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Abstract 

The national primary standard of the PIB with its extrapo la ti on charrbers 

and associated equipment is described. The evaluation procedure in

cluding all the corrections of the measured values is discussed in 

detail. Measurerrent uncertainties are stated for beta ray sources of the 

radionuclides (90sr + 90Y), 204Tl, and 147Prn. An intercorrparison 

with the NPL of beta ray sources of these radionuclides shCMs that the 

results agree within the uncertainties claimed. 

Zusarrmenfassung 

Die nationale Primarnornal-MeBeinrichtung der PrB mit ihren Extapola

tionskannern und zugehorigen MeBgeraten wird beschrieben. Auf das Aus

werteverfahren einschlieBlich aller Korrektionen wird ausfiihrlich ein

gegangen. MeBunsicherheiten werden fi.ir Betastrahler der Radionuklide 

(90sr + 9oY), 204Tl und 147Prn angegeben. Vergleichsmessungen mit 

dern NPL, durchgefiihrt mit Betastrahlern di eser Radionuklide, Liefern 

Ergebnisse, die innerhalb der angegebenen MeBunsicherheiten 

i.ibereinstinmen. 
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1 INTRODUCI'ION 

According to the Gerrran Units Act /1/ the Physika Lisch-Technische Bun-

desanstalt rrust define and publish procedures for realizing unerribodied 

-1 
uni ts such as the Gray per second ( Gy s ) for the absorbed dose rate 

to tissue produced by beta radiation. The product of the absorbed dose 

rate and a qua Li ty factor (the qua Li ty factor is unity for beta 

radiation) is defined as the dose equi va Lent rate in the "Ordinance on 

Protection against Danage and Injuries caused by Ionizing Radiation" 

/2/. This ordinance contains a number of Limiting values for body doses, 

i.e. dose equi va Lents, and in some cases prescribes the observance of 

these Limiting values by measurements. 

The realization and dissemination of the unit Gy 
-1 

s for beta 

radiation corrprises 

- the generation of knc:wn fields of beta radiation (reference 

fields), 

- the deve Lopment and irrprovement of pr:i.nru:y standards (extrapolation 

charribers and associated equipment) and their conparison with s.irni Lar 

devices of other countries, and 

- the calibration of secondary standards, dose equivalent and dose 

equivalent rate meters. 

Beta sources containing the radionuc Lides ( 90sr + 90Y), 204T l and 

147 
Pm are used to produce reference fields (see tab Le 1) . The sources 

are usually used together with beam flattening filters specified in the 

international standard ISO 6980 /3/ to ensure that the characteristics 

of the fields conply with this standard. Areas up to 15 cm in diarceter 

of unifonn dose rate are produced by means of the beam flattening fil-

ters, enabling relatively Large beta dosemeters to be calibrated. rfue 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 



Tab le l : Types of beta ray soorces which are used to produce reference fields and far which data are shCMll in 

this report at the specified calibration distances. 

Sa.lrce type 

l 2 3 4 5 

Radionuclide 147Prn 204Tl 90Sr + 90y 90Sr + 90y 90Sr + 9Dy 

Mass per area of the in- I 
I active si l;-rer foi l_2'win- 5 + 1 20 + 3 50 + 5 50 + 5 I 50 + 5 - - - - -dew" ll1 rrg cm 
I 
I 

Protection against -2 1 F: thin gold 1 ~ thin gold 0.1 nm stain- I 0 .1 nm stain-0.5 rrg cm 
corrosicn electroplating f Lashing f f lashing less steel 

1 
less steel 

of nickel 

Mean beta ray energy 0.24 0.8 o.a ~ 

I o.s in MeV 0.06 

Filter according to yes yes yes yes I no 
ISO 6980 

I 
Calibration distance ; 

in an 20 30 30 30 I 11; 30; 50 
i 
I 
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range of the rrean energies of the beta rays is 0.06 MeV to 0.8 MeV, 
-1 -1 

the range of the absorbed dose rates about 1 rlJy s to 1 rrGy s • 

Calibrations of beta sources, dose equivalent and dose equivalent rate 

rreters have been reported / 4-9 /. The beta sources sent to the Pl'B for 

calibration di ffered in their relative spectral flux densiti es and angu-

Lar distributions of the beta partic Les. The ca Libration of these 

sources turned out to be tirre consuming and expensive because of the 

nurrerous measurerrents needed. On the initiative of some users the 

secondary standard for the absorbed dose rate for beta radiaticn 

developed in the National Physical Laboratory /10, 11/ was nodified and 

the prototype was offered to industry for manufacture under Licence 

/12,13/. 'As the relative spectral flux densiti es of the same types of 

bet a sources contained in the secondary standard agree we LL, nany tirre 

consuming measurerrents, for exarrple the det ennination of the correct ion 

factors k b and k (see section 5) , need to be perforrred on Ly once. a pe 

The other sources need be measured only relative to the f irst ones. Up 

to na.-1 65 secondary standards have been ca Librated in the Pl'B and are 

here referred to as "Pl'B secondary standards". 

Sources of types 1 to 3 (tab Le 1) are ccnsti tuents of a LL NPL secondary 

standards and of the Pl'B secondary standards 1 to 23. Sources of type 3 

are replaced in the PI'B secondary standards 24 to 65 by those of type 4 

with a thicker encapsulation (O.l mm stai nless steel) to avoid Leakage 

of radioactive nateriaL. Every Pl'B secondary standard contains a type 5 

source of high activity (about 1.9 GBq) ca librated without any beam 

flattening filter. 

'IWo types of extrapolation chambers are used for the rreasurerrent s of the 

absorbed dose rates: cne with a very LCM Leakage current but with a re-

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 
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Latively high polarity effect for the measurerrent of the absorbed dose 

-1 
rates be Lew about 10 {'3Y s , the other with a higher Leakage current 

but with a sna. LL polarity effect for the higher absorbed dose rates. The 

Latter has been proved capable of also measuring soft X-rays /14/. The 

extrapolation chambers and their associated equipment have been carpared 

with other standards /4,6,15-17/. 

This paper contains the description of the nationa L prina.ry standard and 

the procedure for detennining the absorbed dose rate to tissue. The 

carponent uncertainties contributing to the overa LL uncertainty of the 

absorbed dose rate are discussed for measurements of sources containing 

the radionuclides (90sr + 90Y), 204TL, and 147Prn. The results of 

an intercorcparison with the NPL of sources of these radionuc Li.des are 

reported. 

* 2 MF'..ASURAND ) 

The quantity to be detennined by the primary standard is the absorbed 

• ** dose rate D t ( 0) ) to tissue on the surface of a semi- infinite Ly 

extended phantcrn of tissue. Tissue is the short fonn for tissue 

equivalent material with the corrposition related to mass of 76.2 % 0, 

10.1 % H, 11.l % C and 2.6 % N /18/. Its density is 1 g cm-3 . 

* ) The word "measurand" was introduced by /44/ to designate the 

quantity to be measured. 

** ) corresponds to the • syniboL D (O) 
g 

in the PI'B 

ca Libration certificates of the secondary standards (Index "t" for 

tissue and Index "g" for the German "GE:.'W'ebe"). The nurrber in brackets, 

• Later a Lso used together with H', is the depth x in rnn be Lew the surface 

of the phantom. 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 



8 -

The unit of D t ( 0) is J kg - l s - l, the specia L name for this being 

gray per second ( Gy s - l ) . 

= 1 J kg-1 s-1 (1) 

The absorbed dose rate to tissue, is closely related to the 

quantity dose equivalent rate, H, used in radi ation protect ion which is 

given for beta radiation by 

• • 
H = q Dt 

-1 with q = 1 Sv Gy • 

(2) 

• • 
The quotient Dt(x)/Dt(O) is called the transmission fact or T'(x). 

The quantities "di rectional dose equivalent rate", H' (0.07) and H' (10), 

are defined in a 30 cm di ameter sphere of tissue /19/ and can be 

• • ca Leu Lated in good approximation from D t ( 0. 07) and D t ( 10) , as the 

different georret ries related to the quanti t i es (sphere and semi-

infinitely extended slab phantan) are of no practical influence in the 

case of beta radiati on: 

• ii· (0.01> 

Ii· (10> 

= q D t ( 0. 07) I 

= q 1\ (10}. 

3 PRIMARY STANDARD 

3 .1 EXPERIMENTAL ARRANGEMENT 

(3) 

(4) 

A schematic di agram of the experirrenta L arrangerrent is sham in figur e 

1. The current produced by ari extrapolation chanber (det ails see sect ion 

3.2) irradiated by beta radi ati on is measured by means of a vibrating 

capacitor anp Lifier (Cary Mode L 401) with capacitive feedback. The am-

pli fier enables measurerrents of currents dONn. to 10 fA to be carri ed out 
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Figure 1: Schenatic diagram of the experiroonta l arrangement of the 

prim:rry standard. 
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with a relative standard deviation for a single rreasurerrent of 0.1 % to 

0.2 % and a relative systematic uncertainty of 0.05 % /20/. The 

arrplifier can be grounded by rerrote control. Its output voltage is fed 

into a scanner. 

The extrapolation charrber is connected to a prograrmable voltage supply. 

The chamber depth is changed by a SID3. LL rerrote-contro L Led nntor coup Led 

to the micrareter scrfM of the extrapolation charrber. The chanber depth 

is rreasured with a sealed, incremental transducer (Heidenhain Model 

3010) connected to the measurerrent procedure control unit (HfMLett 

Packard Mode L 9810) • The indications of the increrrenta L transducer and 

the micrareter scrfM differed by Less than 1 fffi· 

The terrperature and re Lati ve humidity of the air in the co L Lecting 

volurre of the extrapolation charrber and between the extrapolation 

charrber and the beta source are stabili zed by air conditioning to (20 .::!: 

0.2) 0 c and (45 + 10) %, respectively. The air pressure varies due to 

atnnspheric conditions around about 100 kPa. The electric signals from a 

thernnreter and a barorreter are fed into the scanner. 

The central unit (HfMLett-Packard Model 9810) controls the whole rreas

urerrent cycle: Setting of the depth and voltage of the extrapolation 

charrber; reading and printing of the output vo L tage of the vibrating 

capacitor arrp Lifier and the devices for rreasuring the air terrperature 

and pressure after a preset tirre; zero setting of the vibrating 

capacitor arrplifier; restarting of the cycle. Thus the rreasurerrent of an 

extrapo Lation curve (see section 4) can be perforrred autCtlE.tica L Ly. 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 
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3.2 EXTRAPOIATI OO CHAMBER 

3.2.1 General 

The extrapo Lation chamber serves to rea Lize a sma LL air-f i L Led ioniza-

tion volurre. with a variable nass ma of air at a point of interest in a 

phantan. The ionization vo Lune approxinates part of a srra LL air s Lice in 

the phantan /21/. The extrapo Lation chamber is so constructed that the 

neasurerrent of the increrrent of the ionization current (corrected for 

recooibination Losses), LI I, per increment of the air nass of the co L-

Lecting vo Lune, LI ma, is perfonred as c Lose as possib Le under Bragg

Gray conditions (OOC) /22, 23/. Minor deviations from the Bragg-Gray 

conditions are expected to be eliminated by extrapolating LII/ Lima to

wards zero chamber depth: 

where 

w 

e 

s t,a 
(5) 

is the ratio of the average rrass co L Lision stepping 

pc:Mers for tissue and air averaged over the spectral 

beta particle flux density; 

the average energy required to produce an ion pair in 

air: 

the elementary charge; 

the Limiting value of the quotient of the increrrent 

of the ionization current, A I, per increrrent of the 

ness of the chamber gas, A ma' obtained for Bragg-

Gray conditions (OOC) • 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 
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The detennination of the quotient (AI/Am ) for Bragg-Gray conditions 
a 

can be interpreted as the detennination of the ionization current (cor-

rected for saturation) A I fran a hypothetica L chamber with the air 

mass Am operated under Bragg-Gray conditions. In contrast to other a 

dosinetric measuring rrethods with ionization chambers, here the exact 

value of the chamber depth itself need not be kna.m, only its change. 

3.2.2 Construction 

The cross section of the extrapo Lation chambers used is sha.m schemat-

ica L Ly in figure 2. ALL parts of the chamber hit by beta rays ( fran the 

Left) are made of po Lymethy Lrrethacry Late ( "P Lexig Las", perspex), po Ly-

ethy Lene terephtha Late fi Lm ( "Hostaphan", rrw Lar), and carbon which are 

in good approximation equivalent to tissue with respect to the trans-

missicn and backscattering of beta rays. The entrance winda.v (7) is a 

graphite-coated "Hostaphan" foi L, the foi L thickness without coating 

being 3. 5 fID· The foi L is stretched by a ring ( 4) on the e Lectrode 

housing ( 3) made of perspex. The entrance foi L ( 7) is . connected to the · 

co L Lecting potentia L via the socket ( 2) • There are two types of counter-

e Lectrodes which contain the oo L lecting e Lectrode ( 6) • 

The first type (for nore details see figure 3a) oonsists of a perspex 

block (5) 60 nm in diarreter and 31 nm in depth with a graphited surface 

( 6), which is divided into a circu Lar col Lecting e Lectrode 30 nm in 

diarreter, and a guard ring. Both areas are separated by a groove which 

is 0. 2 nm in width and depth. A carbon wire 0. l rnn thick connects the 

co L Lecting e Lectrode to the socket ( 8). 

The· second type (see figure 3b) consists of a graphite block 60 nm in 

diarreter and 20 nm in depth which is oovered by a 0.5 nm thick Layer of 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 
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Figure 2: Extrapolation chamber of type 1. Explanations: 1. Stand; 2. Socket for collecting voltage; 3. Housing 
of perspex; 4. Tension ring; 5. Perspex block; 6. Graphited surface divided into collecting electrode and guard 
ring; 7. Entrance foil; 8. Socket for collecting electrode; 9. Sliding-fit rod; 10. Cylindrica l guide for rod 9; 
11. Holder; 12. Adjustable nut; 13. Threaded ring; 14. Bolt; 15. Spring; 16. Tube; 17. Clanping piece; 18. Micro
meter screw. 

~ 

"" 
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p 

w 

g 

(a) (b) 

Figure 3: Scherratic cross sections of the main parts of the extra

po Lation chanber of type 1 (figure (a)) and type 2 (figure (b)). The 

collecting volume is indicated by the dotted area. Explanations: 

p piston rrade of perspex (figure (a) ) or graphite (figure (b) ) ; 

w entrance windCM; 

L chaniber depth; 

a area of co L Lecting e Lectrode; 

g guard ring; 

h thin perspex Layer (figure (b) ) • 
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perspex. As with the first type, the surface of the perspex Layer is 

graphite<:l and divided into a circular collecting electrode and a guard 

ring. A copper wire 0 .1 nm thick surrounde<:l by alx:)ut 2 rrm of perspex 

connects the co L Lecting e Lectrode to the socket. In the fo L Laving the 

two extrapolation chanbers differing in the construction of the 

electrode are referre<:l to as types 1 and 2. 

The depth of the rreasuring vo Lurre of the extrapo Lation chaimer can be 

change<:l by varying the distance between the e Lectrodes { 6) and { 7) in 

the range of 0 to 10. 5 nm. The chanber was designe<:l taking into consid

eration the fact that the change in the distance between the electrodes 

can be perfonred with an uncertainty be Lo.v 1 fID• whereby the para L Le Lism 

of the electrodes is ma.intaine<:l. This was made possible by rrounting the 

piston with the collecting electrode on a sliding-fit rod (9) which is 

rcovab Le by rreans of a spring { 15) in a 125 nm Long cy Lindrica L guide for 

the rod. The guide {10) is Longer than that camonly use<:l in carparable 

chamber constructions and this Le<:l to a relatively Long chamber, but 

this guide Length was found to be necessary to minimize the tilt of the 

rod (9) in the guide {10). The chamber depth can be varied by a micro

meter screw {18) coupled to a rolt {14) screwe<:l into the rod (9). The 

micrometer screw {18) is adjust able by means of the clanping piece {17), 

the tube {16), the threaded ring {13) and the nut {12) so that its 

indication exactly fits the actual chamber depth and the scale is turne<:l 

to.vards the observer. A sma LL rcotor for rerrote-contro L turning of the 

micrometer screw and a rennte-contro L Led increroonta L transducer for 

measuring the chamber depth were added at a Later stage of the chamber's 

operation and are not sho.vn in figure 2. The chamber is screwed onto the 

measuring table by rreans of the holder {11) and the stand (1). 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 
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Before graphi ting the perspex b Lock ( 5) of the type 1 extrapo Lation 

chamber, the unevenness of its surface was measured by a specia L 

microscope. The result is sho.vn in figure 4. The grooves are due to 

nachining on the Lathe. In order to avoid Larger dent depressions the 

surface was not po Li shed after rrachining. The surf ace proved to be 

sufficiently f Lat for the measurements. 

4 EVAWATI ON OF THE MEASUR™ENI'S 

To obtain the absorbed dose rate D t ( 0) the factors on the right of 

eq. ( 5) ITUst be determined, whereby the quotient (A I ) I ( 6 !\.) BGC is 

usually rrost difficult to obtain. If the measurements with the extra

polation chamber were performed under Bragg-Gray conditions, this 

quotient could be sinply obtained from the slope of the extrapolation 

curve (p Lot of I versus chamber depth L) di vided by the chamber gas 

density and the effective collector area. Unfortunately, Bragg-Gray 

conditions are a Lways rrore or Less vio Lated which can be seen fran the 

extrapolation curves for the sources of types 1 to 3 (table 1) in figure 

5: the slope of the extrapolation curve vari es with chamber depth. 

To overC'Olie these di ffi culties, all avai lable corrections for achieving 

Bragg-Gray conditions should be apptied, possibly by means of additional 

measurements. Moreover, it is reconnended that the slope of the extra

polation curve versus charrber depth L be plotted and the slope tONards 

L = 0 extrapolated. Thi s procedure has. been discussed in rrore detail for 

soft X-rays e Lsewhere /14/. F.q. ( 5) can be written as fo L LONS i f every 

correction is forna L Ly considered by a correction fact or: 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 
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chamber depth. The dashed Lines are Linear extrapo Lations of the 
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k' 

k = k d k bk L k. kdi k k kd I a a e in pe ac e 

(6) 

a is the effective co L Lector area of the neasuring vo Lume of the 

extraJ.X> Lation chaniber (co L Lecting vo Lume) 

Jo the air density at reference conditions 

I the ionization current of the extraJ.X>Lation chaniber; the 

neasured current of the extraJ.X>Lation chamber is corrected for 

the J.X>Larity of the collecting voltage, the Leakage current and 

the charge collection Loss to obtain the ionization current 

L the depth of the co L Lecting vo Lume 

k the correction for bremsstrahlung from the beta source -or 

the correction for the difference in backscatter between tissue 

and the nateria L of the co L Lecting e Lectrode 

kra the correction for radia L non-unifonni ty of the beam, i.e. 

perpendicular to the beam axis 

kwi the correction for the scattering and stopping of beta rays by 

the entrance windON 

kad the correction for the deviation of the ~ir density fran j> 0 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 
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k the correction for the attenuation of the beta rays between the ab 

beta source and the entrance windo.v 

kel the correction for the electrostatic attraction of the entrance 

foi L due to the col Lecting voltage 

k. the correction for interface eff ects between the air in the co L-
in 

Lecting volume and the adjacent entrance windo.v and collector 

area 

kdi the correction for divergence of the beam 

k the correction for the perturbation of the beta radiation by the pe 

side wa L ls of the ionization volume of the extrapolation chamber 

kac the correction for the attenuation of the beta rays in the col

lecting vo lume 

kde the correction for the radioactive decay of the beta source 

Reference conditions are designated as air terrperature T = 293 .15 K, 
0 

air pressure p = 101.3 kPa and relative humidity 45 %. 
0 

The quantities and corrections appertaining to eq.(6) are discussed in 

detail in section 5. The symbols of the quantities and corrections con-

sidered are given in brackets after the title of every subsection. The 

effort to detennine several corrections can be considerab Ly reduced by 

restricting the range of chamber depths to 0.5 nm to 2.5 nm, because at 

larger chamber depths the deviations of the correction factors from 

unity beccme large and rrust be kno.vn nore accurately. This is dennn-
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strated by figure 6 for the sources of types 1 to 3. Though the cor-

rection factors kad' kab' kel' k, I 
in 

and kde have already been 

considered for correcting the ionization current for all the chamber 

depths between 0.5 rrm and 10.5 rrm, the slope of the extrapolation curve 

is far fran being constant, even for the type 1 source at chamber depths 

greater than 4 nm. Past experience has sham that the range of chamber 

depths fran 0. 5 rrm to 2. 5 rrm is sufficient for the evaluation of all 

extrapolation curves. 

1.1 

f -· 1.0 

~ -H 
41 

0.9 'O 

¥: 
c 

goSr • 90y ~ A 

'i 0.8 204 Tl 
¥: 

0 

. 
.a 147Pm ftl x 

¥: . 
0.7 'O 

Ill 

:I!: -"'3 

0.60 2 4 6 8 mm 10 
CHAMBER DEPTH l --.. 

Figure 6: Slope of the extrapolation curves of sources of types 1 to 

3 dependent on the chamber depth l. The correction factors 

k, I 
lil 

and kde are considered for cor-

recting the ionization current I. 
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5. QUANTITIES AND OORRECT'IONS APPERI'AINING 'IO OO. ( 6) 

5.1 RATIO OF THE AVERAGE MASS OOLLISION S'IDPPING PCWERS (st,al 

The mass co L Lis ion stopping pc:Mer ratio st was ca Leu Lated for beta ,a 

sources with the radionuclides c90sr + ~), 204TL, and 147Pm on 

the i~ealized assunption that the beta particles continuously dissipate 

their energy: 

Where 

s t,a 

E 
m 

= 

E m 

J 
0 

E m 

J 
0 

fE (S/p)col,t dE 

(7) 

fE (S/f)col,a dE 

is the re La ti ve spectra L beta partic Le f Lux 

density in the co L Lecting vo Lune; 

the mass collision stopping pc:Mer for a beta 

partic Le of the kinetic energy E; additiona L 

index "t" for tissue and "a" for air; 

the maxi.num energy of the beta particles in the 

co L Lecting vo lurre. 

PE was neasured at the ca Libration distance by uncoo Led 150 rrm2 and 

200 rrm2 Si (Li) semiconductor detectors of 0. 3 rrm and 5 mn thickness 

and is shCMn in figure 7. These data for PE not corrected for back

scattering Loss (backscatter factor belCIN 1.1 for all radionuclides) and 

instrunenta L resolution can be used to ca Leu late st with sufficient, a 

Ly good approximation as st, a depends on Ly s Light Ly· on the beta par

tic·Le energy. The nost accurate data for st,a based on the (S/J>)coL 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 



1 

t 90 Sr + 90 y 

204T l 

w 14/pm 

0 
0 500 1000 1500 2000 2500 

Beta ray energy I keU -
Figure 7: Relative spectral beta particle flux densities of sources of the radicnuclides c90sr + 90y), 
204Tt, and 147Pm with beam flattening filters (sources of types 1 to 3, see table 1). The flux densities are 

nonra Lized to the sarre rcaxinurn va Lue ~E rcax, rut not corrected for instrurrenta L reso Lution or detector 

backscattering Loss. 
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data of Seltzer /24/ are shown in the first Line of table 2. Other 

st,a values based on older (S/~)col data and calculated for a 

slightly different conposition of soft tissue are shc:Mn in the 2nd and 

3rd Lines of table 2 for corrparison. st values used by OW'en /16/ are ,a 

given in the Last Li ne. 

The st va Lues can be assurred to be equa L for sources of the same ,a 

radionuc Lides rut of different types (see tab Le 1) • They do not even 

differ very nuch for the three different radionuclides. 

Tab Le 2: Ca Leu Lated ma.ss stopping poNer ratios st· for beta sources ,a 

with the radionuclides c90sr + 90Y), 204TL, and 147Prn. u is sy 

the estinated relative systenatic uncertainty of st • ,a 

--- - ------- ·---....... 

(S/S')col data Type of s t,a for 

: 90Sr+90y 204TL taken f ran tissue 

/24/ 1986 see p. 7 1.110 1.121 

/25/ 1972 Muscle, 1.111 1.139 
-

/26/ 1984 striated 1.111 1.122 

/27/ 1964, (ICRU) 

/28/ 1966 see /26/ 1.122 1.139 

-- -
u sy 

147Prn in % 

1.124 + 1.5 -

1.150 + 1.5 -·-
1.125 + 1.5 -

1.146 + 2.0 -

5. 2 AVERAGE ENERGY ROOUIRED TO PRODUCE AN ION PAIR IN AIR; ELEMENI'ARY 

CHARGE (W, e,) 

The. reconm:mded C'Ollventiona L va Lues of the average energy required to 

produce an ion pair in dry air, W, have increased during the Last 
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decades (second colurrn in table 1). The W/e value for laboratory air 

with a relative humidity of 45 % is obtained /29/ by nultiplying the 

values for dry air with the factor 0.997 (third colurrn in table 3) * ) . 

Table 3: W for dry air and W/e for air with a relative humidity of 45 %. 

w W/e 

Reference for dry air for air of relative 

in eV humidity 45 % 

in V 

/22/ 1962 33.73 + 0.15 33.63 + 0.15 - -
/30/ 1979 33.85 + 0.15 33.75 + 0.15 - -
/31/ 1985 33.97 + 0.06 33.87 + 0.06 - -

-·-.--~-~··-

5. 3 EFFECI'IVE C'OLLECroR AREA (a) 

The effective col Lector area is defined as the quotient of the co L Leet-

ing volurre and the chaniber depth L and differs slightly fran the geo-

matric col Lector area generated by inscribing a circu Lar groove (see 

figure 3) of the width xg (= 0.2 rnn) in the graphited surface (6) of 

the piston (see figure 2) • A second groove with the sama Lathe setting 

was inscribed in a perspex dl1IffiW of the sama dimansions as the graphited 

*) The ca Librations of the PrB secondary standards 1 to 65 are based 

on the older values of W (= 33. 73 eV for dry air, see table 3), ~ 

(= 1}, and st,a (see 2nd Line of table 2}. The Dt(O} values of the 

certificates should be nultiplied by 1.016, 1.001, and 0.984 for the 

sources of the radionuclides (90sr + 90.y}, 204TL, and 147Pm, 

respectively, to take into account the nore recent values. 
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piston to measure the diarreter xa of the gearetric co L Lector area and 

the width x of the groove directly with a measuring microscope. Thus 
g 

the sum ( x + x ) regarded as the diarreter of the effective co L -
a g 

Lector area could be measured with a relative errpirical standard 

deviation of sing Le measurement of 0 .1 % obtained from 4 measurements. 

The potentia L difference between the co L Lector area and the guard ring 

was a Lways kept be LON 1 mV and is srra L L carpared with the co L Lecting 

voltage. The distortion of the electric field of the collecting volume 

due to this potentia L difference /32/ cou Ld therefore be neg Lected. 

Blechschmidt's fornula /33/ for a capacitor with plane parallel circular 

electrodes with a guard ring was used to calculate the charriber capacity 

~· ~ = 
2 

E (x + x ) n I (4 L), a g 
(8) 

where E. is the dielectric constant. To calculate ~ with eq. (8) the 

charriber depth L had to be determined from the indication of the 

micr01Eter scrf?!W, considering the zero point of the charriber depth set-

ting. The zero point was obtained by measuring ~ versus L and extra-

-1 
po La ting ~ to L = 0. The change of the zero point with the 

anbient terrperature T of the extrapo Lation charriber was experimenta L Ly 

determined as (- 3.3 _:!: 0.1) pm K-l in the range 292 K~T:f303 K. 

The ~ values obtained with eq. (8) and by direct measurements with a 

measuring bridge agreed within _:!: 0. 2 % in the range of 0. 5 mn ~ L ~ 2. 5 rrm 

despite the unevenness of the collector shCJNn in figure 4. 

5. 4 CX>RRECI'ION FOR THE AIR DENSITY IN THE CX>LLECI'ING VOLUME ~ 

~al 
Every current measurement is referred to the air density ..Po = 

1.1995 kg m-3 at reference conditions (see page 20). The ionization 
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(9) 

to correct the air density under the conditions of the measurerrent (ab-

so Lute tenperature T, air pressure p) to reference conditions. The 

estimated relative systerratic uncertainties of the quantities ..Po' T, 

and p are 2: 0.04 %, + 0.03 %, and + 0.02 %, respectively. 

5. 5 DEI'ER1INATION OF THE IONIZATION CURRFNI' (I) 

The current measured at the socket (8) of the extrapolation chamber (see 

figure 2) is crnposed of a number of conponent currents caused by 

- the ionization of beta rays in the co L Lecting vo Lume. This current 

rrust be measured, the other conponent currents are regarded as 

disturbing ones. 

- Leakage of the chamber, not induced by pre-irradiation of the cham-

ber. This current is about 0.01 fA (resolution of the current meas-

uring system) for the type 1 extrapolation chamber and 1 fA for the 

type 2 extrapolation chamber. The Leakage current varies only s Lew Ly 

with time, and can therefore easi Ly be corrected for. The origin of 

the relatively high Leakage current of the type 2 chamber has not yet 

been di scovered. 

- radiation induced Leakage. This current is negligible if absorbed dose 

rates of beta sources with relatively Lew activity ( < 40 MBq) posi-

tioned at re Lative Ly Large distances from the chamber ( '> 20 cm) are 

measured. Otherwise, this current rrust be taken into account; for 

exarrple, a current of 10 fA was measured after irradiating a type 1 

chamber for severa L days with a c90sr + 90.y) source of 4 GBq 

activity at a distance of 10 cm. This current decayed with a time con-

stant of severa L weeks. 
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- the ionization of beta particles or of bremsstrahlung_ produced by the 

beta partic Les in the ai r of the _preanp Lifier or in sna LL air gaps in 

the close vici ni ty of the wire connecting the collect ing electrode and 

the preanplifier. This ionization i n the preanpli fier can be neglected 

as the beta rays and bremsstrah Lung are shie Lded by a perspex and an 

iron wall each 10 rrm thick. The current originating in the air gaps is 

also assuned to be negligible due to the chamber C'OllStruct ion. 

- beta particles stopped i n the perspex behind the collecting electrode 

(see figures 3 and 4) and di ffusing to this e Lectrode and the wi re 

connecting this electrode with the socket (8). This negative current 

nay be re Lative Ly Large for the type 1 chamber (up to a"bout 10 % of 

the current due to the ionization in the collecting volune) due to the 

thick perspex block behind the collect or area. Measur ements with this 

chamber shON that the polarity current increases exponentially with a 

tirre constant of about one minute after the onset of irradiation. A 

10 min pre- i r radiation of the chamber was therefore perfonred each 

tirre to obtain a stab Le chamber current . After the end of the 

irradi ati on the current decreases with approxinately the same tirre 

constant. 

The negat ive current due to the elect rons diffusing out of the perspex 

causes the "polari ty effect" /34/ expr essed as the deviation of the 

chamber current from the current due to ionization in the co L Lecting 

volune, divided by the Latter current. The rcagnitude of the polari ty 

effect can be recogni zed from the saturation curves shONn in figure 8 

for an irradi ation of the type 1 chanber with a ( 90sr + 90Y) source 

at a di stance of 30 cm. The saturation curves with their rrost satis-

factorily flat plateaus do not exhibit mirror syrmetry with respect to 

the abscissa. Mi rror synmetry could be reached by shifting the abscissa 

to the charrber current -3. 7 :EA. Irrespect ive of the rcagnitude of the 
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Figure 8: Saturation curves obtained with the type l extrapolation cham

ber irr adiated with a source of type l. The parameter is the chamber 

depth. 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 



- 30 -

co L Lecting }X)tentia L U, the sum (I+ + I _ ) of the currents obtained 

for }X)Sitive and negative }X)Larity of U (I_ is negative!) yields the 

sane va Lue within the Limits of uncertainty (figure 9) • 

The }X)Larity effect of the type 2 chamber is srreLL. It is between about 

0. 5 % and 2. 4 % for chamber depths between 0. 5 rrm and 2. 5 rrm for an ir-

di . 'th (908 90Y) ra ation wi a r + source. 

If the type 1 chanber is irradiated by a beta source, the negative 11}X)-

Larity current" is the only current to be rreasured in the Limiting case 

of zero charrber depth independent of the }X)Larity of the col Lecting po

tential. This is sh0tm in figure 10 for the radionuclides (90sr + 

90y) , 204T L, and 14 7 Pm (sources of type 1 to 3, see tab Le 1 ) • The 

---·--------

-4.5·10-15 
0 I = 0.506 mm 
• I = 1.006 mm 
x I = 1.506 mm 

A 

l -4.0·10-15 
0 I = 2.506 mm 
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• • I I) ) 

)( ) Ir 
)( I )( )( I 
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D 
-3.5·10-15 

-3.0·10-15 
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IUI 

Figure 9: Sum of the chamber currents for a source of type 3 obtained at 

}X)Sitive and negative }X)Larity of the collecting voltage u. 
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chamber currents I+ and I_ measured at J;X>Sitive and negative polar

ities of U a r e norma Lized by the current I_ ( L = 1. 506 mn) and extra-

po Lated tOvlards l = 0. The straight Lines be Longing to the sane radi o-

nuclide intersect ,the ordinate for each radionuclide at the same point 

within the Limits of uncertainty. The polarity effect is nost pronoonced 

for c90sr + 90Y) with the highest mean energy of the beta particles. 

1.0 
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0. 6 :.:::::-

E 
E 
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~-0. 2 
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Figure 10: Extrapo Lation of the currents I+ and I_ versus cha.rri:Jer 

depth L = 0 for sources of types 1 to 3 (see tab Le 1) • 

Verfügbar unter: https://doi.org/ 10.7795/110.20190315A 



32 
The dependence of the rragnitude of the polarity effect on the range of 

the beta partic Les a Lso becares apparent in the dependence of the 

po Lari ty effect on the depth x in a soft tissue equi va Lent phantom. To 

denonstrate this, different absorbers were added in front of the 

entrance windCM and the currents I+ and I were 1reasured for the 

radionuclides c90sr + 90Y), 204TL, and 147Pin (sources of type l 

to 3, see table 1). The results are sh<:Mn in figure 11. The polarity 

effect, expressed by the quotient (I_ + I+)/(I_ - I+)' decreases 

with phantom depth for ( 90sr + 90Y) and 204T L, and is ver:y srra LL 

and a Lrrost constant for 14 7 Pm. 

These measure1rents shCM that the po Lari ty effect resu L ts in an addi-

tional negative current which does not depend on the rragnitude and po-

Lari ty of the co L Lecting vo L tage and the charril::>er depth. 'l1his po Lari ty 

current can be e Liminated by measuring the currents I+ and I_ at 

positive and negative vo L tage and subtracting one current from the 

other. The Leakage current is thus a Lso e Liminated if it is constant 

during both 1reasure1rents. The difference of I+ and I is, on these 

assurrptions, double the ionization current reduced due to Lack of 

saturation resulting from voLUire reconibination, initial recorribination, 

and diffusion Loss. The ionization current is determined by means of the 

collection efficiency f 

I = (I+ - I_)/(2f) (10) 

and f is calculated by /35/: 

f = 

(11) 
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Figure 11: Dependence of the polarity effect, expressed by (I_ + I+)/(I_ - I+), on the depth beLCM the 

surface of the phantom, characteri zed as tissue mass per area, for sources of types 1 to 3 (see table 1). 
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where r 2 = (5.05 + 0.25) 1013 v2A-lrn-l 
0 

L = chamber depth 

~ = rreasured ionizat ion rate (collect ed charge per 

voll.llre and tine, ~ = (I+-I_)/ (2al) 

a = effective co L Lector area 

u = collect ing voltage (absolute value) 

El 
-1 = 4.4 V rn 

e = elerrentary charge * (2 k T)/e = 0.0505 V 

T = air tenperature } at T = 293.15 K 
* k = Boltzmann constant 

The total estirrated uncertainty of the charge collection Loss (1-f) is 

LCJNer than 10 % for f values above 0.98 which usually occur in 

practice. 

5. 6 OORRECI'ION FOR BREMSSTRAHLUOO FRCM THE BEI'A SOURCE (J),rl 

In addition to that caused by beta r adiation, a sma LL part of the 

ionization current I is caused by bremsstrah Lung erni tted fran the 

source. As the bremsstrahlung has a nuch greater penetrabi lity than the 

beta radiation, the ionization current Ibr due to bremsstrahlung can 

be rcea.sured by rcea.ns of an absorber of LCM atanic number (perspex, 

Hostaphan) positioned in front of the entrance windCM of the 

extrapolation chamber just sufficiently thick to stop the beta radiation 

rut on Ly s Li ght Ly attenuati ng the bremsstrah Lurig. The correction factor 

~r far bremsstrahlung is defined by the equation 

~r I = I - L • 
~r 

(12) 
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Bremsstrah Lung generated by the beta parti c Les in the absorl:::>er can l:::>e 

neglected. Perspex absorl:::>ers 10 nm and 3.4 nm thick and a Hostaphan foil 

0.25 nm thick were sufficient to stop the l:::>eta particles emitted from 

the sources of types l to 3 (see tab Le l ) of the radionuc Lides ( 90 Sr + 

and 147Pm. k values -or l:::>etween 0.994 and 0.999 

(+ 0.002) have been determined for these sources at the surface of the 

phantom. 

It has l:::>een dennnstrated /36/, that the contribution of bremsstrahlung 

to the absorbed dose rate nay l:::>e irrportant if the calibration is not re-

Lated to Dt (O) but to i\ (0.07), 
• • 

and the ratio Dt(0.07)/Dt(O) is 

srra L L. For exarrp Le, the quotient of the exposure rate due to brem.s

strah Lung and the absorbed dose rate 1\ ( 0. 07) was experimenta L Ly de-

. -1 147 tenm.ned as 1. 7 R Gy for a Pm source of type l /36/. The cor-

• • responding quotient for Dt (O) instead of Dt (0.07) is higher by about 

a factor of 5. The effective energy of the bremsstrah Lung photons is 

about 20 keV. The relatively Lo.v response (0.29) with respect to 

1\ (0.07) of a 0.39 nm thick TLD 100 thernoluminescence detector is 

147 changed for the Pm source of type l by about 8 % due to brems-

strahlung. 

5.7 CORROCTION FOR THE BACKSCATI'ER OF THE COLLECTIN3 ELECI'RODE AND GUARD 

RING (~l 

Sare of the incident l:::>eta particles are backscattered into the collect-

ing volume by the collecting electrode and adjoining parts of the guard 

ring. Ideally, the l:::>eta particles should l:::>e backscatted in the same way 

as if the col Lecting e Lectrode and the guard ring consisted of tissue, 

but as the collecting electrode consists of perspex alone for the type l 
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and perspex and graphite for the type 2 extrapolation charriber, the dif-

ference in ma.terials nust be corrected for (correcting factor \a)· 

Measurements of backscatter factors B of perspex, graphite and the 

a l.rrost tissue-equi va Lent substance M3 /37 / re Lati ve to air were per

formed for secondary standard sources of the radionuc Lides ( 90sr + 

and means of ultra thin Caso4 :Dy/Teflon therrro-

Luminescence dosemeters /38/. The backscatter factors were a LL equa L 

(arout 1.10) within the experimental uncertainty (variation coefficient 

2 % obtained frcm 5 measurements). The experimentally detennined back

scatter factor for 147Pm /11/ was nuch closer to unity (0.99). 

The uncertainties of the experimenta L Ly detennined backscatter factors 

are so Large that sma.LL differences in the B values of ma.terials with 

slightly diff erent effective atomic nunibers Z (definition of Z see /39/) 

cou Ld not be recognized. A sma. LL difference in the atomic nunibers can be 

considered by assuming that, in first approxirration, the absorbed dose 

rate due to backscattered radiation is proportiona L to Z. This means 

that the backscatter factors Bt and BP for tissue and perspex are 

related by' 

(B - 1) Zt/Z p p 
(13) 

where Zt = 6.50 and ZP = 5.85 are the effective atomic nunibers of 

tissue and perspex. The correction factor \a is given by' 

(14) 

The experimenta L Ly detennined va Lues of BP and the va Lues of \a 
calculated by' means of the eqs. (13) and (14) are surmarized in table 4. 

The re La ti ve systema.tic uncertainty of \a is rruch Laver than that of 

B (about + 2 %) because only the difference in backscatter of two 
p -
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substances with only slightly differing Z values nust be corrected. 

Table 4: Backscat ter factor BP of perspex and correction factor kba 

obtained for sources of types 1 to 3 (table 1). 

·~---··-------

B 
p 

Radionuclide 

204.rl 
-----·~----------·------------. .,-.... 

1.10 1.10 

------ - --- - --------· ··-··--·······<--·-------t--
1.010 1.010 

+ 0.3 % + 0.3 % 

147Pm 

0.99 

1.000 

+ 0.2 % 
---------~-------------- .. _____ , __ ,.·----~--·---

5. 8 CX:>:RRECI'ION FOR THE NON-UNIFORMITY OF THE BEAM AT THE CALIBRATI ON - -

5.8.1 Radial non-uniformity 

Because of the 30 nm diameter of the collector area, the absorbed dose 

rate is averaged over this area. If the absorbed dose rate has to be 

nea.sured on the axis of the beam the non-uniformity perpendicular to the 

axis nust be corrected for (correction factor k ) • The non-uniformity 
ra 

can be rreasured e.g. by a photographic fi lrn / 4/ or thenro Luminescence 

detectors positioned perpendicular to the axis. 

kra = 1 can be assurred if beam flattening filters according to the ISO 

standard /3/ are used. 

5. 8. 2 Axial non-uniformi. ty 

Axia L non-uniformity nay be caused by the divergence of the beta rays 

( ~rection factor kdi). and their attenuation in the phantom ( cor

rection factor k ) • The phantan is part Ly substituted by the extra-· ac 
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polation chamber; at the point of interest the phantan rca.terial is re-

placed by the air of the collecting vol1..llle. The attenuation nust there-

fore be considered for air instead of phantom rca.teriaL • 

• The ab.sorbed dose rate in air, D , averaged over the co L Lecting vo L1..llle a 

is ca Leu Lated from D (y ) at the entrance windON by integration over a o 

the distance y from the source between y 0 and y 0 + L if the divergence 

is considered: 

Yo + L Yo + L 

) 
2 

f • • . Yo • Yo 
D = 0a<Yo)2 dy/ dy = Da(yo) (15) a y y+ L 

0 

Yo Yo 

y 0 is the distance from the source to the entrance windON and L the 

chanber depth. As the entrance windON is always positioned at a fixed 

distance of the phantom surface, kdi is obtained by 

1 + L/y • 
0 

(16) 

Attenuation of the beta rays by the air in the co L Lecting vo L1..llle need 

only be considered for beta rays of LON energies, · for exanple for 

147Pm sources. The air attenuation can be obtained, for exanple, from 

measurerrents of the attenuation of the beta rays by positioning Hosta-

phan foi Ls in front of the entrance windON (see section 5 .14) and 

converting the results to air according to Cross /39/. For charti:>er 

depths beLON 2.5 mn 

k = 1 + c L ac ac 
(17) 

with cac of about 0.013 mn-l was obtained for 147Pm sources of 

type 1 (see table 1). 
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5. 9 CORRECI'ICN FOR THE AIR ATI'ENUATICN OF 'l"IiE BEI'A RAYS BETWEEN THE 

SOURCE AND 1'HE SURFACE OF THE PHAN'I'a-1 (k J_ 

The LCJNer the energy of the beta parti cles emitted from the source, the 

higher the probabi Li ty that the beta partic Les are scattered or even 

stopped in the air between the source and the phantom surface. Thi s 

probabi Lity depends on the air mass (proportiona L to the quotient of the 

ai r pressure p and the air terrperature T) and its relative humidity r 

between the source and the phantom • 

• The dependence of Dt (O) on r, p, and T can be obtained by rreasuring 

the ionization current at a sma L L chaniber depth (e.g. 1 nm) for dif-

ferent values of r and p/T. Measurements shCJNed that the correction for 

reference conditions can be neglected for sources of types 2 to 5 (see 

tab Le 1) • The correction factor kab taking i nto account the air 

. be . .c 147 f 1 attenuation can written LOr Pm sources o type as 

(18) 

where the constants c1 to c3 rray have the fo L LOiiing va Lues: c1 = 
-1 

0.00654; c2 = 14.5 K kPa ; c3 = 0.0437. 

5 .10 C'ORRECI'ION FOR THE RADIOAcrIVE _ DF.cAY OF THE BEI'A ~~J_ 

The radi oactive decay of the beta sources nust be taken into account by 

the correction factor 

(19) 

where t 112 is the ha Lf- Life of the radionuc Lide and 't is the decay 

tine to be correct ed for. 'I'he foLLCJNing are exarrples of half-Lives /43/: 
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90 90 
(10483 ±: 110) days for ( Sr+ Y), 

204 
( 1381 ±: 8) days for Tl, 

147 (957 + 4) days for Pm. 

5 .11 CO.RREX:.'I'ION FOR Tfil~ ELI<X:rROSTA'I'IC A'ITRACUON OF THE EN'rRANCE WINIX:W 

(k ) 
---el-

The electrostatic attraction of the thin entrance windCM caused by the 

electric field in the collecting volume was determined by measuring the 

chamber capacity versus the collecting voltage at 2.5 nm chamber depth. 

An attraction of ( 2. 2 ±:_ 1. 2) r was rreasured at a fie Ld strength of 1000 

V cm - l. As al L measurements were performed at fie Ld strengths ten 

times LCMer, the e Lectrostatic attraction cou Ld be neg Lected and thus 

the correction factor ke L = 1 cou Ld be assurred. 

5 .12 CORREC..'I'ION DUE TO INfi~~RF1\.CE EF'E'ECrs (k. ) ___ ,______________ -----in.:... 

The graphi ted perspex of the co L lector area and the graphi ted entrance 

windCM have sarewhat LCMer effective atomic numbers than the air in the 

co L Lecting vo Lume. HCMever, the disturbance of the secondary e Lectron 

f Lux at these graphite-air interfaces can be neglected as can be deduced 

by measurements at a tin-air interface /40,41/, if the extrapolation 

chamber is operated in Laboratory air at chamber depths Larger than 

0. 5 nm. Thus the correction factor for interface effects is k. = 1. 
in 
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5 .13 CO~ION FOR THE PERI'URBATICN OF THE BEI'A PARTICLE FLUX DENSITY 

BY THE SIDE WALLS OF THE EXTRAPOIATION CHAMBER (k ) 

The perturretion of the beta particle flux density by the side walls of 

the extr apolation charriber has been studied in detail elsewhere /42/. The 

results shew that the perturreticn correction factor k can be pe 

assuned to be the product of a shield factor and a scatter factor, the 

nagnitudes of which depend on the charriber depth l. k can be pe 

detennined by measurements of the ionization current with rings of 

varying thickness and of the same inner diameter of the charriber. The 

rings are positioned in front of the entrance wi ndCM. Exanples of k . pe 

values used during the calibration of sources of types 1 to 3 are 

sUitT1arized in table 5. 

Tab Le 5: Perturbaticn correction factor k for sources of types 1 to pe 

3. 

Radionucli de 

l 90Sr + 90y 204Tl 147Pm 

in nm Correction factor k pe 

0.5 0.997 0.999 1.001 

0.75 0.995 0.999 1.001 

1.00 0.993 0.998 1.002 

1.25 0.991 0.998 1.002 

1.50 0.990 0.998 1.003 

1. 75 0.998 0.999 1.003 

2.00 0.986 1.000 1.004 

2.25 0.984 1.000 1.004 

2.50 0.983 1.001 1.005 
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5 .14 CO~ION FOR THE SCATI'ERING AND S'IDPPING OF BEI'A RAYS BY THE 

Depending on the energy of the beta particles, these nay be stopped or 

rrore or Less scattered by the thin thick entrance windo,..r of the extra-

po Lation chanber. For exarrp Le, the high-energy beta partic Les emitted 

90 90 . fran a ( Sr + Y) source of type 5 wi LL only be scattered by the 

entrance windo,..r and thus give rise to a build-up of absorbed dose rate. 

On the other hand, a relatively Large fraction of LCM-energy beta par-

147 
tic Les emitted fran a Pm source of type 1 is absorbed by the 

entrance windo,..r. The increase or decrease of the absorbed dose rate can 

be determined experinenta L Ly by p Lacing Hostaphan foi Ls or perspex 

absorbers of different thicknesses in front of the entrance windo,..r and 

rreasuring the ionization current I for a fixed chanber depth (e.g. L = 

1 nm) • The thickness of the absorbers can be determined by weighing them 

and rreasuring their areas. The rrass per area values of Hostaphan are to 

be rrultiplied by 0.92 and those of perspex by 0.955 to obtain the tissue 

rrass per area and thus the tissue depth x. The extrapolation of I(x) to 

x = 0 is perforrred by considering the respective functiona L dependence 

of I(x) in the vicinity of x = 0 for each source. For a (90sr + 90Y) 

source of type 5 the current I ( x) increases a Lrrost Linear Ly with x for 

srrall x values, whereas I(x) decreases exponentially for a 147Pm 

source of type 1. As Long as the changes of the re Lati ve spectra L beta 

particle flux densities with x do not narkedly influence the s t,a 

value (see section 5.1), the quotient I(x)/I(O) can be regarded as the 

transmission factor T' ( x) • Exarrp Les of rreasured va Lues of T' ( x) are 

given in figure 12. 
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6 MFASUREMENI' UNCERI'AINI'IES OF THE ABSORBED OOSE RATE 'ID TISSUE; NPL 

Ca1PARISON 

The measurement uncertainty for D t ( 0) obtained by the prinary standard 

depends on the type and activity of the beta source and on the treasuring 

distance frcm the source. Measurement uncertainties of the prinary 

standard with the type 1 extrapolation charrber are stated in the follON

ing for sources of types 1 to 3 (see table 1) of an NPL secondary stand

ard. The sources were measured eight ti.Ires between 1974 and 1978: twice 

Figure 13: NPL jig with beta source and beam f Lattening filter (Left) 

positioned in front of the type 1 extrapo Lation charril::>er (right ) • The 

extrapolation chamber is placed in a graphited grounded housi ng of 

perspex to avoid electri cal disturbances and connected to the head of a 

vibrating capacitor arrplifier. 
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for (90sr + 90Y) (one source, no. 190), 3 tines for 204TL (two 

sources, no. 390 and no. 407), and 3 tines for 147Pin (two sources, no. 

590 and no. 607) • Figure 13 shONS a photograph of the jig of an NPL 

secondary standard positioned in front of the type l extrapolation 

chanber. The neasurenent conditions are Listed in table 6. 

Table 6: Measurenent conditions during the intercorrparison of types 1 to 

3 sources at the PTB. 

Chanber depth in nm 

Chanber current in fA 

Capacity of the integrator in pF 

Output voltage change of the in

tegrator in mV 

Integration time in s 

Co L Lecting potentia L in V 

'r pressure in kPa 

' t ' 0c r tenpera ure lll 

Lative air humidity in % 

0.5 to 2.5 

4 to 160 

20.08 

90 to 850 

100 to 1000 

+5 to +25 

99.7 to 101 

19.7 to 20.3 

40 to 50 

The results are corrpared (reference date 1 August 1978) with those 

obtained by <Men with an extrapolation chamber of corrpletely different 

design /10/. The electrodes of this chanber consist of thin graphi ted 

Me linex fi Lms which are strengthened at the comers and suspended under 

tension by fine wires in a Light framework. 

'l'he PTB rreasurenents carried out between 1974 and 1975 are based on 

evaluations of the extrapolation curves obtained with the sources no. 

190, 390 and 590. The PTB results dated 1978 are traced back to rreasure-

ments of extrapolation curves with PTB secondary standard sources with 
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the sane characteristics as the NPL sources. Factors for the Pl'B sources 

were detennined, relating the slope of the extrapolation curve and the 

ionization current at a specified chaniber depth (1000 fill). The NPL 

sources were measured at this depth only, and the absorbed dose rates 

were calculated by means of the factor obtained from the Pl'B sources. 

The statistica L uncertainty of the s Lopes of the extrapo Lation curves 

obtained for the NPL sources measured in August 1978 is slightly higher 

due to this procedure. 

• The quantities and corrections necessary for calculating Dt (O) (see 

eq. ( 6) ) which do not depend on the chaniber depth and do not vary during 

the measurement of the extrapolation curve are swmarized in table 7 to-

gether with their uncertainties. The other corrections applied to the 

current (I+ - I_) /2 before ca Leu La ting the s Lope d (k I)/ d L are given 

in tab Le 8 together with their uncertainties. The s Lope and its un-

certainty is given for each of the eight measurements in table 9. The 

uncertainties of the slopes are detennined for a 95 % confidence inter-

va L of a regression Line fitted through the measured points and is re-

garded as the combined uncertainty of a LL the random and systematic C'Om-

ponent uncertainties Listed in table 8. 

The eight NPL results of Dt(O) are systenatically sorrewhat higher than 

those of the Pl'B given in table 9; the results differ 1::¥ a factor of 

1.004 

1.008 

1.023 

for the type 1 source c90sr + 90Y), 

for the type 2 sources c204TL), 

f 3 (147Pm), or the type sources 

if the sane W/e and st values of table 7 are taken both by the Pl'B ,a 

and the NPL. 
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~~Values and uncertainties of the correction factors and quantities . . 

for ca Leu Lating D t ( 0) according to eq. ( 6) which do not depend on the 

chanber depth and do not vary during the measurerrent of the extrapolation 

curve. Sources of the sane radionuclides have the sane values and 

uncertainties of the correction factors and quantities with the exception 

of k . for the 147Pm sources no. 590 and 607. The value of k . for 
W1 W1 

the source no. 607 is given in brackets. 

Correction 
Type of factor or Unit 

quantity uncert. 

s - sy t,a ______ ,_, 
-------

W/e v sy 

-------- -
2 a cm sy 

-·-~· -·-·- --- -----·~ 

-3 
Jo kg m sy 

sy 

sy 

Radionuclide ---· 
90Sr+90y 204Tl 147Pm 

1.110 1.121 1.124 
+ 1.5 % + 1.5 % + 1.5 % - - -

-------.......,,-~.- -·--~----·--

_____ , _____ 
33.87 

+ 0.2 % -
7.243 

+ 0.1 % -~,,.., ___ , __ ,,,,_,.,. . ._... ____ , ___ _..,,,. ___ .,." ___ 

0.998 
+ 0.1 % 

1.010 
+ 0.3 % 

1.1995 
+ 0.04 -
0.994 

+ 0.2 % 

1.010 
+ 0.3 % 

% 

0.996 
+ 0.2 % 

1.000 
+ 0.2 % 

>--·-------·----·----·- ~·--------- ~---·----- _________ , 
1.000 1.000 1.000 sy + 0.2 % + 0.2 % + 0.5 % - -:-·--------!'--·--· --·--·--·- --0·-. 9'_9_1 ____ 1_ ~-000-TI45ll.I62l 

~i - sy + 0.2 % + 0.2 % + 1.5 % 
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Table 8: Values and relative uncertainties of the correction factors for -----
ca Leu Lating 1\ ( 0) according to eq. ( 6) which depend on the chamber depth 

or may vary during the rreasurenent of the extrapolation curve. kde is 

given in addition in the last Line. A nuniber marked by * indicates the 

extrene value or the greatest relative uncertainty of a correction factor. 

Correction 

factor 

-1 
f 

k. 
l.Il 

k ac 

~··~-~----~ 

Unit 

---

Type of 

uncert. 

sy 
,_._. __ ..,...,,,,,.._.....,,..." __ ,, 

sy 

Radionuclide 
~----, ..... --

90Sr+90.y 204Tl 147Pm 

1.021 * + 0.2 % 

__ __,_ _________ ·_~··-----
1.000 

+ o.o % 
---·---------~------·~---"'"""'"'~---

sy 
* 1.016 * 

+ 0.1 % ---- -----··--+--·-·--·-----·~-....._ __________ _ 

sy 

sy 

* 0.992* 
+ 0.2 % 

1.000 
+ o.o % 

* .998 
0.1 % 

* 1.005 
+ 0.2 % 

1.056 * 
+ 1.0 % 

k 0.913* 0.522 * 
de - sy + 0.2 % + 0.7 % - -

---··-·-·-~-"-

0. 39~ 
+ 0.7 % 

------ ----··-·--.------ ----·-····~- ·-·-···----*--]-------·-·-* ., 
..... ----~·-- ------~~~--~-- ________ .. __ ---~------.,,..-...-..... -.. ~,~--" .... ....,., ...... ,~--~-,.,......-~"-~ 
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Table 9: Values of the slope of the extrapolation curve with their random uncertainties for a 95 % confidence 

• level (5 degrees of freedom): values of Dt(O) obtained by nultiplying the slope with the quantities and cor-

rection factors according to eq. ( 6): i\ ( 0. 07) is obtained l!{ nu ltipying D t ( 0) by T' ( 0. 07) • 

Correction , 
I I 
j factor or Ii 
l 'I 

I quantity ~ 
' .f 
! ~ 

Unit 

-1 
p.l\ m 

Radionuclide 

204.rl 147Pm 

I I Source mmiber 
1 Type of ~l ~~~l-90~~~-..-~~~3-9-0~~~-,-~-40-7~-.-~~~~~~~--~~~ 
I· I. 590 607 

I uncer-1~1 ~~~~~~~--''--~~~Da-t-e~o-f-nea~~sLur-emen~~t~-l-~~~~~~~--ll---~~--1 
· I tainty i 5 Nov 74 3 Aug 78 / 10 Feb 7513 Aug 78 J 3 Aug 78 j 10 Jan 75 i 2 Aug 1a i 2 Aug 78 

i st . 17 .06 I 15.49 \ 10.46 j 5.47 i 19.59 I 25. 72 i 9. 95 : 22.04 

1 
. + 0.2 % 

1 
+ 0.5 % 

1 
+ 0.3 % + o. 7 % 

1 
+ 0.5 % 

1 
+ 0.5 % r= 0.6 % !: 0.6 % 

l 
I 

I I ! I 
0.6773 i 0.67361 0.2393 0.2402 I 0.860 0.5020 I 0.4977 ! 1.119 

I T' (0.07) I - i 

i I 
sy 

I 

I 
1.034 

+ 0.3 % 
0.965 

+ 0.3 % 
0.238 
+ 5 % l

i'l·I. 0.241 l 0.232 
; +5% I +5% 

! I 
l • -1 ! I Dt (0.07) . f3Y s I 
I I 

o. 70031 0.69651 0.830 0.119 
I 0.120 

I 
I 0.260 

I 
0.2309 

t 

I. o.231a 

I 
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The experimentally detennined T' ( 0. 07) values (see tab le 9) enable 

Dt(0.07) to be calculated: 

• • Dt(0.07) = T'(0.07) Dt(O) (20) 

The quotients of the measured NPL and PI'B values of i\ ( 0. 07) are: 

0.997 

0.994; 0.987 

0.927; 0.952 

for the sources of type l (90sr + 90Y), 

for the sources 390 and 407 of type 2 ( 204T L), 

for the sources 590 and 607 of type 3 c147Prn). 

The quadrature sums (square roots of the sum of squares) r 1 of the 

ccrcponent relative uncertainties are calculated from the values given in 

tab Les 7 and 9 and from the relative uncertainty of kde for every type 

of source and shewn in table 10 together with the corresponding values 

of the NPL. The values of W/e and st and their relative systercat_ ic ,a , 

uncertainties are assuned -to be the same for the PI'B and NPL. To better 

" judge the differences between the results for Dt(0.07), the quadrature 

--------------·~--''"~ ... ~, ........ ______ ____ 
Table 10: Quadrature sums L 1 and 1:2 of the carrponent systerratic and 

' random uncertainties for the measurand Dt(0.07) (see text). 

---r1 r2 
--

Source type Pl'B NPL PI'B NPL 

-
1 1. 7 3.2 0.7 2.4 

2 1.8 3.3 0.9 2.5 

3 5.5 6.5 5.3 6.2 
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suns I 2 are a Lso ca Leu Lated; these differ fran r l on Ly by the fact 

that the conponent systenatic uncertainties of W/e and st are ,a 
assurred to be zero. 

• • 'rhe eight neasured values of Dt (O) and Dt (0.07) obtained by the PTB 

NPL agree within the c Lai.Ired uncertainties. The sorrewhat Larger un-

certainties of the NPL are caused by the chamber construction op~imized 

to ireasure the absorbed dose to air free in air and not in a tissue 

equivalent phantan. For exanple, a conparatively Large (!2 %, /16/) 

relative systena.tic uncertainty of the col Lecting vo Lurre is therefore 

claiired for the NPL chamber. 

The author is indebted to Mr. Neudecker for his help and cooperation in 

arranging the experiirental set-up, and wishes to thank Dr. Klaus Geiger 

for his helpful comnents. 
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