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Abstract

Photons, when emitted from radioactive sources in seawater, are subsequent to multiple scattering mechanisms, namely the photoelectric e
the Compton scattering and the pair production effect. Thus, the monoenergetic emission of photons in seawater will result in equilibrium ir
distribution of photons with different energies. PDSW is a MATLAB program which calculates this distribution and can be found useful for the
characterization of measured spectra obtained by gamma detectors such as Nal(Tl). PDSW has been developed as an autonomous MATLAB
tion in order to make possible to integrate it in other applications. All calculations are performed using a typical value for seawater sality (3.5%

Program summary

Title of program: PDSW

Catalogue identifier: ADWW

Program summary URL: http://cpc.cs.qub.ac.uk/summaries/ADWW

Program obtainable from: CPC Program Library, Queen’s University of Belfast, N. Ireland

Computer: x86

Operating systems: Windows

Programming language used: MATLAB

Memory required: 10 Mb

Number of bitsin aword: 32

Number of processorsused: 1

Vectorized or parallelized?: no

Number of bytesin distributed program, including test data, etc.: 16 378

Number of linesin distributed program, including test data, etc.: 3004

Distribution format: tar.gz

CPC Program Library subprograms used: none

Nature of physical problem: Calculation of photon energy distribution in seawater taking into account the photoelectric effect, the Compton
scattering and the pair production effect.

Method of solution: Analytical calculation of the continuity equation for photon energy distribution in seawater and numerical integration of this
equation in equilibrium.

Restrictions on the complexity of the program: Very small resolution results in large memory requirements and high execution time.
Typical running time: (Maximum energy-minimum resolution) 20 s

Unusual features of the program: none
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1. Introduction techniques applied to E@l) for extracting information about
the source spectrum, can be applied also to underwater spectra
In the last decades the systematic control of radioactive poldescribed by Eq4).
lution of the seawater has been made an urgent matter. The
marine environment may receive radioactive inputs via nucleap, Theoretical background
reactors or/and via nuclear accidents from neighboring coun-
tries. The natural radiation that can be measured in the sea-

; 0 8
Wa;ezg;}ohmp“.ses thé t{( ar;dbtlhﬁrgéi‘éﬁyzﬂgf)““zz%‘;ﬁé U are known for gamma rays in matter, only three major types
?n Th Series, mo; no E':h y h di anf ity i 'Stﬁ' lay an important role in radiation measuremeahiotoel ectric
opes. The measurable anthropogenic radioaclivity In the seqy sor ption, Compton scattering andpair production. All these

water concerns mainly the following gamma emittefCs, processes lead to the partial or complete transfer of the gamma

134~ 99m 99 60,
%S] TF (fron;)l Mo) and SO [2]‘. dioactivit ray photon energy to electron energy. They result in sudden
e Sreg St changes n e Gamma-3y phoon Htor. n
' b e photon either disappears entirely or is scattered through a

variation caused by the scattering of photons with the atoms in. = *..
swnlflcant angle.

the seawater. Photons, after their emission and before they reac In the photoelectric absorotion process. a photon underqoes
the detector, interact with seawater atoms and can change their . pr . P pro ap 9
. . . - aninteraction with an absorber atom in which the photon com-
energy due to Compton scattering or pair production, or disap- : . . .
) . . Ig)letely disappears. In its place, an energetiotoelectron is
pear due to the photoelectric effect. The effect of the interactio iected by the atom from one of its bound shells. The interac-
of photons with the seawater can be formulated as follow. Le ) y '

S(E) be the source spectrum and(E) the measured one. In ion is with the atom as a whole_and cann_ot take_ place Wlth
free electrons. Suppose now that in a material medium, there is

Although a large number of possible interaction mechanisms

air a uniform in space distribution of photons. Let, ) be the
¢ concentration of photons with energyat times. Each pho-
M(E) =/R(E, V)-Sv)dv, (1)  ton, undergoes a photoelectric absorption process with prob-
0 ability P(a) (P is a function of photon energy) and conse-

where R(E, V) is equal to the number of photons that will que”t'y the number of photons with energythat disappear

be recorded at energ§ when one photon is emitted with en- 1S7(e. 1) - P(). Thus:

ergyV. The functionR(E, V) is known as théransfer function In(a, 1)

of the detector. In seawater, this relation is more complicated. | o & —n(a,1) - P(a). (5)

a photon with initial energy/ is emitted, then there is a prob-

ability P(V, U) that the photon will reach the detector surface The interaction process of Compton scattering takes place be-

with a final energyV. Thus, the measured spectrum now will tween the incident gamma ray photon and an electron in the

be given by: absorbing material. In this mechanism, the incoming photon is
deflected through an anghewith respect to its original direc-

T T tion. The photon transfers a portion of its energy to the electron
M(E) = / R(E.V)- (_/ PV, U)- S(U)dU> dv. (@) \which is then known as @coil electron. Because all angles are
0 0 possible, the energy transferred to the recoil electron can vary
Changing the order of integration in E@), the function from zero to a large fraction of the photon energy. Again, we
~ can assign a probabilit¢ («, ") for a photon with initial en-
R ergya that undergoes a Compton scattering process, leaving the
R(E,U)= / R(E,V)-P(V.U)dV ) photon finally with energy’. Note here tha€ («, «’) is zero if

0 a < o' since the photon cannot gain energy. The total number
can be regarded now as thmodified transfer function of the  of photons with initial energy that alter their energy through
detector, for underwater operation. The measured spectrum ie Compton scattering mechanismﬂ%n(a, t) - C(a,v)dv.

an underwater detector can now be expressed as: On the other hand, the total number of photons that result in en-
0 ergya through the same mechanismfllfé,Q n(,t) - C(v,a)dv.
M(E) = / R(E,V)-S(V)dV. () Consequenty
0 [e¢) o
on(a,t)

The motivation for the calculation oP (V, U) is now clear. O</’l(1hf) C(v,a)dv — /”(0" 1) - C(a,v)dv. (6)
Knowing the modified transfer function of the detector, all the a 0
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Finally, the interaction process of pair production occurs inpresent, the photon energy distribution will e + n,. Con-
the field of a nucleus of the absorbing material and corresequently, it is adequate to solve H) for a single source
sponds to the creation of an electron—positron pair at the poirthat emits at energgg, G photons per unit time and unit vol-
of complete disappearance of the incident photon. Becauseme.

an energy of @&oc? (mo is the electron rest mass amdthe Due to the existence of the delta functions in E8), the
speed of light) is required to create the electron—positron paisolution can be written as:

a minimum gamma ray energy of 1.022 MeV is required to

make the process energetically possible. The excess photé#i) = A(@) +k-d(a —ao) +m-5(a — 1), (10)
energy appears in the form of kinetic energy shared by th?vherek(a) is a smooth function in energy with (a) = 0
electron—positron.pai.r. Onge_the positron’s_ kine.tic energy be\'/vhena > ao. Substituting the expression fexa) in Eq. (8),
comes very low, it will annihilate or combine with a normal we can calculate the coefficieritsandm as follow:

electron in the absorbing medium. At this point, both disap-

pear, and they are replaced by two annihilation photons of en _ (11)
ergy moc? (0.511 MeV). Again we can assign a probability S(ao)’

R(x) that a photon with energy disappears due to the pair 00

production interaction. Thus, the total number of photons tha}, _ 5. k- R(@) + fo »(W)R()dv (12)

disappear ig (e, t) - R(cr). On the other hand, a number of pho- S(1)

tons with energynoc? will be created. Using a dimensionless Substituting the results from E¢4.0), (11) and (12 Eq. (8),

: 2 \ o ; .
representation for the energy & Photon energiinoc®), the e delta functions are eliminated and the resulting equation for
number of photons that are created 8®@— 1) - [,;"n(v,1) - ; (o) is:

R(v)dv wheres$ is the Dirac delta function with the proper-

ties: G Cloa) Ses R(@0) + f5° +(v) R(v) dv :
. .o
8(x) =0, x#0, S(ao) S(1)
€ o0
/S(x) dx=1, e>0. + / A(W)C (v, @) dv — A(x)S(x) =0. (13)
e 0
Consequently: For the numerical solution, the functiom&v) and S(«) are
00 calculated from XCOM softwargl]. The functionC (v, «) is
e, ) 28(ct — 1) - /n(v, £ Rw)dv —n(@.1) - R(@). calculated from the Klein-Nishina formufa] which gives for
ot ) 7) the angular distribution of scattered photons:
In equilibrium, n(a, t) is independent on time. Combining _ 2f VY [V @ .
Egs.(5), (6) and (7)the photon energy distribution can be de- pO) =Cumry o o + v Sir’6 ).
scribed by the following equation: o
o0 (14)

YT v T a(l—cosd)’

0= Z Go(a —ag) + / n(@)C(v, @) dv whereq is the initial photon energy; the resulting photon en-
]

0 ergy after the scatteringp the classical electron radius and
) Cy is a constant that depends on the absorbing medium and
+25(a—1) / n(v)R () dv — n(a)S(a), @8 is rglated to the density of scattering centres. Changing now the
4 variable fromé to v we get

. . 2
where:G's (@ — af) is the generation of photons at enewgy -, ) — CMmgi[E LYy (1_ 1 n l) }
when G! photons per second are generated with ene&{gy a?|a

This term is necessary to account for the radioactive sources.

The termS(«) collects all the mechanisms that alter the energy x [u (v __“ ) —u(v— a)], (15)
of a photon and is given by: v+ 2
a whereu is the step function, whose role is to ensure that the
S(a) = P(a) + R(@) + / Cla. v)dv. ©) scattered photon can neither increases its energy nor results in
an energy lower than the Compton edge.

0

Eq. (8) is linear in the sense that if; is the photon energy ~
distribution caused by a source that emits photons with energ /
0

Eq. (13) can be rewritten in the form

o} andn; is the photon energy distribution caused by a sourcé-(4) = B(ao. @) + [ D(a, v)i(v) dv, (16)

that emits photons with energy?, then if both sources are
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Table 1
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Function [e,l,k,m}= pdsw(e0,res)

ative value passed, the default resolution 0.004088 MeV is used

ich the photon concentration is calculated

IN

e0 the energy at which photons are generated in seawater in MeV
res the desired energy resolution in MeV. If zero or neg

ouT

e a vector containing the energy values in MeV at wh

| a vector containing the photon concentration at energies given in e
k the peak height at e

m the peak height at 0.511 MeV due to pair production

where
Blao, ) = GC(ag,a)S(1) +2GR(ag)C(1, a)
= S(1)S(a)S(ao) ’
. CLa) C(v,a)
D(a,v) = 275(1)3‘(51) R() + 7S(a) .

SinceA(a) = 0 whena > ag and D(a, v) = 0 whenv < a we
can get

t

f()=g@)+ / K(t,5)f(s)ds,

0

17

where
f(l)z)\(ao_t)s g(t):B(a()vao_t)s

K(t,s)=D(ag—1t,ap0—s).

an electron—positron pair. The positron is considered to interact
with an electron an thus producing two photons with energy
0.511 MeV. S(a) calculates the probability for a photon with
energy ato alter its energy due to all scattering mechanisms. In-
ternal functions R(a) and S(a) use the vectors RR(a) and SS(a)
which contain the corresponding probabilities for energies up to
3.066 MeV with a step of 0.004088 MeV. These probabilities
have been calculated by the XCOM softw#té¢ for seawater

of 3.5% salinity[4]. The calculation at intermediate energies is
performed by interpolation.

Finally, function pdsw solves the linear systéh9) and cal-
culates constants k and m by E¢$1) and (12) The function
returns two vectors e and | which contain the energies and the
corresponding photon concentrations and the two constants k
and m.

Appendix A. Test Run for 1¥'Cs

Eq. (17) can be solved by the extended trapezoidal rule consid-

ering a mesh of uniform spacing:

ao
h=—. 18
= (18)

The functionf is calculated on pointg by solving the linear
system

ti=ih, i=01,...,N,

i—-1

1
<1— éhK,-,->f,- =gi+hy Kijfj, i=12...N, (19
j=1
where
fi=f(ih), gi = g(ih), Kij=K(ih, jh).

3. Description of the program

The calculation of the photon energy distribution in seawate
is performed by the MATLAB functiompdsw contained in the
m-file pdsw.m. The definition of this function is as follows (see
Table ).

The function pdsw uses three internal functions, namely

C(a,v), R(a) and S(a). C(a,v) implements Ebp) for the cal-
culation of the probability for a photon with initial energy a to

137Cs emits at 0.667 MeV. The MATLAB call to produce the
photon energy distribution is (default resolution is used):

>[e, |, k, n] =pdsw( 0. 667, 0);

The results are plotted iRig. 1
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Appendix B. Test Run for 40K

40K emits at 1.461 MeV. The MATLAB call to produce the
photon energy distribution is (default resolution is used):

>[e, |, k, M =pdsw( 1. 461, 0);

The results are plotted iRig. 2

Appendix C. Test Run for 2%8T|

208T| emits at energies 0.277, 0.511, 0.583, 0.763, 0.861
and 2.615 MeV with corresponding intensities 0.06, 0.22, 0.84,
0.002, 0.12 and 1. The MATLAB call to produce the photon
energy distribution is (default resolution is used):

>e0=[ 0. 277, 0. 511, 0. 583, 0. 763, 0. 861, 2. 615] ;
>i nten=[ 0. 06, 0. 22, 0. 84, 0. 02, 0. 12, 1] ;
>[e, |, k, n=pdsw(2. 615, 0);
>for i=1:5
[et,It,kt,m]=pdswe0(i),0);
for j=1:max(size(et))
F()=I(j)+inten(i)*It(j);
end
end

The results are plotted iRig. 3
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