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The dose rate produced by a gamma photons source with cylindrical shape having the radius R_and height
hwas calculated. The calculations are complicated (laborious) because it involves many variables changes
followed by application of the corresponding integration methods. The final expression of the dose contains
both the source characteristic parameters and the two variable parameters R and z , defining the point of
interest Q where the dose is calculated. Obtaining the four particular situations of the dose rate calculation

is a proof that (26) final expression is general.
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Radioactive sources of gamma rays are increasingly
utilized in various social and economical fields and more
specifically for medical uses [1-4]. The management of
these radioactive material sources necessitates the control
of radiation exposure to these sources with compliance of
the regulation issued annually by IAEA [5].

Many methods have been developed for evaluating
gamma dose and gamma dose rates. The paper presents
the particular example of the calculation of the dose rate
produced by a gamma cylindrical source.

Dose rate calculation in the exterior point of cylinder
shape source is more complicated than in the case of
simple geometrical shape sources. The most common
forms of sources theoretically studied are: point, linear,
plan-circular, spherical and empty-cylinder. In the literature
[6-7] the dose calculation in a point situated outside the
cylindrical radioactive source is treated in the following
situations:

- the point is located on the radioactive cylinder surface
or in the plane passing through its axis. In this case there
are not given the dose calculation steps, it is presented a
formula specifying that the integral from the dose
expression can be graphically calculated;

- dose calculation formula is rigorously demonstrated
but are considered only the simplest possible situations,
namely: the point calculation is disposed on the vertical
passing through the source center. The final formula
contains the two characteristic parameters of the source:
the radius and the height of the cylinder. Dose rate
expression obtained for this source type can be easy
customized for the case of disposition the point at a higher
distance than the source sizes. In this way it can be founded
dose formulas for a punctate and filiform radioactive source.
Dose calculation in a point outside the cylindrical source
presented in this paper is more general than the other
known from the literature because the dose calculation
point has not particular layout. To facilitate the
understanding of dose calculation in a cylindrical source
external point we analyzed in a previous work two sources
having simple geometric shapes in that occur fewer
variables [8]. As it can be seen from the theoretical
treatment performed in this paper there are mathematical
difficulties related to numerous variables changes followed
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by integration. Self absorbtion is an important factor that
should be taken in to account regarding this volumic source
but it is neglected because gamma radiations unlike the
corpuscular ones have high penetration capacity. Radiation
attenuation in the space between the source and the
interest point is also neglected because the absorbant
environment is considered to be the air.

Dose rate calculation

The Q point where is calculated the gamma rays dose
produced by the cylindrical source having E activity is
defined in figure 1.

The radioactive cylinder has RO radius, h height and it is
considered to consist of a sum of point sources. Specific

activity of the source is defined by A\-=%R;h. For

calculations a point O are fixed as the origin in the middle
of the cylinder axis. This point is at the cylinder axis
intersection with the XOY horizontal plane which sections
the cylinder at the half of its height.

It is considered an arbitrary P point located inside the
cylinder at r, distance from its axis and z, from horizontal
plane. The twor;and z  variables determine a vertical plane
performing ¢, angle with OY axis.

Fig.1. The displacement of
the interest point Q to the
cylindrical radioactive
source where gamma
radiations debit dose is
calculated.

http://www.revistadechimie.ro 1745



The Q point where dose is calculated is disposed outside
the cylinder at the r distance from P A gamma photon
emitted from the cylinder P point get in to the Q point from
the source outside after goes the r distance both through
source material and air. Projecting the Q point in the XOY
horizontal plane, a point situated at the R distance from
the origin axis is obtained. Dose calculation point Q is
located at the z distance from the horizontal plane passing
through the O center of the cylinder and at the R distance
from its axis. The two parameters z and R determines a
vertical plane passing through the axis origin and performs
the ¢ angle with the QY axis of the horizontal plane. Ther
distance between the point P inside the source and the
external point Q is given by the expression:

ri=(z-z, :I: +R? +1] —2r,Rcos(@, — @) @)

The volume element in the cylindrical coordinates is
written:

dV =r,dr,d@,dz, )
The debit dose created by the cylindrical radioactive

source having the specific activity A\, at the r distance has
the expression [9]

dv

Dk [% o

In the relation (3) the expressmns (1) and (2) are
introduced and also the limits of the three variables ¢, r z,
For the ¢ angle is taking into account the fact that the
integrant is a periodical function having the period 21T
Having these specifications the integral from the debit dose
formula is written:

A e
13 ¥ [z_z:,:l:+r; +R- —Ir:,RCOS(@?;.—@:] @

For integrating the expression (4) in relation to ¢, the
following changes of variables are performed: '

2dx cost—l_x: :
e 1+X: ()

Because in a previous work [8] was performed the
calculation of the integral (4) in relation to ¢, now except
that the z variable must be replaced with z- z, only the
result is presented:

P, -p=t.1g E = Xrespectively dt =

2T

e R et Ry ©
After calculatlng relation (6), the integral in relationtor,
variable is written:

L
1, =27

rodr,
ﬁj[z Z, '4R? +r:,l -4r]R
In relation (7) the foIIowmg variable change is used:
I:z—z:):+R:+r:,:=t (8)
Substituting relation (8) in (7) the | jintegral becomes:

0

(z-zy i —Ré +R?
I =x

Ty

dt
e JR ARz, )

Integrating expression (9) followed by limits introduction
and performing calculations,results:

I, (z,.2.R.Ry)= :{—m 2-2ln(z-z,)+
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+']ﬂ‘\j[(z 2P +RE-RIf +4RMz 2, ) +

+(z-z:,j:+R§,—R3H (10)

Expression (10) must be integrated in relation to z,
variable between —h/2 and + h/2 . Is observed that this
expression consists of a sum of three terms notated I, |,

|, and that to simplify the work will be integrated separately.

kA B

I, = [I (z,2R RMz, =1, +1, +1, )
where:
R
I, = -7 [In2dz , = —hin2 (12)
-
I, [ (z- za)d.z3 (13)
h

h

Iy =7 _fm
k

2P +RI R +4R (z-2,) +

+(Z-Z:.J:+R§_R:‘d1:. (14)

Regarding |, integral (13), the z-z=t substitution is
performed. Aftér by parts integration and introducing the
corresponding limits the following result is obtained:

‘h ‘h h ‘h
Izzn'[lh-llg—z\.]n! z\l "’Iu ‘\|]I1!5+ij| (15)

Solving 1, integral requires variable change (8).
Calculation 6f the |, integral requires a complex series of
mathematical operatlons In order to simplify this work,
only the final result will be presented.

f - r L * F L
I,=R.::]%—z:lu-\"’:1;1—z: SRE-R®| c4r7(B 2] &
& I -

| & E ._4

; 52 F ~ - -2 T ; -2
(2-z| mi-R7) :2—z:m-\f:’é—z: SRI-R) <4 2ez| -
| J \ £
iallea 3"

£ y bW 2 &

h

BV or o i 2 +R>—R]
e i e
w2 | i e rI-Rf 4R

it}

(16)
In (16) formula the last integral noted by i will be
calculated.

t'+R*-R;
1—7[ dt
J[t +RI-R? ]‘+4Rt

(17)

=-I

For calculatlng the integral noted by (17) it can be
considered three distinct situations that express vertical
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variation of the Q point position where dose to the (h/2) height of the cylindrical radioactive source is calculated.

a) z(—h?—)—z—h;)fll %—2)0
b) - EE EE—)-Z-E«] E—z')(J

2 2 2 2 (18)
c)z)%—)%—z(o —%—Z(U

The three situations (18) are reduced to solving a single integral separately presented in this paper. In the mathematical

treatment of the previous cases (18), the (19) notation is used. The calculation result of each case is expressed using ®
function whose meaning is given in the appendix.

t?+R*—R}
———————=-A(tRR,) (19)
J+R2-R2J +4r %
L n L
. (h Y (b )
i,= [ AlLRR at= [AtRR dt - [AtRR Ht = kl_zj_@‘[?_zj 20)
Case b
b h__
i 1s .
i,= [AMRR = [ALRR M+ [A(LRR Jit 21)
no_ 0 b
In the second integral from (21) expression, t is changed to -, results:
h h_ -
i,= [ALRR M= [ALRR M+ ‘[AI:tszR:,}itlel!E—z\H@! L )
By 0 ) .
Case c
Solving integral (19) involves t to -t substitution resulting:
L .8 =
[AtRR _[AtRRQ)dt-[AtRRQ}jt r:I: +“‘ @ - %+z\! (23)
Sz

7‘

Using 11, 12, 13, integral expressions and also the obtained result in the general form given in the appendix, the final form
of the integral (4) calculating dose is written:

I ~ 7 ~ s ~ 7 ~ R R 1 B 7 ~ 1 s ~ 1
G S S v S Y S T N D _z: sRior | ear B (B sreRe
2 2 2 / J 2 / 2 /

\ 2 ) J )2 ) ) N |
(h [ : 1 I h \I f ! .
+IE+z}n \]LEJFZ +R;-R° } +4R" 2 j +‘L_E+Zj +R-R* |- ¥(a] (20)
L (h )y R h
where: Y= R_E_Zj_@i__ﬁ_zj forz <=
(kb h h
"P( ]—@I z\!+@| +z\E for - —=z=— (25)
/ \ J 2 2

The final form of the debit dose produced by a cylindrical source in an external Q point is given by:

Y (h N (B N (B D
D=k {h hin2 2'3— [m:i—z [—2:E+z[1n:_+z[
oh 2 J\2 ) 2 J\2 )
+ E-z]m EE—Z] +R2I-R? +4R3f5—z] +f3—z] +R2-R?
2 ) \2 ) i 2 ) \2 ) N
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(h ‘Y i m YV (n Y
f }]n f—+z} +R;-R? +4R:f—+z} +f—+z} +R;-R? [ ¥(a)} (26)
w2 N

Particular cases
1) The interest point is located on the vertical which passes through the center of the source at the z distance from the

center. In this case R=0, expression (26) become:
(5_,) 'FE—z‘l']n'FE—z‘l'::|—:r‘2—z\i]IlE—fF%—z‘iln ,Fz

‘L Ih I |
D= kﬂ[h hin2-} 3 -2 flnf 3= ZJ. B = N L e b e
_:'%_z':]nz_'% ':m[ L ¢ ] J’ tt @7)
L r \ r "«. r 8_
The last integral from expression (27) is calculated:
= 5. i, h_ h ]
: dt dt 5 ¢ 37°¢
I= [ dt-R3 [ [dt 2Rn ————=h-2R | arctg +arctg (28)
i U+Rg S t‘—Rc i R Rg Rg
A i i A |
Introducing expression (28) in the dose formula results:
A h (h 2 ) ‘h 2 I's I's 2 X s 2
D=k, ——={h-hin2 +hin2 -h+| _—z] m!_—z] +R,|-In| _—z] +'—+z}]n:—+z] +R5—]n:—+z}
Rih (I W2 \ 2z 2
h h
——z —+z
+ 2R, | arctg 2 +arctg 2 I =
0 0 (29)
h z h+z
4 2 —_— —_
A {'—-z []n I+— R“ — +l E+z []n 1+L1 + 2R, | arctg 2—+arctg 2 1
(b Y| \2 (b Y R, R,
| =—z | =tz
vz vz
Expression (29) become:
h+z z b
Ak R3 { h R3 3 Ty
=k7—,{:—+z}]n ¢ _|-lz-= | 1+—2 [+2R| .arctg2 —arctg 2 (30)
Rn\2 e YU 2 ey R, R,
2 ) Lo2)

2) Customize expression (30) for the case : z>>R and h>>R , the cylindrical source become filiform; the following

approximations are performed:

(b, z\lln 1+ L |= R,
\2 ) b V| kb
| ;+Z : ?+Z
v i} (31)
R R}
z ——}]n 1+ g =_¢
2 h h
| | 7 -—
Z -
L2/ 2
_ . X
77F 25 R,h
arctg = —arctg = [=
0 0 z:—h—
4
Using approximations from (31), expression (30) become
"Rib| o BT o BT T2 (h)
4 4 L2z
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Expression (32) is identical to the dose rate created by a filiform source in the Q point located on the source axis[8,10].
3) If the dose calculation point Q is at the z distance sufficiently large from the cylindrical source, the formula for the
point source is obtained. In this case z>>R and z>>h, (32) formula become:
Jl
D=k, r T (33)
expression identical to the photon fluency rate of the radioactive point source.
4) Dose calculation point is located in the XOY plane. For this, in expression (26) z=0, results:

h +hin2 -2hinh +hin

D:k A
E;h

o
@

£ 2 2
[ h~ 2 2 22, b7 1 2
\[ITJFRG_R ] +R°h +T+RG—R —‘I’(GEJ (34)

\

If the Q pomt is located.in the XOY plane and at R=R distance from the cylinder axis, from the previous expression

results: R-R=0and d(a)=0

A
Dzk_._.F 1+mn2 -2Inh +In

0 (35)

The obtaining of the four particular cases previous presented is a proof that dose rate expression (26) has general
character. The dose rate formulas for this particular cases were directly obtained and are presented in literature [10,11].

Annex
The integral must be solved:
@(G{]:[ - t.+R._‘1RE' dt where (I=% %6
ot +RI R 4R 2 (36)
In expression (36) t*=v substitution is performed, results:
1% [v+R?—R2)dv
®la)=> | — 1
23 -.j‘vlv—i—(R:,+R:l'lv+(R3—R]'I 37
In (37) integral a new substitution : + = (R -R ,)*tg ¢ is performed, results:
f 2R R, Fre?p+R?-R2lo
\ 4RR )
¢ +R)1-——% sin”
® J (R+R, ) e
Z(R‘Ro]: =|,FM tg'pde (R-Ro) :lf-m dg
R+R, o i 4RRG‘ sn 2p R+R, 0 1 4RRQ\ sin 2p (38)
(R+R, ) (R+R,S

For solving (29) integral expressions the following three integrals are necessary [12]:

];qfl—k:sin ‘0 dp=E(B.k) (39)
'f

=F(5.k) (40)

2 41 -k sin
J1-Ksin :ﬁtgﬁ-fn.f]-k:sin:@d@

[ o 0 (41)
o

1-k'sin *g k”
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where: F( 3, k) and E( 3, k)are elliptic functions of first and
second degree [13-14] of B argument and Kk

module (k? =1-k?) is k complementary module, and

L 2/RR,
- R+R, (42)
o
using notation /& =arctg R-R,| (43)

the (36) integral has the following final expression:

Ofa)= (8 +R.) 125 - E(1) |
+(R-R,JF(5.k) (44)
Conclusions

Dose rate formula calculated considering a cylindrical
radioactive source leads to the following conclusions:

- calculating the integrals in relation to the three variables
¢, 1, z, defining an arbitrary point P inside the source
means that the dose to the point of interest Q located at
distance r from P is determined by the all point sources
contribution that perform the cylindrical source of R radius
and h height;

- in the final formula of the dose rate, the variable
parameters remain those characterizing the position of the
Q point: the R distance from the cylinder axis and z height
to the XOY horizontal plane respectively. For determined
values R,h it can calculate and plotted the dose rate
variation versus R and z;

- fhe formula contains many logarithmic terms proving
that the dose created by the cylindrical source show a
logarithmic dependence from the R and z variable
parameters defining the Q point position outside the source.

1750 http://www.revistadechimie.ro

References

1. JAWORSKA, A., AINSBURY, E., FATTIBENE, P, LINDHOLM, C.,
OESTREICHER, U., ROTHKAMM, K., ROMM, H., THIERENS, H.,
TROMPIER, F., VOISIN, P, VRAL, A., WODA, C.,. WOJCIK,
A.,Operational guidance for radiation emergency response
organizations in Europe for using biodosimetric tools developed in
EU MULTIBIODOSE project, Radiat. Prot. Dos., 164, 2015, p.165.

2. VOISIN, P, Standards in biological dosimetry: A requirement to
perform an appropriate dose assessment, Mutat. Res., Genet. Toxicol.
Environ. Mutagen., 2015, http://dx.doi.org/10.1016/j.mrgentox.
2015.06.012.

3. European Food Safety Authority (EFSA), Chemical Safety of
Irradiation, Journal 9, no.4, 2011, p.1930.

4. MOSTAFAVI, H.A., FATHOLLAHI, H., MOTAMEDI, F., MIRMAJLESSI,
S.M., African Journal of Biotechnology, 9, no. 20, 2010, p.2826.

5. http://www-pub.iaea.org/IAEA-TECDOC.

6.CHARLSEBY, A., Radiation Sources, Pergamon Press, Oxford, London,
Edinburgh, New York, Paris, Frankfurt, 1964.

7. KASE, K.R., NELSON, W.R. Concepts of Radiation Dosimetry
Pergamon Press, London, 1988.

8. DOBRESCU, A., CONTINEANU, M., Rev. Chim.(Bucharest), 56, no.3,
2005, p.272.

9. ONCESCU, M., Conceptele radioprotectiei, Bucharest, Magurele, 1,
1996.

10. ANGELESCU, T., DULIU, O.G., HARAGAS, L., ONCESCU, M., POP,
M., Probleme rezolvate de dozimetrie si radioprotectie, Ed.
Universitatii Bucuresti, 2002.

11.0NCESCU, M., PANAITESCU, I., Dosimetry and Shielding of X and
Gamma Radiations, Ed. Academiei Romane, Bucharest, 1992.

12. FITZGERALD, J.J., BROWNELL, G.L., MAHONEY, FJ., Mathematical
Theory of Radiation Dosimetry, Gordon and Breach, New York, 1967.
13. CONTINEANU, M., DOBRESCU, A., CONTINEANU, I., Rev. Chim.
(Bucharest), 55, no.11, 2004, p. 864.

14. CONTINEANU, M., PERISANU, S., NEACSU, A., Anal. Univ. Bucuresti-
Chimie, 19, no.1, 2010, p.69

Manuscript received: 21.04.2016

REV.CHIM.(Bucharest)¢ 67¢ No. 9 ¢ 2016



