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HIGHLIGHTS 

A Monte Carlo computer code, PHOEL-2, i s described fo r generat ing 

the energies of photoelectrons and Compton electrons in water i r r a d i a t e d 

by photons having an a r b i t r a r y energy spectrum. Options e x i s t f o r a l low-

ing a t most only a s ing le Compton s c a t t e r i n g , fo r f o l l ow ing photons through 

successive Compton sca t te r i ng events u n t i l a photoelectron is produced, 

and fo r suppressing the pho toe lec t r i c e f f e c t . An Auger e lec t ron i s assumed 

to be produced fo l l ow ing the e j ec t i on o f a K-shel l photoelectron from 

oxygen. The basic physical data and t h e i r mathematical treatment in 

PHOEL-2 are descr ibed. Pair product ion i s not included. This user 's 

manual describes the operat ion o f the code. 

v 
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USER'S MANUAL FOR PHOEL-2, A MONTE CARLO COMPUTER CODE 

FOR CALCULATING ENERGIES OF PHOTOELECTRONS AND COMPTON ELECTRONS IN WATER 

J. E. Turner, R. N. Hamm, H. A. Wright, J. T. Mddolo and G. M. A. A. Sordi 

ABSTRACT 
A Monte Carlo computer code, PHOEL-2, i s described f o r 

generating the energies o f photoelectrons and Compton e lec -
trons in water i r r ad ia ted uni formly by photons having an 
a r b i t r a r y energy spectrum. The code t r ea t s input photons 
i n d i v i d u a l l y on the basis o f the energy-dependent cross 
sections fo r Compton sca t te r ing and fo r the photoe lec t r i c 
e f f e c t . Options ex i s t f o r (1) fo l low ing each photon through 
successive Compton sca t te r ing events u n t i l i t disappears 
by pho toe lec t r i c absorpt ion or (2) a l lowing a t most only 
a s ing le Compton sca t te r ing event per input photon. The 
photoe lec t r i c e f f e c t can be turned "on" or " o f f " w i th e i t h e r 
opt ion. I f ene rge t i ca l l y poss ib le , the photoelectron i s 
assumed to come from the oxygen K s h e l l ; otherwise, i t 
o r ig ina tes in the L s h e l l . An Auger e lec t ron of energy 
0.508 keV is assumed to be emit ted fo l low ing the creat ion 
of a K vacancy. The basic numerical data used in PHOEL-2, 
t h e i r mathematical treatment and the operat ion of the code 
are described. Detai led comparisons made w i th the work of 
Cormack and Johns fo r 60co and monoenergetic x rays conf i rm 
the numerical v a l i d i t y of resu l t s obtained w i th the code. 
Some of the data o f Cormack and Johns are extended by i n -
cluding successive Compton scat ter ings f o r the same photon 
and by inc lud ing the pho toe lec t r i c e f f e c t and Auger e lec-
t rons . PHOEL-2, which replaces an e a r l i e r code PHOEL, can 
be obtained from the Radiat ion Shield ing Informat ion Center 
a t Oak Ridge National Laboratory. The new vers ion d i f f e r s 
from the o ld by (1) employing a more r e a l i s t i c handling of 
the pho toe lec t r i c cross sect ion as a func t ion of energy, 
(2) compil ing e lec t ron spectra instead o f s t o r i ng the 
energies o f every e lec t ron produced, (3) e l im ina t i ng some 
former input r e s t r i c t i o n s and (4) using a d i f fe ren t , random 
number generator. PHOEL-2 does not t r e a t pa i r product ion, 
which should be included fo r water at photon energies above 
about 2000 keV. 

1. INTRODUCTION 

The Monte Carlo computer code PHOEL-2 was w r i t t e n to generate the 

i n i t i a l energies o f Compton e lect rons and photoelectrons produced in 

an i n f i n i t e water phantom i r r a d i a t e d uni formly by photons of a r b i t r a r y 

spectrum. Although pa i r product ion is neglected, PHOEL-2 can be used 

a t any energy f o r the Compton and pho toe lec t r i c e f f e c t s . An e a r l i e r 
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1 2 version o f t h i s code, ca l led PHOEL, v/as used to product- a source term 

for a de ta i l ed Monte Carlo code fo r ca l cu la t i ng e lec t ron t ranspor t and 
3 4 

energy degradation in l i q u i d water. ' The l a t t e r e lec t ron code has been 

used extens ive ly to study secondary e lec t ron slowing down spect ra , dose 

d i s t r i b u t i o n s , G values fo r various products in l i q u i d water and r e l a t i v e 5 6 
b io log ica l e f fect iveness (RBE) fo r low-LET rad ia t ions a t low doses. ' 

PHOEL-2 contains a number of improvements over i t s predecessor, 

PHOEL: 

1. The photoe lec t r i c cross sect ion is t reated more accurate ly 

as a funct ion of energy. 

2. The secondary e lec t ron energies tha t are generated are 

compiled in energy bins ( spec i f i ed by the user) ra ther 

than being stored i n d i v i d u a l l y f o r p r i n t e r or tape output . 

3. The code has been streamlined by removing some former input 

r e s t r i c t i o n s ( e . g . , requ i r ing an even number of input photons 

f o r ^ C o ) and by using a d i f f e r e n t random number generator. 

PHOEL-2 i s ava i lab le from the Radiation Shielding Informat ion Center, 

Oak Ridge National Laboratory. 
2. PHOTOELECTRIC AND COMPTON CROSS SECTIONS FOR WATER 

Values of the t o t a l mass a t tenuat ion c o e f f i c i e n t p/p (cm^/g) and the 

Compton c o l l i s i o n cross sect ion o (10~27 cm^/electron) given by Evans^ 

are shown in columns 2 and 3 o f Table 1. (Energies are spec i f ied in keV 

throughout PHOEL-2.) These values are taken d i r e c t l y from Evans' Table 

XI I and Table I I I . The mass at tenuat ion c o e f f i c i e n t f o r Compton c o l l i -

s ions , given by aNg/p, where Nq = 3.34 x 10^3 electrons/cm^ and p = 1 

g/cm^ f o r water , i s shown in column 4. The mass a t tenuat ion c o e f f i c i e n t 

f o r the pho toe lec t r i c e f f e c t , x /p , shown ir>. column 5, i s the d i f fe rence 

between columns 2 and 4. The r a t i o , x / p , of the pho toe lec t r i c and to ta l 

cross sect ions used in PHOEL-2 is given i n column 6. The l a s t column in 

Table 1 shows, f o r comparison, the corresponding en t r ies computed from Q 
values o f a and x given in Table I I o f Cormack and Johns' paper. 

A curve p lo t ted through Evans' values is shown in F ig . 1 together 

w i th po in ts from Cormack and Johns' t a b l e . The d i f fe rences ar ise from 

the la rger pho toe lec t r i c cross sect ion used by Cormack and Johns. The 



Table 1. Compt&n and pho toe lec t r i c mass a t tenuat ion c o e f f i c i e n t s f o r water 

Photon 
energy E 

(keV) 

Total 
a t tenuat ion 
M/P (cm2/g) 

Compton c o l l i s i o n 
cross sect ion a 

( 1 0 - 2 7 cm^/electron) 

Compton 
a t tenuat ion 

CTNn/p (cm2/g) 

Photoe lec t r ic 
a t tenuat ion 
T/P (cnr/g) / A T/U^ 

10 4 . 9 9 6 4 0 . 5 0 . 2 1 4 4 . 7 8 0 . 9 5 8 0 . 9 5 7 

15 1 . 4 8 6 2 9 . 0 0 . 2 1 0 1 . 2 7 0 . 8 5 8 

2 0 0 . 7 1 1 6 1 8 . 0 0 . 2 0 6 0 . 5 0 5 0 . 7 1 0 0 . 7 4 0 

30 0 . 3 3 7 5 9 7 . 6 0 . 2 0 0 0 . 1 3 7 0 . 4 0 7 0 . 4 5 7 

4 0 0 . 2 4 8 5 7 8 . 7 0 . 1 9 3 0 . 0 5 4 7 0 . 2 2 1 0 . 2 6 6 

50 0 . 2 1 4 5 6 1 . 5 0 . 1 8 8 0 . 0 2 6 5 0 . 1 2 4 0 . 1 6 0 

60 0 . 1 9 7 5 4 5 . 7 0 . 1 8 2 0 . 0 1 4 7 0 . 0 7 5 0 . 0 9 9 

80 0 . 1 7 9 5 1 7 . 3 0 . 1 7 3 0 . 0 0 6 2 2 0 . 0 3 5 0 . 0 4 9 

100 0 . 1 6 8 4 9 2 . 8 0 . 1 6 5 0 . 0 0 3 4 0 0 . 0 2 0 0 . 0 2 4 

150 0 . 1 4 9 4 4 3 . 6 0 . 1 4 8 0 . 0 0 0 8 3 8 0 . 0 0 6 

2 0 0 0 . 1 3 6 4 0 6 . 5 0 . 1 3 6 0 . 0 0 0 2 2 9 0 . 0 0 0 

aR. D. Evans, "Compton E f f e c t , " p. 218 in Encyclopedia of Physios, Vol. 34, S. Fliigge 
(ed.) Spr inger , B e r l i n , 1958. 

•L. 

D. V. Cormack and H. E. Johns, "Elect ron Energies and Ion Densi t ies i n Water I r r a d i a t e d 
w i th 200 keV, 1 MeV and 25 MeV Rad ia t ion , " Brit. J. Radiol. 25, 369 (1952). 
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FROM EVA\S TABLES 
CORMACK AND JOHNS 

-6- -O—1 
50 100 

PHOTON ENERGY (KeV) 
150 

F ig . 1. Ratio o f pho toe lec t r i c and t o t a l cross sect ions as a func t i on of energy f o r photons 
water . The s o l i d curve was computed from tab les given by Evans,7 which provide the values used i n 
PHOEL-2. For comparison, the po ints show some values given by Cormack and Johns.8 
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Compton cross sect ions i n Cormack and Johns and Evans agree, both having 

been obtained d i r e c t l y from the K le in -N ish ina formula . Based on Evans' 

va lues, we assume t h a t the p h o t o e l e c t r i c cross sec t ion i s n e g l i g i b l y small 

above 175 keV. 

The numbers x / y i n column 6 o f Table 1 represent the p r o b a b i l i t i e s 

t h a t a photon o f energy E w i l l produce a photoe lec t ron ins tead o f being 

Compton sca t te red . I t i s seen from Fig. 1 t ha t l i n e a r i n t e r p o l a t i o n 

between en t r i es i n such a t ab le w i l l g i ve a good approximat ion to x/y i f 

a few more po in ts are inc luded in regions where the curva tu re i s l a r g e . 

The a d d i t i o n a l po in ts needed can be obtained by reading from the o r i g i n a l 

p l o t o f F ig . 1 on graph paper. The values used i n PHOEL-2, obta ined i n 

t h i s way, are g iven i n Table 2; and l i n e a r i n t e r p o l a t i o n is used t o ob ta in 

x /y f o r values of E between the e n t r i e s . Table 2 appears i n the subrou-

t i n e SORSIN as El(K) and F(K) , the number o f e n t r i e s (16 i n Table 2) being 

s p e c i f i e d by an in teger NBR i n the code. 

Table 2. Values used i n PHOEL-2 f o r p r o b a b i l i t y t ha t a photon 
o f energy E produces a photoe lec t ron instead of being Compton sca t te red 

Photon energy E 
(keV) 
E1(K) 

P r o b a b i l i t y 
x / y 
F(K) 

Photon energy E 
(keV) 
E1(K) 

P r o b a b i l i t y 
x / y 
F(K) 

0 1.000 45 0.167 

5 0.995 50 0.124 

10 0.957 55 0.096 

15 0.858 60 0.075 

20 0.710 80 0.035 

30 0.407 100 0.020 

35 0.300 150 0.006 

40 0.221 175 0.000 
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3. TREATMENT OF PHOTOELECTRONS ' . 

PHOEL-2 t r ea t s i nd i v idua l photons on a s t a t i s t i c a l bas is . I f the 

energy o f a photon is greater than 175 keV, then i t can only be Compton 

scat tered. I f the photon energy is less than 175 keV, then the code 

picks a random number and decides by l i n e a r i n t e rpo la t i on i n Table 2 

whether i t i s Compton scattered or produces a photoelectron. 

The threshold energy f o r producing a K-shel l vacancy in oxygen is 

0.532 keV. I f E - 0.532 keV, then a photoelectron of energy T = E -

0.532 i s assumed to be emit ted. Since the f luorescent y i e l d from oxygen 

is very smal l , i t i s assumed, f u r t h e r , t h a t c reat ion of the K vacancy i s 

fo l lowed immediately by release o f an Auger e lec t ron . The average L -she l l 

binding energy in oxygen i s about 0.012 keV. Therefore, the energy of 

the Auger e lec t ron is assumed to be 0.508 keV, the d i f fe rence between the 

K-shel l b inding energy and twice the L -she l l energy. I f 0.532 > E > 0.012 

keV, then a photoelectron of energy T = E - 0.012 keV i s assumed to be 

produced from the L s h e l l . I f E < 0.012 eV, nothing f u r t h e r happens to 

the photon; however, the t o t a l number and energy of these photons are 

tabu la ted . * 

4. TREATMENT OF COMPTON ELECTRONS 

The cross sect ion da/dT f o r producing Compton e lect rons o f k i n e t i c 

2 

Q 
energy T i s given by Eq. (26.7) o f a review a r t i c l e by Evans : 

- T r r ° + T / 1 + E - T 2 E - T \1 ar ~ m ? 2 r r r n E a ~ r ~ ) m c a L \a /J 
cm2 

keV e lec t ron ,. rt L. \ r v / i 0 
(1) 

Here 
e2 _•] o 

r = = 2.18 x 10 cm = c lass i ca l e lec t ron radius U __ . £» 
• V 

2 
mQc = 511 keV = e lec t ron res t energy 

* 
The p r o b a b i l i t y i s very small t ha t the ca lcu la ted energy a f t e r Compton 

sca t te r i ng w i l l be less than 0.012 keV. No photons w i th E 1 0 . 0 1 2 keV 
have turned up thus f a r in computations w i th PH0EL-2 invo lv ing several 
hundred thousand photons. 
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T = k i n e t i c energy o f Compton e l ec t r on 

E = photon energy 

E a 
m c^ o 

The unnormalized cumulat ive d i s t r i b u t i o n S(E,T) f o r producing a Comptun 

e l e c t r o n o f energy T or less i s obta ined by i n t e g r a t i n g Eq. ( 1 ) . We f i n d 

S(E.T) - f Q 
T d 0 HT 
0 ~ d T d T 

irr 

mQc a L ex (E - T; \ « / J 
( 2 ) 

The energy o f the Compton e lec t ron can vary from zero to a maximum given 

by 

T = -2a i- ' (3} 
'max 1 + 2a * 

There fo re , the normal ized p r o b a b i l i t y t h a t a photon o f energy E produces 

a Compton e l e c t r o n o f energy T or less i s given by 

P(E,T) = S # V T ) ) • ^ 
^ »'max' 

The energy T o f the e l e c t r o n produced by Compton s c a t t e r i n g o f a 

photon o f energy E i s obta ined as f o l l ows in PHOEL-2. The q u a n t i t y 

S(E,Tm a x ) i s f i r s t computed from Eqs. (2) and ( 3 ) . A random number 

between 0 and 1 i s se lec ted f o r P, and the d i f f e r e n c e 

D(E,T) = S(E,T) - PS(E,Tmax) (5) > 

i s formed. The t ranscendenta l equat ion 

D(E,T) = 0 (6). 

i s then solved f o r T by an i t e r a t i v e procedure. 

The method o f f i n d i n g the s o l u t i o n o f Eq. (6) i n PHOEL-2 i s s t r a i g h t -

fo rward . Since 0 < P < 1, the f u n c t i o n D(E,T) w i l l be p o s i t i v e when T = 

0 



7ril, and neo i i l i v ' when 7 0. i urt/ier:-'orr-, ' / ! , 7 ; is -i ''.ono '.on is i . iw 'Su ' 

of T for an/ ! ; and so [ ; ( { , ] j changes sign e/'ict. 1/ o n r . r - i r , t . ^ int^-p/al 

0 ' T f f n j / ' Hrurn'-1 / , dt. the point. T, which i t h e root of So. '7^ . T o 
r i rid T( appro/i inatel y, the sod'- ca k u l a f.<-s D'F*,T) s occess i v- ! / at ••"j'j/a 11/ 

spaced po in ts , start. i rig w i th T ~ fl/J Trrifl/, rind firocoedi rig to O.'i T r , ^ , 

e t c . , u n t i l the f i r s t . n o «j a Li ve value of D i'. obtained. ( I f [J -i , thori 

the root has been found.) When [J is f i r s t negat ive, Tf) 1 ies w i t h i n the 

l as t i n te r va l of lenrjtn 0.1 Tma covered. This in te rva l is subdivided 

into ten in te rva ls of length 0.01 T(n., and the procedure repeated to 

determine Tn to w i t h i n 0.01 T..,,v. This new in te rva l is fu r the r subdivided O i-ia/ 
to f i nd Tq to w i t h i n an i n te rva l 0.001 T (na j (. The midpoint of t h i s l a s t 
i n te r va l is used for the value of Tr). 

Whereas a photon disappears when i t produces a photoelectron, a 
photon of reduced energy F. - T s t i l l ex i s t s fo l low ing Compton sca t te r ing . 
In i t s standard form, PH0EL-? traces the h i s to ry of each photon through 
successive Compton scat ter ings u n t i l i t produces a photoelectron. As an 
op t i on , the h is to ry of a photon can be terminated a f t e r a s ingle Compton 
sca t te r i ng . The two required statements are given in the deck as "comment" 
cards, which can be turned around to bypass mu l t i p le Compton sca t te r i ng . 
With e i t h e r op t ion , the average energy of the f i r s t Compton electrons 
produced by photons from the input spectrum is compiled i n the program. 

I t is sometimes useful to compare t h i s average Compton energy w i th pub-
7 9 

l i shed values ( e . g . , Evans ' ) as a check that the program is operat ing 

p roper ly . 
5. USER'S INPUT TO PHOEL-2 

The user 's input cards to PHOEL-2 are l i s t e d i n Table 3. The f i r s t 

card .in the data set gives NBR, the number o f ent r ies (16) in Table 2. 

The next four cards give the values of the pai rs E l (K) ,F (K) . These cards 

could be changed to use a d i f f e r e n t numerical representat ion of the r a t i o 

of the pho toe lec t r i c to t o ta l cross sect ion. This tab le is the f i r s t 

th ing pr in ted in the output o f PHOEL-2. The code i s dimensioned so that 

NBR ^ 101. 

The next data card gives the number N o f values EN( I ) ,PR( I ) , w i t h 

I l l O l , which represent the cumulative inpu t photon spectrum. The 



Table 3. Input cards 
(All energies in \o\') 

%'jr.Lf; r 
cards Con tents Format Remarks 

1 NBR 13 NBR ; 101 

4 n(K),r(K) RFIO. 4 Ratio p h o t o e l e c t r i c / t o t a l 
cross sect ion 

1 u 13 !J 101 

H LN(1),PR(1j an o. 4 Input photon spectrum 

1 NCO 11 Set NC0 = 1 f o r 60co and 
0 fo r a l l o ther cases 

1 NPBIHS 15 MPBINS 101 

1 + PES(K) 16F5. 0 Photon energies making 
b in edges 

1 NEBINS 15 NEBINS 1 101 

1 + CES(K) 16F5. 0 E lec t ron energies marking 
bin edges 

1 NPH0T 16 Number o f input photons 

pa i rs s t a r t w i t h PP.(l) = 1.0 at the h ighest photon energy EN(1). For a 

continuous photon spectrum, the pa i rs end w i th PR(N) = 0.0 a t the lowest 

energy EN(N). The energy E of a photon from a continuous spectrum i s 

se lected randomly from these pa i rs by l i n e a r i n t e r p o l a t i o n . For mono-

energet ic photons, N = 1; f o r ^ C o , N = 2. The next 1+ cards g ive the 

pa i rs o f numbers EN( I ) ,PR( I ) descr ib ing the inpu t photon spectrum. For 

monoenergetic photons, there i s only a s ing le ca rd , w i t h PR(1) = 1.0 and 
fin 

ENC1) = E, the photon energy in keV. For Co, there is a lso only one 

card, w i t h PR(1) = 1 . 0 , EN(1) = 1332.0, PR(2) = 0.5 and EN(2) = 1173.0. 

Other spectra can be represented by spec i f y i ng up t o 101 pa i r s o f va lues , 

s t a r t i n g w i t h the h ighes t energy. The spectrum, which i s read i n S0RSIN, 

is p r i n t e d a t the end o f a run. 

The next card s p e c i f i e s NC0, an in teger i n I I format . I f NC0 = 1 , 

PHOEL-2 w i l l g ive a spectrum o f photons o f a l t e r n a t i n g energies EN(1) and fin 
EN(2). This scheme i s appropr ia te f o r Co, which emits equal numbers o f 

photons a t two energ ies. I f t h i s op t ion i s not des i r ed , then some o ther 

numeral ( e . g . , NC0 = 0) must appear here. 
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The code maintains a t a l l e y of the numbers of photons i t chooses from 

the input spectrum i n various energy ranges. This is done to provide the 

spectrum of photons ac tua l l y used i n a ca l cu l a t i on , which, o f course, 

should agree s t a t i s t i c a l l y wi th the spectrum read i n t o the code. A ser ies 

of energy bins is set up fo r scor ing the energy of a photon selected from 

the input spectrum. The next card in the data set gives NPBINS, the number 

of values of energy used to mark the boundaries between NPBINS - 1 succes-

sive energy bins. The energy values PES(K) appear on the fo l low ing 1+ 

cards, up to 100 bins being allowed (NPBINS 1 101). The t o t a l number of 

photons and the r e l a t i v e number in the various energy bins are tabulated 

and p r in ted out at the end of the ca l cu l a t i on . Only the energies of 

o r i g i na l photons chosen from the input spectrum are counted in th i s tabu-

l a t i o n ; the reduced energies of photons a f t e r Compton sca t te r ing are not . 

A s im i l a r set o f bins is set up fo r tabu la t ing the e lec t ron spectrum 

generated by PHOEL-2. The next card gives NEBINS ( 1 101) and the fo l l ow-

ing 1+ cards the e lec t ron energies EES(K) t ha t mark the boundaries between 

adjacent b ins . The number of electrons/keV per photon from the input 

spectrum in each of the bins is tabulated and p r i n ted . The t o t a l number 

of e lect rons i s also p r i n ted . 

The l a s t card i n the data set spec i f ies NPH0T, the number of photons 

to be used f o r the input photon spectrum. 

In a d d i t i o n , the output also l i s t s the average i n i t i a l Compton energy, 

mentioned above, as wel l as the number and t o t a l energy of any photons 

that occur wi th E < 0.012 keV, the assumed oxygen ' . -she l l i on i za t i on 

thresho ld . 

6. OPERATION OF THE CODE 

A f low diagram f o r PH0EL-2 i s shown i n Fig. 2. The subroutine S0RSIN 

is f i r s t c a l l e d , in which the data cards are read and some of the input 

in format ion i s p r i n ted . Bins are set up in SORSIN f o r t abu la t i ng energies, 

and t a l l i e s IPN and IEN f o r the numbers o f photons and e lect rons in each 

bin are i n i t i a l i z e d to 0. A monitor K2 tha t counts e lect rons is set 

equal t o 0, as wel l as the number K1 and t o t a l energy ESUM of e lect rons 

w i th E < 0.012 keV. An in teger ICO = 0 i s spec i f i ed , which generates 

photons o f a l t e rna t i ng energies i f NCO = 1. 
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Fig. 2. Flow diagram of main program of PHOEL-2. 
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As ind icated in Fig. 2, the main program then sets another integer 
ICK - 0 and r a i l s the subroutine SOURCE (ICK.T). This subroutine se lects 
a photon of energy E from the input photon spectrum and returns to the 
main program wi th a value T fo r the energy of an e lect ron i t produces and 
a value fo r the integer ICK. The integer ICK = 0 ind icates that a new 
photon w i l l be chosen from the input spectrum when SOURCE is ca l led again. 
The in teger ICK = 1 indicates that a photon was Compton scat tered and that 
the scat tered photon of reduced energy w i l l be t reated next in SOURCE 
before another photon is selected from the input spectrum. (When turned 
around, two comment cards near the end of SOURCE always give ICK = 0, 
corresponding to s ingle Compton sca t te r ing on l y . ) As long as ICK = 1, 
the main program continues to go back to SOURCE for another e lect ron 
energy wi thout se lec t ing another photon from the input spectrum. A 
photoelectron w i l l eventua l ly be produced. I f i t is from the L s h e l l , 
then SOURCE returns to the main program wi th that photoelectron energy 
and ICK = 0, i nd i ca t i ng that the photon is gone and that no more elec-
trons w i l l be produced u n t i l another photon i s chosen from the input 
spectrum. I f the photoelectron is from the K s h e l l , then SOURCE returns 
to the main program wi th the e lec t ron energy and ICK = 2, i nd i ca t i ng tha t 
there is a K vacancy. The main program then c a l l s SOURCE again, which 
produces another (Auger) e lec t ron of energy 0.508 keV and sets ICK = 0, 
i nd i ca t i ng tha t no more e lectrons w i l l be produced by tha t o r i g i n a l pho-
ton. ( I f a scattered photon should occur w i th energy < 0.012 keV, then 
SOURCE w i l l re turn wi th ICK = 0 . ) 

PHOEL-2 repeats t h i s procedure u n t i l NPH0T photons from the input 
spectrum have been processed. SOROUT i s then ca l l ed , which tabulates 
and p r i n t s the s t a t i s t i c a l data generated. 

PHOEL-2 running time depends on the number of photons used, NPH0T, 
as wel l as t h e i r energies. The CPU times on the IBM 360/91 are given in 
Table 4 f o r several cases wi th monoenergetic photons. The numbers of 
secondary e lect rons per photon in the input spectrum are also given. 
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Table 4. Sample data from three runs 
wi th monoenergetic photons 

CPU (IBM 360/91) time Number of 
e lectrons per 
input photon 

Photon energy 
E (keV) 

in seconds 

NPHOT = 103 NPHOT = 104 

50 

500 

1,000 8 . 2 

2 .6 

7.8 

22.8 
73.2 
80.4 

5.82 

15.2 

16.0 

7. NUMERICAL CHECKS 

PHOEL-2 has been checked numerical ly i n a number of ways. F i r s t , as 
already mentioned, the average energy TAVG of electrons from the f i r s t 
Compton sca t te r ing of a photon from the input spectrum i s tabulated. 
Values of TAVG computed w i th PHOEL-2 fo r monoenergetic photons wi th E = 

40, 100, 500, 1000 and 5000 keV agree wi th the average Compton reco i l 
9 7 energies given in Table 8 of Evans and Table I I I o f Evans. 

In add i t i on , de ta i led d i s t r i b u t i o n s of i n i t i a l Compton energies were 

computed fo r monoenergetic photons in the energy range 10-220 keV. In g 
p a r t i c u l a r , we used Table I I of Cormack and Johns as a check of PH0EL-2, 
using only s ing le Compton sca t te r ing and turn ing o f f the pho toe lec t r i c 
e f f e c t . 

Some add i t iona l in format ion was generated from PHOEL-2, as shown in 
Fig. 3, which was ca lcu la ted by using NPHOT = 25,000 photons w i th E = 70 o 
keV. The dashed l i nes show the numbers from Cormack and Johns' Table I I , 
which were also obtained exact ly from PHOEL-2 wi th s ing le Compton scat-
t e r i n g and no photoe lec t r i c e f f e c t . The s o l i d l i nes give the resu l t s 
obtained wi th the pho toe lec t r i c e f f e c t turned on. As seen from Fig. 1, 
a 70-keV photon produces a photoelectron i n about 4% of the c o l l i s i o n s . 
Thus, we expect an average of 0.04 x 25,000 = 1 ,000 photoe lec t r i c events 
from among a sample o f 25,000 70-keV photons. There would also be about 
1 ,000~or possibly fewer—Auger e lectrons (L-she l l vacancies do not pro-
duce Auger e lect rons) in add i t ion to 24,000 Compton electrons in t h i s 
" f i r s t - c o l l i s i o n " ca l cu l a t i on . Thus, a t o t a l of about 26,000 e lect rons 
is expected. In the run f o r Fig. 3, PHOEL-2 generated 26,022 electrons 
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Fig. 3. I n i t i a l energies of electrons calculated wi th PHOEL-2 fo r 70-keV photons in water. 
Dashed l ines agree wi th Cormack and Johns8 fo r Compton e lectrons. Sol id l ines resu l t when photo-
electrons and Auger electrons are included. The spectrum i s p lo t ted here to compare d i r e c t l y wi th 
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wi th PHOEL-2 i s such that the f i r s t dashed ent ry , 71.4 in the 0-5 keV i n t e r v a l , represents 0.0814 
electrons/keV per inc ident photon. 
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1022 more than NPHOT, i nd i ca t i ng tha t there were 23,978 Compton e lect rons 

1022 photoelectrons and 1022 Auger e lec t rons. The s o l i d l i nes i n Fig. 3 

show tha t inc lus ion o f the pho toe lec t r i c e f f e c t modif ies the data i n 

Cormack and Johns1 Table I I in a s t ra igh t fo rward way. The number of 

e lectrons fo r each o f t h e i r en t r ies a t 70 keV i s reduced by 4%, t h i s 

being the f r a c t i o n o f input photons t ha t do not produce Compton e lec-

t rons . In add i t i on , 4% of the t o t a l number of e lect rons a t 70 keV in 

t h e i r tab le appear i n the 65-70 keV in te rva l as photoelectrons and 4% 

get added back i n t o the lowest box, 0-5 keV, as the 0.508-keV Auger 

e lec t rons . 

Other de ta i led ca lcu la t ions were made wi th PHOEL-2 fo r the i n i t i a l 

Compton e lect ron energy spectra produced by 220-keV monoenergetic photons 

and by ^ C o photons. The de ta i led spectrum of i n i t i a l Compton energies 

at 220 keV agreed qu i te wel l w i t h tha t given i n Cormack and Johns' Table 

I I , as shown in Fig. 4. Agreement w i th t h e i r Table IV f o r 60Co was 

s a t i s f a c t o r y , although not as close as expected. Percentage d i f ferences 

between the two sets of ca lcu la t ions are la rgest where the e lect ron spec-

trum i s l a rges t . With NPHOT = 25,000, the s t a t i s t i c a l va r i a t i on expected 

in PHOEL-2 a t the highest value in Cormack and Johns' Table IV (900-1000 

keV) i s ^2%. We obtained a value ^5% greater than t h e i r s . Our resu l t s 

in the next lower b i n , between 800-900 keV, is about t h i s much lower 

than t h e i r s , so tha t both sets of ca lcu la t ions agree when averaged over 

the i n t e r v a l 800-1000 keV. Increasing NPHOT to 100,000 d id not improve 

agreement. 

Another ca l cu la t i on f o r 60Co was made tabu la t ing e lect ron energies 

in a much f i n e r mesh f o r comparison w i th Cormack and Johns' Fig. 5. 

This comparison i s shown here in Fig. 5, which was computed w i th NPHOT 

= 100,000. The curves from the two sets of ca lcu la t ions have the same 

area. PHOEL-2 appears t o give a somewhat f l a t t e r spectrum than t h a t of 

Cormack and Johns f o r E ^ 700. The reason f o r the discrepancy i n these 

d e t a i l s i s not known. 
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Fig. 5. Deta i led comparison o f i n i t i a l energy d i s t r i b u t i o n o f 
Compton e lec t rons produced by 60Co r a d i a t i o n as ca l cu la ted w i t h PHOEL-2 
( s o l i d l i n e histogram) and by Cormack and Johns8 (dashed cu rve ) . 
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