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Natalia Golnik: Characterization of CERN-EC High Energy Reference Fields with Recombination Chamber.
The CERN-EC reference radiation field facility (called CERFF) is available behind a shielding of high-energy
particles beam at CERN since 1993. At present the parameters of the radiation from the beam target are well
investigated, however, there are still some serious doubts concerning contribution of low-LET concurrent radiation.
This paper presents an experimental procedure for determination of the contribution from the concurrent radiation
by measuring the absorbed dose and recombination index of radiation quality at different beam intensities.
Additionally, the values of H*(10) were measured in several measuring locations. Measurements were performed
with a REM-2 recombination chamber and compared with those obtained using a HANDI-TEPC instrument.

Natalia Golnik: Pomiar parametrów dozymetrycznych we wzorcowych polach promieniowania wielkiej energii
w CERN za pomocą komory rekombinacyjnei. Wzorcowe pola promieniowania rozproszonego za osłonami wiązki
cząstek wielkiej energii w CERN zostały stworzone w 1993 r. w ramach wspólnego programu badawczego CERN i
Komisji Europejskiej. Do chwili obecnej parametry promieniowania od targetu, na który pada wiązka, zostały
dobrze zbadane, natomiast prawie nie ma danych dotyczących towarzyszącego promieniowania o niskim LET,
które dochodzi do pól wzorcowych spoza targetu. W niniejszej pracy przedstawiono metodę wyznaczenia udziału
tego promieniowania poprzez pomiar dawki pochłoniętej i rekombinacyjnego wskaźnika jakości promieniowania
przy różnych intensywnościach wiązki padającej na target. Przedstawiono również wyniki pomiarów H*(10)
wykonanych w kilku punktach pól wzorcowych. Wyniki te porównano z wynikami uzyskanymi z pomiarów za
pomocą równoważnego tkance licznika proporcjonalnego typu HANDI.
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Наталия Гольник: Измерения дозиметрических параметров высокоэнергетических опорных полей в ЦЭРН
с помощью рекомбинационной камеры. Опорные поля за радиационными защитами пучка высо-
коэнергетических частиц в ЦЭРН были созданы в рамках международной исследовательской программы
Комиссии Европейского Сообщества в 1993г. В настоящее время хорошо определены характеристики
излучения от мишени ускорителя, но слабо исследованны параметры сопутствующего фонового излучения. В
настоящей работе представлены результаты дозиметрических измерений выполненных, с помощью
рекомбинационной камеры, главным образом с целью определения параметров сопутствующего излучения.
Определены также, значения амбиентной дозы в нескольких точках опорных полей. Результаты
представлены в сравнении с результатами полученными с помощью тканеэквивалентного
пропорционального счётчика типа HANDI.



1. INTRODUCTION

A CERN-EC reference radiation facility for the calibration and intercomparison of dosimetric

devices in high energy stray radiation fields is available at CERN since 1993(1). The facility (called

now CERFF) provides the reference fields that are sufficiently similar to the cosmic ray field

encountered at 10-20 km altitude. Recently the need for development and better understanding of

the dosimetry in such radiation fields has become more general with the ICRP(2) statement, that

individual exposures received by air crews during the operation of jet aircraft at high altitudes

have to be considered as being professional.

Several measurements campaigns have taken place in the years 1993-1996 in order to

determine the dosimetric parameters of the reference fields. Several institutions from all over

Europe participated (a list is given in ref. [1]), using a number of different techniques. The

neutron spectral fluences in the references positions were also calculated by Monte Carlo methods

using the latest version of the FLUKA code(3). The recent results presented in ref [3] showed that

the CERN-EC reference field facility provides well-defined exposure locations, however, there

are still some doubts concerning contribution of low-LET "parasite" radiation(4"6) that is a

parameter of the experimental set-up which is difficult to control. This concurrent radiation

component may influence comparison of ionization chambers, TEPC counters and other devices

having considerable sensitivity to low-LET radiation.

This paper presents an experimental procedure for determination of the contribution from the

concurrent radiation by measuring the absorbed dose and recombination index of radiation

quality^7) at different beam intensities.

Another important goal of the experiment was a comparison of the REM-2 chamber and

HANDI-TEPC response to ambient dose equivalent, H*(10). For this, the measurements were

performed with the REM-2 recombination chamber at the same beam intensities as earlier

measurements with a HANDI-TEPC instrument(8). This enabled comparison of the results

obtained with both detectors.

2. THE CERN-EU HIGH ENERGY REFERENCE RADIATION FIELD FACILITY

(CERFF)

This paper presents only a basic description of the CERN-EU facility, necessary for

presentation of the results. More details can be found e.g. in Ref. [1, 3-6] and in several other

papers listed in these references.

The CERFF facility is set up at one of the secondary beams (F£6) from the Super Proton

Synchrotron (SPS) in the North Experimental Area on the Prevessin site of CERN. A positive or

negative hadron beam with momentum of either 120 or 205 GeV/c is stopped in a copper target,

7 cm in diameter and 50 cm in length, which can be installed in two different positions in the

irradiation cave. On top of these two positions, the secondary particles produced in the target are

filtered by a shielding made up of either 80 cm concrete or 40 cm iron. These roof-shields

produce almost uniform radiation fields (mostly neutrons) over two areas 2x2 m. Neutron fluence



spectra for the areas (see Figure 1) were calculated by Roesler and StevensonC9) (see Figure 1)

and appeared to be very similar for both of the hadron momentum used.

§ 200

1
o

_c
4" 100

o

10"6 10"5 IO"4 10'3 10"2 10'' 10°

Neutron energy, MeV
102

i r
10"* 1O'} IO"4 IO"3 10'2 10"' 10° 10' 102

Neutron energy, MeV

Figure 1. Neutron fluence spectra outside the top iron and concrete shieldings of the CERN-EU Reference Field
Facility, as calculated with FLUKA program(9) normalized to 106 incident protons with momentum of 205 GeV/c.
The figure given by Roesler and Stevenson was plotted by the author of this work in the linear scale for the fluence
axis while the logarithmic scale was used in the original paper.

Each of the areas is divided into 16 squares (numbered from 1 to 16) of 50><50 cm. Each

element of these "grids" represents a reference exposure location. Additional measurement

positions are available behind the lateral-shielding of the irradiation cave at the same angles with

respect to the target as for the two roof positions. Shielding is either 80 cm or 160 cm concrete,

and at both positions 8 additional exposure locations (arranged in 2x4 grids made up of the same

50x50 cm elements) are provided. The nominal measurement points are at the center of each

square at 25 cm above floor, i.e. at the center of a 50x50x50 cm volume (see Figure 2). For

convenience, the measuring locations are denoted with letters C (concrete), I (iron), T (top) and

S(side). Fore example, the code CT6 means the location number 6 on the roof-shield, with the

target in the position under the concrete roof.
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Figure 2. Grid system showing the top and side measurement locations for both concrete and iron shielding
configurations.



The time characteristic of the field revealed the pulse structure of the beam with the duration

time of 2 s and repetition time of 14.4 s, as sketched in Figure 3

Flat top

Pulse cycle

Is 2s Is 14.4 s

Figure. 3. Evolution of the magnetic field in a pulse duration. During beam extraction the radiation intensity
structure follows the variations of the magnetic field (200MHz).

The intensity of the primary beam is monitored by an air-filled precision ionization chamber

(PIC) at atmospheric pressure, placed in the beam just upstream of the target and connected to a

current-digitizing circuit. One PIC-count corresponds (within 10%) to 2.2><104 particles(3>.

3. MATERIALS AND METHODS

The measurements were performed using the REM-2 recombination chamber No 3288 from

CERN TIS-RP calibration room. Short description of the chamber, and some details of the

method are given in Appendix A.

All the measurements were performed with the target in the position under the concrete roof and

beam with momentum of 120 GeV/c. The program of the measurements included:

1. Measurements in locations CT 6 and CS 2 at various beam intensities - determination of the

absorbed dose and recombination index of radiation quality only for studies of the target and

concurrent radiation.

2. Measurements of the full saturation curve of the chamber in locations CT 6 and CS 2 at beam

intensity of about 4800 PIC/pulse - determination of the total absorbed dose, recombination

index of radiation quality (Q4)
(7'U) that approximates the ICRP-21 quality factor, low-LET

component and ICRP-60 quality factor - for comparison with the values measured with other

detectors.

3. Several locations on the concrete roof - measurements of H*(1Q) - for comparison with the

values measured with other detectors.

4. EXPERIMENTAL RESULTS

4.1. Influence of the concurrent radiation

The usual way to present the results of measurements at the CERN calibration facility is to

relate them to the beam intensity i.e. to the PIC monitor count. Such presentation can be

sometimes misleading when the total dose equivalent is of interest. It can be seen from Figure 4



that the absorbed dose per PIC count exhibits a non-linear dependence versus beam intensity at

the top location, while the same quantity is constant at the side location.
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Figure 4. Total absorbed dose per PIC count measured at different intensities of the beam on the target for top
concrete CT6 location (circles) and side concrete CS2 location (triangles).

This effect should be related to the presence of some ,,concurrent" radiation(4>5>6), that comes

over the top roof together with the beam pulse and is not observed during the intervals between

peaks. When the same data (from Figure 4) are presented with the total absorbed dose per pulse

(not per PIC count) on the y axis, the dependence on PIC count becomes linear (see Figure 5).

This enables to determine the absorbed dose due to the concurrent radiation as a component

independent of the beam intensity. The value determined from Figure 5 was equal to

Dc= 137 nGy per pulse at the time of measurements. The influence of the concurrent radiation

was not pronounced at the side location CS2. The linear fit in Figure 5 obtained for this location

passes well through the beginning of the coordinate system.
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Figure 5. The same results as in Fig. 4 presented in fonn of the absorbed dose per pulse in dependence on the
beam intensity on the target. The experimental points are fitted with the linear function D=DC+DTPP, where P is
the PIC count per pulse value, Djp is the absorbed dose of radiation from the target per PIC count and D c is the
absorbed dose of the concurrent radiation per pulse.



The concurrent radiation influences also the value of the radiation quality factor at the top

locations. The illustration of the influence is shown in Figure 6 where the measured values of Q4

are presented for different beam intensities and for two measuring locations (CT6 and CS2). It

can be seen that the Q4 value is constant at the side location and increases with increasing beam

intensity at the top location.

1000 2000 5000 6000 70003000 4000

PIC count per pulse

Figure 6. Recombination index of radiation quality Q4 measured at different intensities of the beam on the target
for top concrete CT6 location (circles) and side concrete CS2 location (triangles).

The recombination index of radiation quality Q4 can be expressed as:

D c DT
4 D D (1)

where Dc, Q4c and DT, Q4T are the absorbed dose and Q4 values for the concurrent and target

radiation, respectively.

Therefore:

Q4 = C-4T (2)

and: Q 4 =Q 4 T - (Q 4 T -Q 4 C ) -
D

(3)

The relation (3) enables the experimental determination of the Q4T and Q4C values from the
measurements of Q4. The results are shown in Figure 7 where the experimental data obtained at
the CT6 location are presented as a function of Dc/D. The values of D c = 137 nGy per pulse was
used, as it was earlier derived from the linear fit shown in Figure 5.
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Figure 7. Recombination index of radiation quality Q4 measured at the CT6 location presented as a function of
Dc/D
The value of Dc = 137 nGy per pulse was used, as derived from the linear fit shown in Figure 6.

The values of Q4T-3.35 and Q4C- 1.22 were derived from the linear fit shown in the

Figure 7. The obtained value of Q4T was equal to the value of Q4 measured at the side location

CS2, therefore it seems to be truly associated with the radiation coming from the target.

4.2 Dosimetric parameters of the radiation field in reference locations TC 6 and SC 2

The main dosimetric parameters obtained for CT6 and CS2 locations at 4800 ±200 PIC

counts per pulse are summarized in Table 1.

The ratio of DIOW-LET/D and ICRP-60 quality factor were determined by analysis of the

saturation curve of REM-2 chamber(I2>13). The values of D]0W-LET/D = 0.7 and DIOW.LET/D = 0.64

were obtained for the top and side locations, respectively. The threshold for the ,,low-LET"

determined by recombination method is at about 20 keV/|im.

The uncertainties indicated in the above table are:

- the statistical errors in case of D, Q4 and H*(10) with ICRP-21 quality factor

- the statistical errors plus the estimated error of the de-convolution method in case of

H*(10) with the ICRP-60 quality factor.

The way, how the chamber was calibrated and used, makes the chamber response optimized

for measurements of H*(10). Therefore, the dose equivalent values marked in the tables in bold

should be considered as the values of primary importance. The measured values of the absorbed

dose may vary from the D*(10) by a calibration factor. It should be, however, underlined that this

does not influence the accuracy of the relative measurements, like those presented below.

For comparison, the reference H*(10) values(8) obtained with aHANDI TEPC instrument are

also given in the same table.



Table 1. Comparison between the values of dosimetric parameters measured at CT6 and CS2 locations at about
4800 PIC counts per pulse by REM-2 recombination chamber and by HANDI-TEPC(8).

D 10"10 Gy/PIC

Q4

DIOW-LET/D

H*(10)ICRP.2i 10"10 Sv/PIC

H*(lO)iCRp.6olO"10 Sv/PIC

Top concrete CT6

REM-2

1.032+ 0.00f

2.75 ±0.1

0.7 ±0.1

2.84 ± 0.15

3.2 ± 0.6

HANDI

2.94 ±0.31

3.22 ±0.27

Side concrete CS2

REM-2

1.13 ±0.00:

3.35 ±0.1

0.64 ±0.1

3.79 ± 0.2

5.0 ± 1

HANDI

i

3.75 ±0.41

4.55 ±0.38

4.3 Dose equivalent rates on the top of the concrete roof-shield.

The dose equivalent rates, normalized to one PIC-count are given in Table 2 for several

exposure locations on the top of the concrete roof-shield. All the measurements with REM-2

chamber were performed at the beam intensity of 4800 ± 400 PIC counts per pulse and the

measurements with HANDI(8) at beam intensities also around 4800 PIC counts per pulse. The

range of the beam intensity variation was somewhat larger(14) in this measurements than during the

REM-2 ones but the exact data have not been published.

Table 2. Dose equivalent rates on top of the concrete roof-shield (Concrete Top) measured at about 4800 PIC
counts per pulse by REM-2 recombination chamber and by HANDI-TEPC(8).

Location

CT4

CT5

CT6

CT8

CT10

CT11

CT12

CT16

H*(10), 10"10 Sv/PIC count

REM-2

1.79 ±0.1

2.62 ±0.15

2.84 ±0.15

2.38 ±0.15

3.01 ±0.16

3.02±0.16

2.55±0.15

2.12 ±0.13

HANDI

1.76 ±0.19

2.79 ±0.31

2.94 ±0.31

2.54 ±0.27

3.06 ±0.34

3.13 ±0.34

2.73 ±0.30

2.13 ±0.24



5. CONCLUSIONS

The measurements performed on the concrete roof (location CT6) showed that there was a

considerably large component of concurrent radiation, which could not be related to the beam

intensity on the target. The dose rate from this component was equal to D c = 137±7 nGy/pulse

and the recombination index of radiation quality Q4c = 1-22 (therefore, the dose equivalent due to

this component was equal to 42 uSv/h). This means that for example at 5000 PIC counts per

pulse, the concurrent component D c constitutes more than 25% of the total dose, almost 40% of

the low-LET dose and about 10% of the total ambient dose equivalent rate.

The Dc value can be compared with the value of Dc = 140±20 nGy/pulse obtained in our

measurements in September 1993(4>15). Both values are very close one to another, but generally

there is not much information on the question if the concurrent component is constant in time.

The quality factor of the concurrent component is about 3 times lower than those of target

component, so even considerable variations of the concurrent component can be seen as being

within experimental uncertainties or differences between devices, when the values of dose

equivalent are compared. Perhaps it would be worthwhile to have a monitor of the total absorbed

dose on the roof shield, connected as an additional device to the monitoring system. The REM-2

chamber could be well suited for this purpose, because of very good long time stability and no

service requirements.

The total H*(10) values with ICRP-21 quality factor measured by REM-2 chamber are in very

good agreement with the values measured by HANDI TEPC(8) - the differences between results of

both detectors are within the experimental uncertainties for all the locations investigated. The high

energy neutrons at CERFF are filtered by the thick shields. It can be expected that in such

conditions (not very far from charged particles equilibrium) the differences in wall thickness and

scattering properties between both detectors do not cause any considerable difference in their

response to H*(10). On the other hand, both detectors exhibit somewhat different energy

dependence of the response to H*(10) and also different calibration procedures were used.

Therefore the similar response reported here should be considered with caution, as concerning

only the particular radiation field and particular calibration procedures.

The values of H*(10) with ICRP-60 quality factor were determined for two locations only

(CT6 and CS2). The results are also in agreement with those of HAND! Generally, the determi-

nation of ICRP-60 quality factor by recombination chamber requires rather long time (about 2 h)

and involves relatively difficult evaluation of the results. It seems, however, that it is not necessary

to apply the full procedure to all the locations. Ratio of the H*(10) values with ICRP-60 and

ICRP-21 quality factors calculated from the HANDI results for different positions on the concrete

roof varies from 1.095 to 1.164 with the average value of 1.137. The variations of the ratio are

not significant comparing to the statistical errors. The ratio obtained by the REM-2 chamber for

CT6 location was equal to 1.144. Therefore, the coefficient of 1.14 can be used for conversion

from ICRP-21 to ICRP-60 quality factor for all the top locations. It should be underlined,

however, that the above value of the conversion coefficient is related to the beam intensity of



about 4000 - 5000 PIC count per pulse an may vary with the beam intensity. Similarly, the factor

of about 1.25 can be used for all the concrete side locations independently of the beam intensity.

APPENDIX A

Al. RECOMBINATION CHAMBER

The REM-2 recombination chamber(16'17) manufactured in Poland by POLON is a cylindrical,

parallel-plate ionization chamber with 25 tissue-equivalent electrodes. It has the volume of

2000 cm3, mass of 6 kg and the effective wall thickness of about 2 g/cm3. The chamber is filled

with the mixture of methane and nitrogen (5%) at pressure of about 1 MPa.

Before the measurements, the chamber was calibrated in the CERN calibration room in

reference radiation field of 137Cs source at the ambient dose equivalent rate of 1 mSv/fr

The response of the chamber to the ambient dose equivalent was equal to R H Q S = 3.7210"
4 C/Sv for 137Cs source and did not change since our measurements performed in 1992(18). This

value was then multiplied by the factor 1.17 that is the earlier determined ratio of the response to
241Am-Be source radiation to the response to 137Cs radiation in terms of H*(10). As it was shown

earlier'17'19), such calibration provides the relatively flat response of the chamber to H*(10).

Recombination voltage U4 is defined as such collecting voltage applied to the chamber, at

which the local recombination in reference photon field (137Cs) is equal to about 4% (e.g. there is

96% of saturation). The value of U4=80 V was found for the chamber used in the measurements

described here.

Complete saturation curve of the chamber was also determined, where 27 values of positive

and negative voltages were sequentially applied to the chamber from computer controlled voltage

supply unit. The values of the electrical charge, q, collected at the same absolute values of the

collecting voltage were averaged i.e. q(U) = [q(+U)-q(-U)]/2. The curve was later used for

determination of the dose distribution versus LET.

A2. METHOD

Recombination methods are based on phenomenon of local recombination of ions in the gas

filling the cavity of the recombination chamber. Therefore, they usually involve measuring of the

ionization current as a function of the collecting voltage(15'19). The ionization current can be

measured directly by an electrometer or by measuring the electrical charge collected during the

certain time on a capacitor externally connected to the electrometer. The last method was used

during the measurements described here because it was more convenient in case of pulsed

radiation fields with pulses well separated in time, like it was at SPS.

The following approach was used:



Determination of the total absorbed dose

The total absorbed dose per monitor (PIC) count is proportional to the saturation current of

the chamber:

S

Where:

D is total absorbed dose;

q(1000V)~q(-1000V)
q(1000 V) = is the electrical charge collected at collecting voltage

of 1000 V (averaged over both polarities);

M. is the monitor value (PIC count) for the time of the electrical charge collection;

RH is a calibration factor determined in reference field of 137Cs;

S is a correction factor due to lack of saturation at 1000V.

Determination of the radiation quality factor (ICRP-21)

The ICRP-21 quality factor was approximated by the recombination index of radiation

quality(7) (Q4), determined as:

( A 2 )

Where indexes SPS and REF refers to the measurements at SPS and in the reference radiation

field of 137Cs source, respectively. The value of recombination voltage U4 = 80 V was determined

during calibration of the chamber.

Determination of H*(10) with ICRP-21 radiation quality factor

Ambient dose equivalent per PIC count was determined as a product of the total absorbed

dose per PIC count and recombination index of radiation quality.

H*(10) = D x Q 4 (A3)

The response of the chamber to H*(10) was earlier investigated in several mixed radiation

fields(20'21). The results clearly showed that the chamber can be successfully used as a detector of

H*(10) in mixed radiation fields of unknown composition and broad energy spectrum.

Determination of low-LET dose component and ICRP-60 quality factor

The low-LET dose component and ICRP-60 quality factor were determined by determination

of the dose distribution versus LET from the shape of the saturation curve of the recombination

chamber(I2J3).
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The output signal of the recombination chamber is the ionization current as a function of

collecting voltage (the saturation curve). The ion collection efficiency, f, at given collecting

voltage depends on the absorbed dose distribution on local ion density, u, scaled such that u=l

for reference gamma radiation of 137Cs. The existing theoretical models of initial recombination

and experimental results indicate that the local ion density can be related to the restricted LET,

LA, with cut-off A of about 500 eV (for more detailed description see Ref. 15).

L 0

where / is the ionization current at given collecting voltage, /'o is the saturation current, F(X,p) is a

function of electrical field strength, X, and filling gas pressure in the chamber. Lo=3.5 keV urn"1 is

a scaling factor relating u to LA.

Therefore, the dose distribution versus LET, D(LA) can be obtained by fitting the equation

(A4) to the experimentally determined saturation curve of a recombination chamber.
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