A simple algorithm for the transport of gamma rays in a medium
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A simple Monte Carlo algorithm for the simulation of the passage cdys of about 1 MeV in a
medium is presented. In this energy range the only relevant processes are Compton scattering and
photoelectric absorption. The algorithm allows the visualization of the photon tracks as well as the
calculation of many quantities of interest. Several problems for a layer and a cylinder are proposed.
In particular, the energy transferred to electrons in a water cylinder as a function of depth and the
line shape of a Nal scintillator is calculated. 03 American Association of Physics Teachers.
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I. INTRODUCTION the energy range of interest the probability of coherent scat-
) o . tering (or Rayleigh scattering, that is, the elastic scattering of
Understanding the effects of the passage of ionizing radiay photon with the entire atonis very low. In addition, the
tion through matter is impqrtant in se\(eral fields, particularlyenergy threshold for ay ray to be converted into an
those dealing with radiation protection and measuremeni|ectron—positron pair is twice the rest mass of the electron
Therefore, the phenomenology of radiation-matter interact1,02 Me\). In the energy range around 1 MeV incoherent
tions are included in many undergraduate physics programsgcattering(or inelastic scatteringwith an atom is dominant.
The interaction of an ionizing particle with a single atom |, this process the photon transfers energy to an atomic elec-
follows well established laws. In particularyeray can either  {ron which is ejected. At smaller energies the photon can also
be absorbed due to the photoelectric effect, scattered by afhgergo a photoelectric absorption by an atom, which emits
atom, or converted into an electron—positron pair in the fieldyn glectron. The subsequent atomic de-excitation takes place
of an atom. However, the effects of aray beam passing py emission of x-ray photons and/or Auger electrons. In both
through a medium are usually the result of many individualprocesses, incoherent scattering and the photoelectric effect,
interactions because a photon can interact many times befofge energy is transferred to atomic electrons which are
it is absorbed or escapes from the medium. In addition, mos{topped in a very short distance in comparison to the mean
of the above processes release kinetic energy to electrongee path of they rays®
which also interact with the medium. Incoherent scattering can be approximately described by
The most reliable way to predict the effects ofyaay  the Compton effect? that is, the elastic scattering of a pho-
beam is by a Monte Carlo simulation. Because fast computyon with a free electrofiFig. 1). From conservation of energy
ers are available, many codes have been developed that alloyg momentum, the following relations can be easily de-
a detailed simulation of the passage of radiation through maty,ced between the energy of the incident photeg, the

ter. For instance, the EGS4 code is successfully used in pag,eqy of the scattered photdg, and the deviation angle of
ticle physics as well as in medical physics. the photond "

Studying the structure of one of these simulation codes
would be very helpful for obtaining a deeper knowledge of
the various processes and how they are related to each other. = ;,
Unfortunately, the professional programs are extremely com- mc 1+ y(1-cosf)
plex for an undergraduate student even at the user level. _ o )
However, in many cases it is possible to use simple a|go\_/vh.ere the parameteris the incident energy in electron mass
rithms that can be understood and programmed by undeHnits, ¥=Eo/mc”. The energyT transferred to the electron
graduate students. For example, Williamson and Duhcanfanges from Qat #=0) to a maximum value of
have developed a simple Monte Carlo calculation for the
transport of nonrelativistic electrons which allows the stu- T _E 2y @)
dent to visualize the electron tracks as well as do interesting max— =01 ¢ 2y
calculations. In this paper we propose a simple algorithm for

the simulation of the passage gfrays in the energy range for backscattered rays atd=180 degrees.

around 1 MeV through a medium. This energy range is very The probability distribution of¢ is given by the well-
interesting because it corresponds to thatyafiys emitted known Klein—Nishina cross sectidf

by most radioactive sources. Some applications of the code

in radiation dosimetry and nuclear instrumentation will be  dg, . r
discussed. =

@

1

dQ 2 [1+y(1—cosh)]?
Y?(1—cos6)?

1+ y(1—cosb)|’

o N

Il. THE PROBLEM X |1+ co€ 6+ (3

The main physical processes associated with the transport
of y rays through matter are coherent scattering, incoherenhich integrated over the solid ang{e gives a total cross
scattering, the photoelectric effect, and pair creationin section
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Fig. 1. Compton effect. Ay ray of energyE, is scattered by a free electron 100
reducing its energy t&. The electron is emitted with enerdgy—E. 102 10-! 100

Energy (MeV)

Fig. 3. Cross sections per Nal molec¢gmmation of the cross sections of
the corresponding atornsSee the caption of Fig. 2 for labels.
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tables would make our program more complicated. Instead,
@ e have used the following approximation for the photoelec-

2y  (1+2y)2 tric cross sectior?
wherer,=2.82x 10" m is the classical electron radius. If _ by by
we neglect the binding energy of the atomic electrons, the “PE" ¢o| Do y * ¥? flaz), ®)

cross section for incoherent scattering for an atom is given h is the fi fruct tant . b
by multiplying the Klein—Nishina cross section by the Wherea is the fine structure constant, agg is given by

atomic numberZ. The effect of the binding energy can be ) .

taken into account by reducing t#evalue by an amount that $o=4mrg(aZ) (;) - (6)
increases with atomic number and decreases with both in-

creasingE, and 6. At about 1 MeV this correction is negli- ~ The values ofby, by, by, and f(aZ) have been

gible for angles higher than a few degrees, even for heaviabulated® as a function ofaZ. Fourteen values ofxZ
elements. In Fig. 2 the value oZoyy is plotted versu€, (ranging from 0.00 to 0.70are sufficient to obtain an ap-
for lead along with the corresponding accurate incoherenroximate value ofope. Therefore, a simple algorithm for
cross sectiorrdor comparison. Figure 3 shows the cross secthe calculation of the photoelectric cross section for any el-
tion per molecule for Na[that is @Zy,+Z;) X oxn]. These —€ment can be carried out by implementing a very small table
figures show that in the energy range where incoherent scagontaining 14 sets of four parameters efloh, by, by, and
tering dominates, the correction is negligible, and in our al-f(a«Z)]. In Figs. 2 and 3 we have plotted the valuesogz
gorithm the Klein—Nishina formulas, Eq&3) and (4) have  given by Eq.(5) together with the accurate one from Storm
been used. and IsraeP We see that the Messel and Crawford approxi-
A rigorous treatment of the photoelectric effect leads to amation in Ref. 12 underestimates the cross section for ener-
cross sectiowpg that cannot be expressed by simple analyti-gies beyond th& edge. As will be discussed later, for heavy
cal formulas. Therefore, photoelectric cross sections are us@lements, a lower photoelectric cross section leads to longer
ally tabulated forE, andZ. See, for instance, Refs. 5 and path lengths of the photons. However, for a particular ele-

8—11. The implementation in our simple algorithm of thesement or compound, it is possible to find a simple law that
provides an accurate vaff& * of op in the energy range of

interest of our simulationésee Sec. IV R

106 , Ill. THE SIMULATION
J A. The ingredients
g 104 ‘;'.,l When a photon is in a medium, it traverses a certain dis-
= N N tances (in a straight ling before it interacts with an atom. As
% S is well known, the magnitude o$ follows the statistical
2 10 SN distributior?
g - 1
S p(s)ds= Xe*S’Ads, ™
100 *. .
10-2 10-1 100 with a mean free path
Energy (MeV) 1
. . . A=(s)=—, ®)
Fig. 2. Cross section per lead atom for various processes: Incoherent scat- no

tering (dashed—dotted lineCompton effect for a free electron multiplied by h is th b f . | i th
Z (solid line), photoelectric effect from tabulatidiRef. 8 (dashed lingand wheren Is the number of atoms per unit volume, anes the

from approximation(Ref. 12 (dotted ling, and pair creationRef. 5  total cross section per atom, which in our simple model is
(crosses given by
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o=0petZoyy . (9) teractions[Eq. (7)]. From Egs.(12) and (13), it is easily

. inferred that the random variabteis related tor b
The cross section for a moleculer compoung can be ob- y

tained by adding up the corresponding cross sections of the
atoms. s= In_r (14)

The interaction of the primary ray with the medium no’
gives rise either to photoelectric absorption or to Compton
scattering with probabilities proportional to the correspond-This method also can be easily applied for the generation
ing cross sectiongEgs. (4) and(5), respectively. In the first  of ¢,
case all the energy is transferred to the medium at the posi-
tion of the interaction, while in the second case the photon is b=2mr (15)
scattered in a direction given by the polar and azimuthal '
anglesd and ¢, respectively. The value ap follows a uni-
form probability distribution between 0 andr2and 6 fol-
lows the probability distribution

Unfortunately, this direct method cannot be used for the
generation off. Although Eq.(10) can be integratedj can-
not be obtained analytically from In this case we can apply
the acceptance—rejection methdd.ower and upper limits,
dQ K, andK|, respectively, are defined f@(x). Also lower and

The energy of the scattered photon can be calculated byPPer limits,x, andx, are defined fox. Two random num-
Eq. (1) and the amount of energy released to the medium i¥€S"x andr, are generated with uniform pr_obablhty in the
T=E,—E. Assuming that the direction of the primary pho- intervalsx;<r,<x, andK,;<ry<K,, respectively. In other
ton in the lab coordinate system is given by the angleand words, random points are generated in a rectangular area. If

., the direction of the scattered photofi,( ¢,) can be ry< p(rX), the trial is {;\cce.pted and the valuer, is used.
obtained as Otherwise, the value is rejected. It can be demonstrated that

. . the probability ofx follows thep(x) function!® This proce-
COs¢,=C0sf; Cosf+sin; sinf cose, (118 dure is less efficient than the direct method in which all
random numbers generated by the computer are used, but the

dokn .
p(#)do= ——~—2mwsinfdé. (10

cosf— cosé, cosb,

cog py— py) = i : , (11b) acceptance—rejection method can be applied to any bounded
siné;sinb, function. This method can be applied for the generation of
sinésing for Compton scattering.
sin(py,— pp)=———. (119 Finally the selection of the process, Compton scattering or
sin 6, photoelectric absorption, can be implemented by splitting the
In general, these relations can be applied for any subsequet® 1 interval in two subintervals with a length proportional
Compton collision. to the corresponding cross sectionsy fay moves inside the

medium until either it is absorbed by the photoelectric effect
or leaves the medium, that is, until the position of the next

) randomly generated interaction occurs outside the medium.
B. The algorithm

An algorithm for the transport of rays in a medium for
simple geometries like a layer with infinite parallel faces or ac. The program
cylinder can be easily developed. For simplicity, we assume
that the medium consists of a single material that is de- The above algorithm has been implemented in
scribed by the constituent atom, molecule, or compound, anMATLAB 4 by the authors. The conversion to other lan-
the density. guages such as Basic, Fortran, and C is straightforward. The
The simulation of the random processes is carried out by dow diagram of the algorithm is shown in Fig. 4. The input
Monte Carlo method® The parameters that have to be ran-parameter are the number of chemical elements, number of
domly generated ars, 6, ¢, and the selection of the pro- atoms of every species per molecule or compound, atomic
cessegphotoelectric or Comptonwhen an interaction oc- number, atomic weight of the atoms, density, and the energy
curs. of the y rays. The program next computes the various cross
A simple method for the generation of a random varigble Sections for the first interaction. Next, the path traversed be-

with a probability densityp(x) defined in the intervalg,b) ~ fore the first collision takes place is randomly generated us-
relies on the fact that defined as ing Eq. (14). If the collision occurs inside the medium, the

kind of process is chosen. If it turns out to be Compton
y scattering, the direction and energy of the photon is updated,
r=Q(y)= Ja p(x)dx (120 and the final position is computed. If the photon s still inside
o ) _ ] o the medium, the next path is generated and the procedure is
is itself a random variable with a uniformly distributed prob- repeated. After every interaction the energy transferred to the
ability in the interval(0,1). Thereforey can be obtained from medium (T for a Compton scattering d&, for a photoelec-
y=Q (), (13 tric absorption and the corresponding coordinates are stored.
Atrial ends either when the photon escapes from the medium
wherer is a random number in the intervé,1) that can be  or a photoelectric absorption takes place.
provided by a computer. This method is feasible as long as We recommend that readers write their own code follow-
Q(y) is a function that can be inverted. In our case we applying the above discussion. However, the program developed
this method to generate the path traversed between two iy the authors can be freely download@d.
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IV. APPLICATION TO SEVERAL PRACTICAL The program optionally shows the positions where the en-
CASES ergy has been depositédither by photoelectric absorption
. . . or Compton scattering Figure 5 (lower panel shows the
_ The simple model can be used to visualize fR@y tracks ., oshonding result for a 1000 photon beam. This plot is
in the medium. Many interesting features of the passage of . - T
very useful for the visualization of the spatial distribution of

rays through matter can be observed in this way. For ex- X . L .
ample, in Fig. 5(upper panslthe graphical output of our the_er_lergy Ie_ft in the medium, which is of much interest for
radiation dosimetry.

program for an Al layer 30.2 crtb \) thick corresponding to . .
a 150 photons beam of 1 Meyrays is shown. In this case, The program also generates histograms corresponding to

the y rays often suffer several Compton collisions beforethe angle and energy distributions of the photons escaping
they are absorbed. It is also clearly seen that backscatterirfgPm the medium. In addition, the spectrum of the energy
is the consequence of a number of collisions with high scattransferred to the medium as well as its spatial distribution is
tering angles. Students can obtain a first impression of thesgalculated.

features, which strongly depend on the medium and the The predictions of the simple algorithm have been com-
y-ray energy. pared with those of the EGS4 code. For light elements the
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Fig. 6. Kerma in a water cylinder of 10 cm radius and 50 cm length versus

0 30 radial distance foa 1 MeV y-ray beam impinging perpendicularly to the
Distance (cm) cylinder axis. The average energy transferred per unit mass, per photon for
radial distances ofa) 0.0 cm,(b) 0.8 cm,(c) 3.6 cm, and(d) 9.6 cm are

Fig. 5. A beam of 1 Me\y-rays impinging on an Al layer of 30.2 cf® \) shown. The predictions of Eq21) (stars are also shown.

width. The upper panel shows the tracks of theays. The lower panel
shows the positions wherejaray has deposited energy either by photoelec-
tric absorption or by Compton scattering.

according to Eq(1). Hence, the value dftr is given by

agreement is very good. However, for heavy eleméliks v

Pb), the simple algorithm overestimates the path length of Etr=ﬂ550+z
photons because Ed5) underestimates the photoelectric o

cross section in the energy range of the simulatB®e Figs. \where

2 and 3. For light elements, incoherent scattering is domi-

OtrKN
g

Eo, (18

nant and, therefore, the inaccuracy of E5). does not give _ T:Tmaxl doyn (19
rise to any obervable effects. TukNT [ 0 B, dO

- The evaluation of kerma for water is of particular interest
A. Energy deposition in radiotherapy because water is the main component of

. any biological tissues. As is well know,the attenuation
One (_)f fche most relev_ant quantities related to the effect ngefficient for a moleculéor compoundlis given by
the radiation on a medium is the amount of energy that is

absorbed and the corresponding spatial distribution. Consider M

a y-ray beam traversing a medium along theaxis. The ;: i EWiv (20

beam fluenc¥ ®, the number ofy rays per unit area, de-

creases with path lengthas wherew; is the weight fraction of the atoms in the molecule

_ _pz (or compoungl Extensive data on attenuation coefficients for
P(2)=Doe (16 both atomic elements and compounds of interest in medical

whereu is the linear attenuation coefficiefthat is, the col-  physics can be found in Refs. 5, 9, 10, and 17.

lision probability of a photon per unit path lengtbiven by Because of the exponential attenuationdofwith depth,

u=on [see Eq(7)]. the kerma due to primary collisions follows the relation
The quantity that most directly connects the description of p—

the radiation beam with its effects is th@rma which is K=®,—E, e * (21)

defined as the kinetic energy transferred from photons to p

electrons per unit mass in a volume elenénin our case In the following we will calculate the kerma produced by

the energy transferred to electrons arises either from incohef- \ev y rays in a beam of 0.5 chrarea in water. For this
ent scattering or photoelectric absorption. The unit of kerma.oce the mass attenuation coefficient equals 0.076gch

is 1 joule per kg.(In radiation dosimetry this unit is called —
J pet gl y [Egs.(9) and(20)]. andE;, equals 0.440 MeVEgs.(18) and
the gray and is represented b3.) 1971 Th I o be found in Ref. 5. F th
The kermaK due to the primary collisions of g-ray beam (19]. These values can also be found in Ref. 5. rom these
: results, a kerma value at the entrance of the medium (
can be obtained from _ 11 -
=0) of 0.0622 MeV/g(that is 1.0% 10" ** G) per incident
E 1 photon is inferred. In Fig. 6 the exponential attenuation of
r the kerma along the beam path, , is shown. Unfortu-
t A7 the k long the b h, E2}1), is shown. Unf
. - . ) nately, this simple calculation does not account for the en-
where the mass attenuation coefficigdp is defined as the g4y transferred to the medium by Compton scatteyedys
linear attenuation coefficient divided by the medium den5|ty(See Fig. 5 However, our algorithm can easily obtain the
p. Ey is the mean energy transferred per collision. In photoenergy that is released as kinetic energy to the atomic elec-
electric absorption almost all the energy is transferred to thérons in every collision, including those carried out by these
medium, while in a Compton scattering, depends ond  secondary photons outside the beam path.

K=<I>(ﬁ
p
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o™ ' ‘ ‘ ] Spectrometers based on a Nal scintillator are a very popular

F(a) . . . . .

device in nuclear physics laboratories, and because of their

m® low cost, they can be found in many undergraduate labora-
10 H© 3 tories. The device consists of a Nal crystal attached to a
H (d) photomultipler that detects the light pulse generated by the
10l ] scintillator when ay ray is absorbed. The energy absorbed in
the scintillator is converted into visible light by lumines-
cence, giving rise to a photomultiplier pulse height distribu-
tion that can be analyzed by a multichannel analyzer. In the
@ o) b) ideal case all they-ray energy is deposited, and the light
10 ¢ ( pulse has an amplitude proportional to tieay energy. In
practice, the amplitude spectrum is broadened by several in-
strumental effects(See Ref. 4 for a detailed discussion on
the various broadening sources.

In a real detector, photons very often leave the scintillator
Fig. 7. Kerma in watersame case as Fig) ®ersus radial distance for after suffering onéor morg Compton collisions thus depos-
depths of(a) 0.5 cm,(b) 15.5 cm,(c) 33.5 cm, andd) 49.5 cm. iting an energy smaller thaB,. This effect gives rise to the

well-known y-ray line shape of inorganic scintillatots,
which consist of the so-called photopeéhtal absorptioh

Let us consider ay-ray beam along the axis of a water together with a continuous spectrum in the energy interval
cylinder of radius 10 cm and length 50 cm. Because kerma ifom 0 to the Compton edge given by E®).
the energy per unit mass, we need to divide the medium in Our program can be used for an approximate calculation
volume elementgcells and then compute the amount of of the line shape of a Nal spectrometer. As mentioned, for
energy transferred in each cell. The smaller the cell, théneavy elements, our simple algorithm overestimates the path
higher the spatial resolution for the calculation of the kermalength of a photon and consequently overestimates the num-
but also higher are the statistical fluctuations of the results. liver of y rays escaping from the scintillator, in particular
our case, each cell, is symmetrical about the cylinder axishrough the side surface. To achieve a more accurate simu-
and is defined by the radial distance to the axiand the lation, we have slightly modified the algorithm for this par-
depth z. The size of the cells isAr=0.4 cm andAz ticular case. Instead of using the general formula of Messel
=1.0 cm. Therefore, the volume of the cell isArAz. In  and Crawford Eq. (5)], we have computed the photo-cross-
Fig. 6 we have plotted the energy transferfed the aver- ~ Section of Nal from the accurate data of FigReef. 5. From
age per unit mass, per photon, as a function of depth forFig. 3 the cross section can be approximately obtained as

several radial distance®.0, 0.8, 3.6, and 9.6 cmAs ex- o) =2.12¢ 10 %E 289 (E<0.033 MeV],

de/dm (Gy photon!)
=

0 2 4 6 8 10
Radius (cm)

pected, Eq(21) is in agreement with the=0 curve. Figure (228
7 shows the energy transferred as a function &dr several

depths(0.5, 15.5, 33.5, and 49.5 gmshowing that a non- opg(cm?)=2.35x 10 3E~278 (E>0.033 Me\).
negligible amount of energy is released outside the beam (22b)

path. The effect of secondanyrays in radiation dosimetry is
crucial, but unfortunately the contributing kerma cannot be Using the simple algorithm with Eq22) the spectrum of
predicted by simple formulas. Monte Carlo simulation is athe energy absorbed by the Nal scintillator in our student lab
very valuable tool for the corresponding calculation. has been calculated, and the result has been compared with
The quantity that is of more interest in radiotherapy andthe experimental line shape. The Nal scintillator is cylindri-
radiobiology is the absorbed dose, which is the energy petal with a 1.8 diameter and 2!0height. They-rays are
unit mass actually retained in the medidmt this energy  emitted by an isotropic source of 0.2 c¢m radius located at a
range the differences between the kerma and the absorbédstance of of 3.7 cm to entrance face of the scintillator. The
dose are due to the track length of the ejected electrongnergy of they-rays is 1.275 MeV, which corresponds to an
because the energy is actually deposited in the medium atisolated peak of the nucled&Na with which the simulation
certain distance from the point where the photon interacts. will be compared. In principle, this energy is over the thresh-
For 1 MeV photons the energy of the most energetic eleceld for pair creation. However, as can be seen in Fig. 3, the
trons is 0.8 MeV[Eq. (2)]. According to Ref. 5, the corre- corresponding cross section is negligible in comparison to
sponding range in water is about 0.33 cm. This range iCompton scattering.
smaller than our cell size and thus Figs. 6 and 7 nearly give Figure §a) shows the simulated spectrum consisting of a
the absorbed dose. At higher energies, however, the electrgsronounced photopeak which contains 7.15% of the input
track is non-negligible and the spatial distribution of doserays together with a continuum spectrum due to photons es-
does not equal that of kerma. caping after one Compton collisiofl4.7% efficiency or
In radiation therapy it is extremely important to determinemore than ong8.13%. For comparison with the experimen-
the absorbed dose at any point of the irradiated volume. Faal data, the theoretical line shape in Fig. 8 has to be folded
an accurate simulation of the dose it would also be necessaiyto the experimental broadening function. The experimental
to simulate the tracks of the ejected electrons. shape of the photopeak was found to be Gaussian with a full
width at half-maximum weakly dependent on the eng@y
KeV at around 1.2 MeYhas been used for that purpose. If
we fold the spectrum of Fig. (8 with this Gaussian, we
Another interesting application of our simple algorithm is obtain the result shown in Fig(® which can be compared
the simulation of the response of a Nal scintillatorntoays.  with the experimental spectrum. The comparison has been

B. Response of a Nal scintillator
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15 ' ; ‘ ' ’ ‘ with a basic knowledge of programming. The program can
photopeak be used as a tool to assist students in becoming familiar with
10 “emoemmoemmemeo ez the phenomenology of the interaction of gamma rays in mat-
08 ter. The dependence on the material properties and energy
0.6 @ i can be easily tested.
Compton edge We have used the simple algorithm for the calculation of
1 the energy deposited in a cylinder of water versus depth and
radial distance. We also simulated the line shape of a Nal
7 scintillator and compared the shape with a spectrum mea-
. sured in the laboratory. Finally two problems dealing with
12 the effect of multiple Compton scattering are proposed in the
Energy (MeV) Appendix.

dn/dE (MeV-1)
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APPENDIX

0.4 0.8 12
Energy (MeV) We include here some suggested problems that can be

solved by using the simple algorithm discussed in this paper.
Fig. 8. Line shape of a Nal scintillatqcylinder of 1.3 diameter and 2 Problem 1. (a) A pencil beam of 1 MeVy rays impinges

heighy for y rays of 1.275 MeV energya) Simulation results for the spec- . .
trum of the energy absorbed by the scintillatt). Experimental line shape perpendicularly on a layer of Al 0.2 thick (the mean free

(solid) and theoretical line shap@ashed obtained by folding the energy pf’ith. f0r.1 MeVy faYS in AI is 6.02 cmu. Plot the probability .
spectrum of plo{a) with a Gaussian of 90 KeV width. distributions per unit solid angle of a photon to be transmit-

ted and backscattered, respectively, with an amdietween

the beam direction and that of the escaping phdtim not
restricted to energies higher than 0.7 MeV. At lower energiesake into account thosg rays that cleanly traverse the layer
the spectrum is dominated by the profile of the very intensevithout interacting. Compare the results of the simple algo-
annihilation peak at 0.511 MeV. The experimental spectrunrithm with the predictions of the Klein—Nishina formula Eqg.
shown in Fig. 8b) has been obtained by subtracting the labo-(3) for single Compton scattering.
ratory background spectrum and has been normalized to the (b) Plot the probability of an interacting photon for escap-
intensity of the simulated photopeak. The spectrum showig forward or backward as a function of the output energy.
reasonable agreement between simulataeshed lineand  Calculate the energy bounds of a photon after a single Comp-
experiment(solid line) for the Compton continuum. The dis- ton scattering using Ed1) for both forward and backscat-
crepancy is due to secondary experimental effects not takeieredy rays. Are the escaping photons bounded to these lim-
into account in the simulation. its? Why?

The efficiency of the light collection depends on the posi- (c) Repeat the calculations for 1\0and 5.0\ thicknesses.
tion of radiation interaction. On the other hand, the radioac- Problem 2. Repeat the calculations of Problem 1 for lay-
tive source is attached to a cylindrical holder with a holeers of Pb(mean free path of 1.25 gmCheck that the energy
through which the photons escape. Mapyays hit the alu- of the escaping photons are basically bounded to the limits
minum hole walls, thus degrading the energy spectrum of thamposed by Eq(1). Why?
beam. In additiony rays also interact with the front and side
faces of the scintillator as well as with the photomultiplier. *w. R. Nelson, H. Hirayama, and D. W. O. RogeFhe EGS4 Code System
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Tantalus’ Cup. The mythological Tantalus angered the gods, and was condemned to hang from the limbs of a tree over a pool of water. When he tried to

drink, the water level receded from his lips. Tantalus’ cup is used as a paradox in introductory physics. The unsuspecting user pours water,iatwdthe cup

the water level rises evenly in the cup and the inside end of the syphon tube. All is well until the water level just starts to exceed the highestepoint in th
curving tube. At this point syphon action commences, and the cup empties down to the level of the bottom of the tube. This large example at Harvard

University is 27 cm high(Photograph and notes by Thomas B. Greenslade, Jr., Kenyon Qollege
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