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In this pa per, the pro ce dure for de ter mi na tion of the mean value of non-ho mog e nous back -
ground ra di a tion and the ex pres sion of mea sure ment un cer tainty is con sid ered. The back -
ground ra di a tion is de scribed us ing the Stu dent's dis tri bu tion, and the mea sure ment un cer -
tainty us ing the Welch-Satterthwaite equa tion. The pro posed al go rithm was ex per i men tally
ver i fied un der well-con trolled lab o ra tory con di tions and sat is fac tory re sults were ob tained.
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IN TRO DUC TION

One of the ba sic char ac ter is tics of the mea sure -
ment un cer tainty con cept is that some dis tri bu tion
func tions are as signed to each in flu en tial fac tor. Con -
cern ing this, there is a clear dif fer ence be tween the
con cept of mea sure ment un cer tainty and the clas si cal
er ror the ory. This is par tic u larly true in the de ter mi na -
tion of the com bined mea sure ment un cer tainty [1-7].
Namely, in the case of com bined mea sure ment un cer -
tainty, the stan dard un cer tainty uc (which has the
mean ing of the stan dard de vi a tion) is de fined, as well
as the ex panded mea sure ment un cer tainty Uc = kuc,
where k is the ex pan sion fac tor. The stan dard com -
bined un cer tainty is then cal cu lated us ing the ex ist ing
re la tions. How ever, a much larger prob lem is the de -
ter mi na tion of the com bined mea sure ment un cer tainty 
dis tri bu tion, and hence the de ter mi na tion of the ex pan -
sion fac tor k.

In the ex per i men tal nu clear phys ics, there is a
prob lem of com bined mea sure ment un cer tainty dis tri -
bu tion func tion de ter mi na tion for the ex per i ments in
which the back ground ra di a tion is taken into ac count.
Namely, in the stan dard pro ce dures, the back ground
ra di a tion is cal cu lated on the ba sis of a small sta tis ti cal
sam ple, where for the mea sured ra di a tion (the num ber

of counted im pulses by the GM coun ter or the like) the
nor mal dis tri bu tion is as sumed to be valid. It can then
be as sumed that the num ber of de grees of free dom of
re sult is in fi nitely large. Such a pro ce dure is not sta tis -
ti cally cor rect, since the nor mal dis tri bu tion can not be
ap plied to a small sta tis ti cal sam ple, but it is nec es sary
to ap ply the Stu dent's  t-dis tri bu tion  [1-7].

The Stu dent's dis tri bu tion is used in case where
the mea sured quan tity be longs to the nor mal dis tri bu -
tion, but the num ber of ex per i ments n in the sta tis ti cal
sam ple is rel a tively small. In this case, the Stu dent's
dis tri bu tion has ns = n – 1 de grees of free dom. In nu -
clear phys ics, when mea sur ing ra dio ac tiv ity, the mea -
sured quan tity is de ter mined on the ba sis of sev eral in -
flu en tial quan ti ties that are sub ject to nor mal
dis tri bu tion, but with dif fer ent de grees of free dom. In
this case, the dis tri bu tion of the com bined mea sure -
ment un cer tainty can be rep re sented in a good ap prox -
i ma tion by the Stu dent's dis tri bu tion whose num ber of
de grees of free dom is ob tained by ap ply ing the
Welch-Satterthwaite equa tion.

In lab o ra to ries for the ra di a tion ex am i na tion, the
back ground ra di a tion is not ho mo ge neously dis trib -
uted. That, in the end, is not the case with sec ond ary
cos mic ra di a tion. Be cause of that, the mea sure ment of
the back ground ra di a tion us ing the mea sur ing de vice
in just one po si tion does not pro vide the sat is fac tory
in for ma tion. The aim of this pa per is to pro pose the
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method that makes it pos si ble to de ter mine the back -
ground ra di a tion and ex press the mea sure ment un cer -
tainty in the room with a non-ho mog e nous dis tri bu tion 
of ra di a tion sources, us ing just two or three mea sur ing
de vices in a rel a tive short time pe riod [2-7].

STU DENT'S DIS TRI BU TION

In the case when there is a lit tle num ber of mea -
sure ments of a cer tain value, the Gaussi an dis tri bu tion
does not prove to be ad e quate, so the Stu dent's dis tri -
bu tion is be ing used. The typ i cal ex am ple of such case
is the re cord ing of the back ground ra di a tion us ing the
Gei ger-Mul ler (GM) coun ter [6]. The Stu dent's dis tri -
bu tion is ob tained if two ran dom vari ables are ob -
served, one of which (marked with num ber 2) be longs
to the Gaussi an dis tri bu tion, and the other one has a  
cns

2  dis tri bu tion with ns de grees of free dom. Us ing z
and ( / ) /cn ss

n2 1 2 , a new ran dom vari able t is formed
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The dis tri bu tion de scribed with eq. (2) rep re -
sents the Stu dent's dis tri bu tion.

Like the Gaussi an, the Stu dent's dis tri bu tion also 
has a sym met ri cal shape around the y-axis. An im por -
tant char ac ter is tic of Stu dent's dis tri bu tion is that
when the num ber of de grees of free dom ns is ris ing,
then this dis tri bu tion is trans formed into the gen eral
Gaussi an dis tri bu tion. By re duc ing the num ber of de -
grees of free dom ns, the stan dard de vi a tion of Stu -
dent's dis tri bu tion is ris ing.

THE DE TER MI NA TION OF THE
EF FEC TIVE NUM BER OF DE GREES OF
FREE DOM OF THE COM BINED
MEA SURE MENT UN CER TAINTY

It is al ready stated that the Stu dent's dis tri bu tion
is ap plied when the mea sure ment value be longs to the
Gaussi an dis tri bu tion, but the num ber of ran dom vari -
ables n is rel a tively small. In that case, the Stu dent's
dis tri bu tion has ns = n – 1  de grees of free dom. There is
a case in prac tice when the mea sured value y is de ter -
mined by the cou ple of in flu en tial val ues xi, each sub -
ject to the Gaussi an dis tri bu tion, but the num bers of

de grees of free dom are dif fer ent. In that case, the dis -
tri bu tion of com bined un cer tainty can be rep re sented
with good ap prox i ma tion [7] by the Stu dent's dis tri bu -
tion, hav ing in mind the ques tion of de ter min ing the
ef fec tive num ber of de grees of free dom. That num ber
is ob tained us ing the Welch-Satterthwaite equa tion.

In or der to get the Welch-Satterthwaite equa tion, 
it is as sumed that the com bined mea sure ment un cer -
tainty (MA) of the mea sur ing value y is de ter mined
based on the N un cer tainty com po nents ui, where each
in flu en tial value xi is sub ject to Stu dent's dis tri bu tion
with num ber of de grees of free dom ni. With the as -
sump tion that the un cer tainty com po nents ui are un re -
lated to one an other, the stan dard com bined mea sure -
ment un cer tainty, MA uc(y), of the mea sur ing value is
be ing de ter mined. The dis tri bu tion of the com bined
un cer tainty in the lat ter ap prox i ma tion is ex pressed
us ing the Stu dent's dis tri bu tion. The ef fec tive num ber
of de grees of free dom nse is cal cu lated us ing the
Welch-Satterthwaite equation
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where u y uc i( ) ( ) /= å
2 1 2 . The co ef fi cient of ex pan -

sion k t nse
= is ob tained based on the ef fec tive num ber

of de grees of free dom and the sta tis ti cal cer tainty from 
the Stu dent's dis tri bu tion [1]. It can be shown that the
ef fec tive num ber of de grees of free dom nse is lower
than the sum of in di vid ual de grees of free dom, but it is
higher than the larg est in di vid ual de gree of free dom. 

EX PER I MENT 

Two ex per i ments were per formed in or der to
check the pos si bil ity of ap ply ing the pro posed method
for de ter min ing the ef fec tive num ber of de grees of
free dom of the com bined mea sure ment un cer tainty of
the GM coun ter.

The aim of the first ex per i ment was to find the
mean value of the back ground ra di a tion in the lab o ra -
tory with the non-ho mog e nous dis tri bu tion of g ra di a -
tion sources. For that pur pose, three iden ti cal GM
coun ters with the op er at ing point placed in the cen ter
of the pla teau of the volt age-cur rent char ac ter is tic A,
B, and C were used. The coun ters were set in places
where dif fer ent val ues of back ground ra di a tion val ues
were ex pected. The ob tained re sults are shown in tabs.
1-3. This ex per i ment, be sides find ing the mean value,
is used to de ter mine the cor re spond ing Stu dent's dis -
tri bu tion (ef fec tive num ber of de grees of free dom) and 
the mea sure ment un cer tainty of the mean value. 

In the sec ond ex per i ment, the mea sure ments of
back ground ra di a tion were per formed in a room con -
tain ing two ra dio ac tive sources. To this end, one
source is re moved from the room and then 8 mea sure -
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ments (each lasted for one hour) by the GM coun ter
were car ried out. The ob tained re sults are shown in
tab.  4. Af ter that, the pre vi ously re moved source is re -
turned to its place, and the other source is re moved.
Then, the back ground ra di a tion is mea sured 500 times
(each mea sure ment lasted one hour) by the GM coun -
ter. The mea sured re sults were found to be long to the
nor mal dis tri bu tion (us ing the sta tis ti cal k2 test with
cer tainty of 95 %). The av er age value of this nor mal
dis tri bu tion is Fs2 = 1000, and the stan dard de vi a tion
d2 = u2 = 50. Since it is a known dis tri bu tion, the ap pro -
pri ate de gree of free dom is ns2 ® 4. The aim of this ex -
per i ment was to de ter mine the mean value of the back -
ground ra di a tion and the cor re spond ing mea sure ment
un cer tainty.

RE SULTS AND DIS CUS SION

In the first ex per i ment, the back ground ra di a tion
was mea sured 10 times (for one hour) us ing the GM
coun ter A at the place where it was lo cated. Ob tained
re sults are listed in tab. 1.

Us ing the GM coun ter B, the back ground ra di a -
tion was mea sured 5 times (for one hour) at the place
where coun ter B was lo cated. The mea sur ing re sults
are in tab. 2.

Us ing the GM coun ter C, the back ground ra di a -
tion was mea sured 15 times (for one hour) at the place
where coun ter C was lo cated. The mea sure ments are
listed in tab. 3.

The mean val ues ob tained by the mea sure ment
are
    F F FmA mB mCand= = =10166 20336 40273. , . , . (4)

The mean value of the equiv a lent back ground
ra di a tion is given by the fol low ing equation

F F F Fm mA mB mC= + + = 70775. (5)

The stan dard un cer tainty tip A and cor re spond -
ing num bers of de grees of free dom are
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The com bined stan dard mea sure ment un cer -
tainty is 

u u u uc = + + =1
2

2
2

3
2 1002. (7)

The ef fec tive num ber of de grees of free dom use

of the com bined un cer tainty is ob tained us ing the
Welch-Satterthwaite equa tion (rounded to the first
lower in te ger value)
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Fig ure 1 de picts the cor re spond ing Stu dent's dis -
tri bu tion.

As a rule, the end re sult is ex pressed with a sta tis ti -
cal cer tainty of 95 %. In the ta bles of the Stu dent's dis tri -
bu tion  a  value tuse,19,95 %  = 2.093 can be seen. The ex -
tended mea sure ment un cer tainty is
 

U t u t uusec c c= = = × », % . % . .95 19 95 2093 1002 210

so the mean value of the back ground ra di a tion can be
writ ten as

N = ±7077 210

re gard ing that the num ber of counted im pulses must be 
an in te ger.

In the sec ond ex per i ment, the back ground ra di a -
tion was mea sured 8 times (for one hour) us ing the first 
GM coun ter at the place where it was lo cated. The re -
sults ob tained are listed in tab. 4.

The mean value of the mea sure ment us ing the
GM coun ter 1 is 2065, the stan dard de vi a tion (stan -
dard un cer tainty tip A) is  u1 = 141, and the num ber of
de grees of free dom is 7. The equiv a lent mean value is
Fm1 = 2065.

In the case of mea sure ment us ing the sec ond GM 
coun ter, Fm2 = 1000, and the stan dard de vi a tion is
equal to the stan dard un cer tainty s2 = u2 = 50. The
num ber of de grees of free dom is us2

® 4. 
The mean value of the back ground ra di a tion

when both sources are in the room is

F F Fm m1 m2= + = + =2065 1000 3065 (9)

and the equiv a lent mea sure ment un cer tainty is

u u uc = + = + »1
2

2
2 2 2141 50 150 (10)

In this case, the dis tri bu tion of the num ber of
counted im pulses by the GM coun ters 1 and 2 due to
back ground ra di a tion has a Stu dent's dis tri bu tion
whose num ber of de grees of free dom is given by
Welch-Satterthwaite equa tion
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Ta ble 1.  Back ground ra di a tion in num ber of counted
im pulses by the GM coun ter A

BGR 1053 997 1012 1003 991 995 1077 1004 1033 1001

Ta ble 2. Back ground ra di a tion in num ber of counted
im pulses by the GM coun ter B

BGR 2103 1999 1972 2003 2091

Ta ble 3. Back ground ra di a tion in num ber of counted
im pulses by the GM coun ter C

BGR
4153 3997 4012 3903 4091 4125 4077 3984 4033

4001 4032 4123 3897 3998 3983

Ta ble 4. Back ground ra di a tion in num ber of counted
im pulses by the GM coun ter 1

BGR 2200 2000 1910 2260 2090 2200 1920 1940
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Fig ure 1 shows the cor re spond ing Stu dent's dis -
tri bu tion.

In or der to ex press the re sult with sta tis ti cal cer -
tainty of 95 %, there is a value t use , %95 =  
= =t 8 95 2306. % .   in the Stu dent's dis tri bu tion ta ble.
The ex tended mea sure ment un cer tainty is then

 U t u t un csec c= = = × »
, % . % .95 8 95 2306 150 346

so the re sult of count ing can be writ ten as

N =3065 ± 346

CON CLU SION

This pa per points out that it is pos si ble to de ter -
mine the mean value of the non-ho mog e nous back -
ground ra di a tion and ex press the mea sure ment un cer -
tainty in a rel a tively short time. The ex per i men tal
pro ce dure de scribed in this pa per is based on the mea -
sure ment us ing two and three GM coun ters. How ever,

there is no prob lem for the same pro ce dure to be ap -
plied with greater num ber of coun ters in shorter time
of data col lec tion. The ex pressed mea sure ment un cer -
tainty is a con fir ma tion of the cor rect ness of the pro ce -
dure and the ac cep tance of the ob tained re sults.
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Fig ure 1.  Stu dent's dis tri bu tions for 19 and 8 de grees of
free dom, where P is the prob a bil ity that cer tain
prob a bil ity value will be sur passed
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ODRE\IVAWE  SREDWE  VREDNOSTI  NEHOMOGENOG  POZADINSKOG  ZRA^EWA 
I  MERNE  NESIGURNOSTI  PRIMENOM WELCH-SATTERTHWAITE-OVE  JEDNA^INE

U radu se razmatra postupak odre|ivawa sredwe vrednosti nehomogenog pozadinskog
zra~ewa i izra`avawa merne nesigurnosti. Pozadinsko zra~ewe opisuje se pomo}u Stu dent-ove
raspodele, a merna nesigurnost kori{}ewem Welch-Satterthwaite-ove jedna~ine. Predlo`eni
algoritam je eksperimentalno verifikovan u dobro kontrolisanim laboratorijskim uslovima i
dobijeni su zadovoqavaju}i rezultati.

Kqu~ne re~i: Gajger-Milerov broja~, nehomogeno pozadinsko zra~ewe, merna nesigurnost


