. The 
background for the neutron dose equivalent rate is 2 IlSv·h-l. The TEPS background was 
produced by microparticles captured in the counter cavity from the alpha source layer. 

Fig. 1. The external view of tissue equivalent proportional counter. 
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2. CALIBRATION� 

The factor Rph (in the units of tissue kerma) is obtained with 131Cs photon source 
calibration. The calibration error is equal to 4 % . In the course of measurements the 
factor Rph is determined with the alpha source as follows: 

N
Ra = Aa · S· d· p-, [GylnC]. (7) 

q 

16 
A = 1.6.10- , [Gy· MeV-I], (8)a m g 

where d is the counter diameter [cm]; S is a stopping power of alpha particles (S =1140 
MeV cm 2 . g -1 for 5.2 MeV alpha particle energy); N is the total number of events 
by alpha particle; p is the gas density (g . cm-3); mg is the mass of gas in the counter 
[g]. The alpha-to-photon calibration ratio (Rph IRa) is equal to 1.10±0.05. The use of 
a-monitor decreases the measurement error. For example, the temperature dependence 
of the gas gain is equal to 0.5 % per 1 C 0. The factor Aa is derived from the counter 
sensitive volume size. The event pulse height is calibrated into tissue kerma units with 
this factor and with the alpha sourse. Primarily the factor An can be calculated on 
the base of geometrical dimensions of the counter and also from the calibration in the 
neutron reference field. In the common case An is equal to Aa. But when the factor An 
was obtained under calibration in the National Primary Standard neutron field of dose 
equivalent rate on the base of VNIIFTRI [3], the neutron-to-alpha calibration ratio was 
equal to 1.30=F 0.12 . The factor Bn was measured using a polyethylene phantom. The 
phantom size was 70 x30x 40 cm. The counter was located between the neutron source 
and the phantom. Two types of neutron sources were used: Pu-Be and 252Cf. The factor 
Bn was determined by measuring kerma rate and dose equivalent rate with and without 
phantom. The nleasured phantom factor was equal to 1.06=F 0.01. But the factor Bn 

that has been obtained under calibration with the National Primary Standard of neutron 
field is equal to 1.17=F 0.02 [3]. The conversion phantom factor Bph from kerma to H*(10) 
obtained for a 131CS photon radionuclide source is equal to 1.094. 

3. ENERGY RESPONSE 

The TEPC energy response for neutrons and photons is dependent on the counter 
design (the thickness and the composition of the counter body, the thickness of the alu
minium cover). The dependence of TEPC neutron energy response on the counter design 
has been shown in [2],[4]. 
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Fig. 2.� The photon energy response of Fig. 3. The neutron energy response of 
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ambient dose equivalent; (.)(R!) 
is the energy response in the 
units of neutron kerma; the solid 
line is the neutron ambient dose 
equivalent; the dotted line is the 
neutron absorbed dose. 

Fig. 2 shows the photon energy dependence of the dose equivalent response on TEPC. 
The photon energy response of TEPC in the energy range from 29 to 114 keV has been 
investigated by the National Second~ry Standard field of absorbed dose (VNIIFTRI) [3]. 
The measurements were fulfilled in "ionization chamber regime" only. The ratio of Hph 

(TEPC response unit H*(10) for 137CS) to the ambient dose equivalent H*(10) is less than 
1=16% in the photon energy region from 0.03 to 1.2 MeV. 

The energy response has been calculated for neutrons from 0.01 to 800 MeV [4], 
[2]. Fig. 3 shows the TEPC neutron energy response in the units of the ambient dose 
equivalent (Rf) and in the units of the absorbed dose (or tissue kerma) (Rr) in energy 
region from 0.01 MeV up to 1000 MeV. The H*(10) neutron ambient dose equivalent and 
D*(10) (D* (10)=H*(10)/Qn ). dose absorbed are also presented. The data on H*(10) and 
D*(lO) are taken from [9], [7J, [8]. These dose characteristics are presented for quality 
factors from the Recommendations of ICRP 21 [6]. 

The TEPC energy response agrees closely with H*(10) in the neutron energy range for 
0.3 MeV to 800 MeV. The TEPC response is less than H*(10) function for neutron below 
0.3 MeV. Thus the use of methan allows one to increase the TEPC response by a factor of 
1.5 for the neutron energy below 0.5 MeV as compared with the use of tissue equivalent 
gas. The Rr is less than D*(10) for neutrons above 100 MeV because the thickness of the 
counter wall is less than 1 g·cm-2 • But Rf is higher than H*(10) for that neutron energy 
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region. It can be explained by more significant contribution of alpha particles to dose in 
the LET region from 100 up to 200 keV·JLm-1 for neutron collision with 12C than with 
160. The 12C content of the counter wall(kaprolon) is higher than for the tissue. Besides, 
this discrepancy may be explained by the use of different nuclear data for neutron collision 
in [4] and [9]. 

4. MEASUREMENT RESULTS 

Table 1 reflects the TEPC measurement results over the ones obtained with other 
dosimeters. The neutron and photon dose equivalents (or photons with charge particles) 
are presented for IHEP neutron reference fields, JINR neutron reference fields and high 
energy neutron spectra behind IHEP accelerator shields. 

The IHEP neutron reference fields [3], [16] : 

•� The reference field based on the 239pu_Be neutron source (the average neutron energy 
(E ) is 2.7 MeV). 

•� The reference field based on the 252 Cf neutron source (252Cf) (E = 1.67 MeV). 
•� The reference field based on the 252Cf neutron source in the 30 cm diameter spherical 

iron moderator (252Cf+Fe) (E = 0.85 MeV). 
•� The reference field based on the 252Cf neutron source in the 30 cm diameter spherical 

polyethylene moderator (252Cf+0 30 cm CH2(IHEP)) (E = 0.67 MeV). 

The JINR neutron reference fields [14] ,[15]: 

•� The reference field based on the 252Cf neutron source in the 12.7 cm diameter spher
ical polyethylene moderator e52Cf+0 12.7 cm CH2) (E = 0.931 MeV). 

•� The reference field based on the 252 Cf neutron source in the 29.2 cm diameter 
spherical polyethylene moderator (252Cf+0 29.2 CH2(JINR)) (E = 0.742 MeV). 

•� The reference field based on stray radiation into a labyrinth concrete shielding of 
the 600 MeV proton phasotron of the JINR Nuclear Problems Laboratory (concrete 
labyrinth) (E = 0.253 MeV). 

High energy fields: 

•� Radiation field behind the top of the U-70 proton accelerator shielding. Proton 
energy is equal to 70 GeV. The shield is 220 cm thick concrete. The measurement 
point was located near an internal target. The measurements were carried out at 1 
m height above the shield (top concrete) (E = 71 MeV). 

•� The radiation fi~ld behind the calorimeter of XCHARM experiment [17]. The 
calorimeter consisted of 40 layers. Each layer was from 0.5 em scintillator and 2 em 
Fe. The stray radiation field is created by beams of high-energy neutrons with an 
average energy of about 40 GeV incident on the absorber. A contribution of charged 
particles in a beam flux was less 1% (behind iron) (E = 51 MeV). 
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•� The radiation field behind the overtop of 10 GeV charged particles beam. (the 18-th 
channel of U-70) (muons torch). The average neutron energy was not determined. 

Table 1.� The dose equivalent measurements with TEPC, ACR, Bonner spectrometer, REM-2. 
Normalization with the TEPC data. For the IHEP reference fields normalization with 
the expert data. Keys for radiation field are presented above. 

Irradiation fields Dosimeter Dose equivalent, H·(10), reI. units H;h (10)/H~(10) 
neutron� photon and charged particles Relative units 

Top concrete of U-70 TEPC 1.0 1.0� 0.2 
ACR 0.60� 1.12 

Behind iron TEPC 1.0 1.0� 0.93 
ACR 0.36� 0.98 

Muon torch TEPC 1.0 1.0� 9.1 
ACR 0.32� 1.01 

Pu-Be source TEPC 1.00 1.01� 0.037 
ACR 1.00� 0.83 
BS 0.99� 

252Cf TEPC 0.95 0.90� 0.049 
ACR 0.19� 0.85 
BS 1.06� 

252Cf+030 cm CH2 TEPC 0.95 1.07� 0.39 
(IHEP) ACR 1.63� 0.99 

BS 1.04� 
252Cf +Fe TEPC 1.00 0.80� 0.007 

ACR 0.75� 0.0 
BS 0.99� 

252Cf+012.7 cm CH2 TEPC 1.0 1.0� 0.098 
ACR 0.97� 1.03 
BS 1.19� 

252Cf+029.2 cm CH2 TEPC 1.0 1.0� 0.34 
(JINR) ACR 0.51� 1.09 

BS 1.12� 
Concrete labyrinth TEPC 1.0 1.0� 0.22 

ACR 1.23� 1.18 
REM-2 1.77� 1.21 

BS 1.53� 

Figs. 4a,b show the energy spectra of high energy fields which have been calculated 
by D.Gorbatkov with the code ROZ-6M+CADKO [18]. The spectra of neutrons from 
primary beam energies down to thermal ones, the spectra of charged hadrons (protons 
and 1r ± pions) down to 10 MeV and gammas from 0.1 up to 20 MeV were determined by 
the code. 
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Fig. 4.� Neutron and photon energy spectra calculated by D.Garbotkov with ROZ-6M code: a) 
Behind iron; b) Top concrete. 

The comparison was carried out with the following dosimetric systems: 

•� The analog component remmeter (ACR) [1], that includes an argon-filled ionization 
chamber, tissue-equivalent chamber, 3He-filled ionization chamber into the 25.4 cm 
diameter spherical polyethylene moderator. To minimize the neutron dose equiva
lent measurement systematic error, the correction method based on additional in
formation about a behaviour of the ionization chamber neutron response in different 
neutron spectra is applied. 

•� The Bonner multisphere neutron spectrometer (the dose equivalent measurement 
method by 6-spheres has been certified by VNIIM)[12]. 

•� REM-2 [13], [15]. 

The dose equivalent data for all dosimeters are normalized with the TEPC values. 
For the IHEP reference neutron fields the data are normalized by the expert data from 
[2]. In Table 1 the photon (and charged particles) - to- neutron dose equivalent ratios for 
radiation fields are presented. Fig. 5, 6, 7 illustrate the dose distribution of linear energy 
obtained with TEPC in the IHEP reference fields (252 Cf into 30 cm diameter spherical 
iron moderator), in the 137Cs photon source, in high energy radiation field behind the top 
of the U-70 proton accelerator shielding, in the JINR phasotron reference field (concrete 
labyrinth) . 

7� 



0.5 

252Cf+Fe 

.1!!
'c 
:> 

eO 
'
0. 

>. 
-=0 
>. 

0.4 

0.3 

0,2 

0.1 

Fig. 5. 

Normalized dose distri
butions measured with 
TEPC for photon 137CS 
source and for the IHEP 
neutron reference field 
(2s2Cf in 030 cm Fe). 

100 

Y. keVlftm 

"'0 
>. 

0,05 

JINR RF Fig. 6. 
Normalized dose distri
butions measured with 
TEPC for the JINR 
neutron reference field 
(concrete labyrinth). 

0.0 1...-::::--

100 101 102 

y, keY /fl\m 

....L..-_-------L..-----==L----l 

8� 

,� 



0.6 

Fig. 7. Normalized dose distri 0.5 

butions measured with 
TEPC for the ontop 

...,;
'c 
::l 

c€ 
0.4 

concrete shield of the c 
0.3 

70 GeV proton acceler
ator and into" Muons 

>: 
~ 
>. 0.2 

torch" overtop 10 GeV 0.1 

charged particles beam a 
(the 18-th channal of 10° 101 10 2 

Y. keVlftmU-70). 

5. DISCUSSION 

The photon dose equivalent data carried out by TEPC are not significant as compared 
with those measured with other dosimeters. The comparative results show that the TEPC 
data are systematically lower than those of the Bonner spectrometer within 20 % except 
for the JINR concrete labyrinth. The difference between the data of ACR and the ones 
of TEPC can be explained by the fact that the ACR correction method for neutron 
dose equivalent measurement cannot be used when the photon-to-neutron ratio of dose 
equivalent is higher than 0.3 ( 252Cf+0 30 cm CH2(IHEP), 252Cf+029.2 cm CH2(JINR)) 
or there is a high contribution of muons to the total dose equivalent (behind iron and 
"Muons torch"). The Bonner spectrometer data are by a factor of 2 higher than for 
TEPC in the concrete labyrinth. This over-response is explained by a high contribution 
(about 50%) of neutrons with '~nergy below 0.2 MeV to the neutron dose equivalent. The 
neutron energy response of TEPC is low for this neutron energy region. 

The systematic error of neutron dose equivalent measurement may be reduced with 
a correction factor when the average spectra neutron energy is less than 0.5 MeV. The 
correction factor may be obtained by one of two procedures. The former is based on the 
neutron energy dependence of the neutron response ratio of TEPC to neutron response 
of another detector. The TEPC is conventionally used together with the 3He-filled ion
ization chamber into the 24.5 cm diameter spherical polyethylene moderator for routine 
measurements. An alternative method may be based on the neutron energy dependences 
of average parameters for linear energy spectra [10]. 

Fig. 8 shows the ratio Rr/Rf as a function of neutron energy and Fig. 9 shows the 
ratio RI/Rf as a function of average neutron energy, where RI and Rf are response o! 
TEPC and 3He chamber in the 25.4 cm polyethylene moderator, correspondingly. The 
energy response of 3He chamber in the 25.4 cm polyethylene moderator has been calculated 
by S.Kharlampiev. This method is similar to that for the ACR correction method for 
neutron dose equvalent measurement [3], where the tissue equivalent chamber is used as 
TEPC here. Fig. 10 shows the ratio of Rh T / H* (10) for the neutron spectra as a 
function of Rr/Rf. Thus the use of Rr/Rf ratio allows one to get information about 
neutron spectra and estimate the neutron dose equivalent. The systematic measurement 
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error of neutron dose equivalent by TEPC may be reduced from 100% up to 10% for a 
wide region of neutron spectra. 
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Another way of getting information about neutron spectra and estimating systematical 
measurement errors may be the analysis of microdosimetric spectrum, for example d(y), 
where d(y) is the dose distribution in the units of linear energy y measured by TEPe. 
The ratio of dose fraction ( 8) for events with y > 100 keY/ pm to dose fraction for events 
with y> 2 keV/ pm is related to average neutron energy of spectra. Fig. 11 displays this 
ratio 8 for the average neutron energy of spectra from 0.1 up to 100 MeV, 8 is calculated 
as follows: 

8 = J~mQ$ d(y)dy 
(9)

J~mQZ d(y )dy , 

where Yl= 100 keY/ p.m, Ymax= 1000 keY/ p,m, Y2= 2 KeV/ pm. The value y=100 KeV/ pm 
is chosen as maximum of proton events, 2 KeV/ pm is chosen as maximum of photon 
events. Fig. 12 shows the correction factor( Rf/H*(10)) as a function of 8. If photon 
contribution to total dose equvalent is higher than 70%, the integration threshold must be 
equal to 6 or 10 KeV/ pm, because the value of events in the units of linear energy from 
photon and muons is less than 10 KeV/ p.m. But the increase of integration threshold 
results in the decrease of neutrC?n spectra, where this correction factor may be used. 
Besides the correction with 8 cannot be used when a large contribution of neutron with 
the energy is below 10 keY. For example, the concrete labyrinth, because neutron events 
in this energy region are less than 2 and 6 KeV/ pm. The latter procedure is rare, because 
it may be used when photon and charged particle contributions to dose are negligible. 
For example, this procedure may be used in measurements behind iron shields. 
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CONCLUSION� 

The use of neutron dose equivalent meter based on TEPC may be successful in a variety 
of radiation fields of a high energy accelerator . The TEPC may be used as a reference 
meter in various neutron fields for routine dosimeters. Alhough neutron response of TEPC 
is low for neutron energy below 0.3 Mev, the use of TEPC together with another simple 
dosimeter may be helpful to reduce systematic measurement errors of dose equivalent. 

The author is grateful to V.N.Lebedev and V.N.Kustarev for the support of this work, 
and to A.l.Abrosimov, A.V.Antipov, Yu.V.Bistrov, V.T.Golovachik for the help in mea
surements, S.A.Kharlampiev for assistance in energy response analysis, D.Gorbatkov for 
the neutron spectra calculations available. 
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