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Abstract 

High energy radiotherapy x-ray bearns (> 10 MV) are unavoidably contaminateci 

by neutrons. This study intercompares the response of 3 neutron detectors and estimates 

the neutron dose equivalence in 15 and 18 MV x-ray beams. The neutron detectors used 

were: 1) Phosphorous Pentoxide powder, 2) a moderated Indium foil, and 3) a 

Superheated Drop Detector (SDD). The recently marketed SDD was assessed to 

determine its suitability for neutron dose equivalence measurements. The P201 results 

were considered the standard and they demonstrated that neutrons contribute < 0.40% and 

c 0.07% of the total dose adrninistered by the 18 and 15 M V  beams, respectively. The 

Indium foil used a conversion factor calculated by Rogers and Van Dyk [ I  98 I l  resulting in 

computed neutron doses 1000 times larger than the P2O5 resuits. It is not known why. 

Compared to the PzOs results the SDD underestirnateci the neutron dose equivalence by a 

factor of two. 
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Chapter 1 

Introduction 

Several treatrnent protocols and modalities are cornmonly available to a patient 

diagnosed with cancer. Surgery, chemotherapy, radiotherapy, or a combination of these 

are conventional techniques avaiiable to the oncologist for treatrnent prescriptions with 

curative or palliative intent. Radiotherapy prescriptions Vary depending on the site, type, 

and staging of the tumour. The radiation dose, beam type. beam energies, treatment 

geometry, and target volume are some of the parameters that must be prescribed and 

planned for treatment. High energy x-rays and electrons are the conventional types of 

radiation bems utilized. The tolerance of normal tissue defines the radiation dose limits 

thus in order to allow normal tissue to repair itself the radiation dose is hctionated. The 

total radiation dose prescribed to the target volume is the number of Fractions multiplied 

by the daily dose. The goal of radiation therapy is to adrninister a lethal total dose to a 

target volume while minirnizing the dose to the surrounding healthy tissue. 

Patients are usually treated on medical electron linear acceleraton ( L W s )  

which generate x-ray and electron beams at megavoltage energy. Via thermionic 

emission, electrons are boiled off a cathode in the accelerator's electron gun and undergo 

an initial acceleration while crossing the potential diRerence created by the presence of an 

anode. A pulsed modulator gives high voltage pulses to both the electron gun and a 

Klystron (or rnagnetron) radiofiequency (RF) power source. In standing wave 

accelerators the Klystron gives off a microsecond pulse of electromagnetic radiation to the 



2 
accelerator guide which is reflected back and forth within the accelerator cavities to create 

the standing wave. The high energy electron beam created may be converted to a 

bremsstrahlung x-ray beam using a high atomic number target. 

Figure 1.1 depicts the treatment head of a medical LINAC. The target and 

collimators generate and define the usefiil x-ray radiation beam respectively. A flattening 

filter modifies the highiy foward peaked brernsstrahlung intensity distribution to produce 

a more uniform (flat) intensity profile across the bearn. 

X-ray beams of energy 10 MeV or greater produce neutrons in a (y,n) reaction 

with beam line elements. Neutrons are produced in the target, collimator jaws, lead 

shielding. the air path of the beam, and in the patient math cr aL. 19861. For many years 

it was recognized that these 'contaminant' neutrons were potentially 

Figure 1. I LMAC schematic 

hazardous to the patient Dng et al.. 1982; Nath et al., 1984; Swanson, 19801 but the 
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neutron flux generated was unknown and dependent upon the accelerator design. McCd 

et al., [1984] and Nath el al., [1986] showed that the neutron fluence within the treatment 

beam is limited to Iess than 0.04% of the given photon fluence for various machines and 

can be deemed an insignificant addition to the dose received by the patient. Pnce et al., 

[ 1 9781 using p hosp horous pentoxide detectors in a 25 MV x-ray beam of a Sagittaire 

machine found the ratio of neutron dose to photon absorbed dose within the beam to be 

between 0.2 and 0.5 percent. Outside the beam they found the ratio to be 0.12 percent. 

Ing and Shore [ 19821 and Stranden [ 19761 concluded that the neutron dose due to 

induced activity within patients is very low. Their results indicated that the dose delivered 

outside the prirnary beam by scattered photons is approximately 1 500 times that of the 

dose delivered by neutrons produced in tissue by photonuclear reactions for beam energies 

above the (y,n) reaction threshold. Hence, neutron production wïthin tissue is not very 

important as a source of unwanted irradiation. 

Neutron detecior development has been ongoing for several decades. Nath et ai., 

[1986] and McCall ei al., cl9841 have investigated their use for measuring neutron dose 

surrounding linacs. Measurements within the treatment room have been concerned with 

the detection of neutrons within the pnmary beam and those scattered through the 

treatment room. Moderated thermal neutron detectors and fast neutron activation 

detectors have been used inside and outside the x-ray beam v a t h  e! ai.. 1986; Rogers and 

Dyk 198 11. Scintillation detectors and ionization chambers have been used by various 

researchers for the purpose of detecting scattered, thermalized neutrons outside of the 

prirnary beam but still inside the treatment room mogers, 1979; Nath a! al.. 1979; McCall 



et al., 1984; S tranden, 1 9761. 

For the LMACs used in this study neutrons are produced mainly by x-ray 

interactions. At the beam energies produced by medicai Iinacs neutron production 

through electrodisintegration (electron interaction) is approximately two orders of 

magnitude smailer than neutron production through photodisintegration (gamma or x-ray 

interaction) WcGiniey et al., 1976; McCall rf al., 19841. Further discussion on the theory 

of neutron production can be found in section 1 .1 .  Due to the pulsed nature of the photon 

beams produced by the medical linear accelerators detection of neutrons is a difficult task. 

One difficulty lies in finding a suitable neutron detector that will not be influenced or 

oversaturated by the high intensity x-rays of the primary beam. Even &er transmission 

through the treatment head shielding the photon leakage flux outside the primary beam is 

10- 100 tirnes greater than the neutron flux pa th  et al., 1 9861. ln the unattenuated 

primary beam the photon flux is 1000-4000 times greater than the neutron flux. These 

numbers indicate a need to use passive neutron detectors within the treatment roorn. 

Passive detectors are those that do not depend on electronics to enable the desired 

interactions to be counted and thus will not be influenced by the photon flux. An example 

of a passive detector is an activation detector where the neutrons induce radioactivity in 

the detector material. The radioactivity may then be counted by another radiation detector 

outside of the influence of the x-ray flux. 

To be able to predict the neutron dose acquired the energy of the neutron must be 

known, thus. another inherent problem with neutron detection is the dependence of dose 

equivalence on the neutron energy spectrurn because a neutron's quality factor (and thus 
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the dose equivalence) depends on its energy pading et al., 19821. This produces a need 

to estimate a neutron energy spectmm by using a neutron fission spectrum Eom a source 

like Californium-252, or by means of a computer calculated spectrum, or by experimental 

procedure using a spectrorneter (like a Bonner Sphere Spectrometer). These solutions 

also have difficulties which will be discussed in the following chapters. 

In this thesis the use and cornparison of three different neutron activation detectors 

is presented. The neutron dose was detemiined for 15 and 18 M V  x-ray beams fiom a 

Varian Linac using three detectors and their results were compared. The first detector 

studied was the phosphorous pentoxide Pz05 powder. This neutron detector has a weU 

documented history of use [Price el al.. 1978; Nath, 1980; Bading r! al., 19821 and has 

been proven reliable for the detection of both fast and thermal neutrons. The second 

detector, an Indium foil, has also been the subject of several investigations [Stephens and 

Smith, 1958; McCall et al., 1979; Rogers and Dyk, 198 11. This foil is a thermal neutron 

detector so a moderator must be used in conjunction with the detector to measure fast 

neutron flux. The third detector, a Superheated Drop Detector (SDD), has a relatively 

recent hisrory compared to the other detectors used. It is called a ~eutrorneter-HDTM and 

is claimed by the manufacturers to be reliable and simple to use [Apfel and Roy, 1984; 

Nath er al., 1 9931. 
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1.1 Theory 

When eiectromagnetic radiation or charged particles enter a material, 

electromagnetic interactions may take place. Ionization is the removal of an electron nom 

an atom resulting in an ion which is an atorn with a net positive charge. This occurs when 

an electron absorbs sufficient energy to break away from its orbital shell within the parent 

atom. Electrons and charged particles are directly ionizing, whereas neutrons and photons 

(both of which are electrically neutral) are indirectly ionizing. This implies that neutrons 

and photons need an atomic or nuclear interaction. which results in a full or partial transfer 

of energy, to produce a secondary ernission of a charged particle so ionization can occur. 

1.1.1 Definitions 

Absorbeci Dose, D. is the mean energy (E) impaned by ionizing radiation per unit 

mass (m) of the irradiated material as shown by the equation, 

given by the International Commission of Radiation Units [KRU #33, 19801. The units of 

absorbed dose are in joules per kilogram (Jkg) also referred to as a Gray. 

Limar Emrgy Tran~fer (LET) for a charged particle beam is defined as, 



& L e -  
ur !" 

where dE is the average energy les  than A locally imparted to a medium by a charged 

particle of specified energy in travelling a distance dl [KRU #33, 19801. It is expressed in 

keV/pm. 

There is a wide vanation in the way energy is transferred depending on the energy 

and type of radiation. If dealing with rnonoenergetic radiation then the particles' path 

lengths would be similar and LET would be meaningful. However most radiations consist 

of a wide spectnim of energies. This implies that LET can only be an average of the 

energies per track length. An average is not useful if the variation is great between the 

quotients (or LETS). There are two ways to calculate LET. First, the track or path is 

divided into equal energy increments. giving the energy average. Second, the track 

average can be found by finding the energy per equai tracklpath increment. These 

averages can differ substantially for the same radiation Wall, 19881. 

Racliobiologkal Effec~zviverwss (ME) is a rneasure of how a test radiation 

compares to a standard radiation, as defined by, 

&O RBE = - 
Dr 

Here DZSU refers to the given dose of 250 kV x-rays, and Dr r e h s  to the given dose of 

the test radiation so that both doses have the same biological effect or endpoint. 

AI1 ionizing radiations are able to produce the same kind of biological effect. 
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However, if the radiation types are not the same equal absorbed doses of the radiations 

may not give nse to the sarne biological effects. To be able to intercompare radiations 

based on their biological effect dose equivdence has been defined for the Iow doses of 

radiation normally encountered in the field of radiation protection not for assessing the 

effects of high-level, accidental exposures to radiation DCRU #3 3, 1 9801. 

Dose Eqirivuknce is obtained by weighting the absorbed dose with certain 

modifj4ng factors depending on the type of radiation and the conditions of irradiation 

[ICRP # 15, 19691. One factor is the quality factor (Q), which weights the absorbai dose 

depending on the predetermined biological effectiveness of the radiation type. The factor 

Q is closety related to RBE but unlike RBE it does not consider the organ, tissue or 

biological endpoint [ICRU #X, 19801. Dose equivalence is defined by the KRU #33 as 

the product of the absorbed dose, D. and the quality factor, Q, that characterizes that 

particular radiatioc 

H = DQN (1 -4) 

where N is the product of al1 other rnodifjkig factors recornmended for weighting the 

absorbed dose by the ICRP (International Commission of Radiation Protection). N is 

currently assigned the value of I for extemal source irradiations [ICRU #33, 19801- The 

units for dose equivaience are also in joules per kilogram. but is also referred to as a 

Sievert (Sv). 

The value of neutron dose equivalence at the treatment site can rarely be 

determined directly. One way is to use a 'Rem-meter' which comprises of a spherical 
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moderator placed around a thermal neutron activation detector (rem-meters wiU be 

discussed in detail in Chapter 3). Othenvise the neutron dose equivalence rnust usually be 

derived fiom rneasurements of neutron fluence incident upon the body and use of 

conversion (fluence to dose equivalence) factors specified by the International 

Commission on Radiation Protection [ICRP #5 1. 19871. or experimentally determined 

conversion factors. The calculations for determining dose equivalence will be explained in 

greater detail in chapters 2 and 3. 

1.1.2 Neutron Production 

Electrons and x-rays usually initiate the reactions that produce the neutrons we are 

studying. This is due to the way x-rays are created in LINACs. Electrons at high energies 

are directed towards a target manufactured from a high atomic number material. The 

majority of the x-rays are produced by the deceleration of electrons within this target. The 

radiative energy losses. or bremsstrahlunç losses. by the electrons are proportional to the 

stopping power of the material of the target and are therefore proportional to z2 (where Z 

is the atomic number of the target material). This is why a high atomic nurnber material 

like tungsten is used as a component for the target of a LiNAC. 

Neutron production can occur within any area of the LMAC in which electrons or 

photons are interzcting with matter. They can also be produced in the path that the x-ray 

beam takes from the target to the patient. Neutrons can be rernoved fiom their parent 

nucleus with a minimum input of energy of 6-16 MeV for most stable nuclei with an 

atoGc number greater than that of carbon (Z = 6) [McCall rf al., 19841.  hg incident 



10 

particle that gives the energy to the target nuclei will be either a photon or an electron. 

These reactions that remove the neutron are called photodisintegration and 

electrodisintegration respectively. 

Figure 1.2, a schematic of photodisintegration, depicts an incident electron of 

energy E; being decelerated by a radiator target nucleus R and hence, producing a 

bremsstrahlung x-ray. A second interaction may occur in or around the target, up to 

several meters away. If the energy of the incident photon is high enough a neutron can be 

removed from the nucleus A. 

Fig. 1.2 Photodisintegration (y. n) [McCall al.. 19841 

Figure 1.3 demonstrates electrodisintegration. Here the radiator nucleus and the 

nucleus that has the neutron removed are one and the same. The energy needed by the 

nucleus to release a neutron is transferred frorn the electron by rneans of a 'virtual' photon. 

The electron is deflected frorn its original path as in the first case but no actual photon is 
3 ? 

detected. Therefore the virtual photon is used to explain the energy transfer. The 



11 
electrodisintegration reaction can be considered as (e,n) or (e, eh). It depends only on 

whether the electron with the final energy can be detected. 

A neutron is not always the result of photons or electrons interacting with matter, 

othenvise we would be ovenvhelrned with neutrons. There are many possible results of 

these nuclear interactions. The cro.s.s-.wc~io~~ of a reaction is a rneans of descrïbing the 

Fig. 1.3 Electrodisintegration (e. n) [McCaIl et al.. 19841 

probability of an interaction occurring, and is given in the units of barndatom or cm2/atom 

[Krane, 1 98 81. 

Knowledge of cross-sections indicates that with increasing incident particle energy there 

will be an increasing probability of neutron production O C C U ~ ~ ~  up until a certain 

maximum energy, after which it decreases. This curve is called the 'giant resonance' due 

to the reaction behaving like a resonance reaction [McCall ef al., 19841. Resonance 

means the reaction may proceed only if the photon (or electron) has exactly the resonance 
- .  4 ? 

energy. McCall et al., [1984] state that in theories of photonuclear reactions this 
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resonance is attributed to the electnc dipole absorption of the incident photon. The area 

under this curve is sornetimes called the 'strength' of the giant resonance and is given by an 

approximation of the dipole sum mle [Bethe, 1 954; Jackson, 19751. 

The cross-sections for a (y.n) and (e,n) reaction, indicate that photodisintegration. 

rather than electrodisintegration, is the predominant interaction mechanism for producing 

neutrons in medical LMACs [Swanson. 19781. This is due to the fact that the elernents 

composing the patient (H, C. N. O), and in treatment head materials (Pb, W, Cu, etc). 

have their giant resonance for photodisintegration reaction at lower energies than the giant 

resonance for electrodisintegration reaction. 

1.1.3 Interaction of Neutrons and Matter 

Neutrons have no electrical charge. Therefore they do not interact in rnatter by 

means of the Coulomb force. which dominates the energy loss mechanisms for charged 

particles [Krane, 19881. Neutrons have a lage mean free path compared to their charged 

particle counterparts, and negliçible interactions occur with atomic electrons. A neutron, 

even one with low energj, can penetrate the nucleus, experience the nuclear force, and 

start nuclear reactions. A result of this reaction will be the emittance of secondary 

radiation. The specitic type of secondary radiation will depend on the incident neutron 

energy, the type of target nuclei and the cross section for the particular reaction. For high 

energy or fast neutrons, described in this project to be a neutron above thermal energies (> 

0.025 eV), reactions such as (n,p), (n,a). or (n.2n) and scattering are possible. The slow 

- 4 ? 

or thermal neutrons' main interaction, besides scattering, is radiative capture (qy) 



[Krane. 19881. 

A scattering interaction between the nucleus and neutron means the neutron's path 

is changed or deflected either elastically (with energy conserved behveen interacting 

part icles), or inelast ically (wit h energy not being conserved between interacting particles 

but being Iost in the form of gamma rays). Slow neutrons. generally considered to be less 

than 0.5 eV have a high probûbility for elastic collisions which bring these slow neutrons 

into thermal equilibrium with the absorber material. Being 'thermal' neutrons. radiative 

capture (n.y) is usually the most probable interaction [Krane, 19881. A fast neutron will 

be slowed. or 'moderated', by the scattering processes in the absorbing material until it 

loses enough energy to be radiatively captured by a nucleus of the absorbing material. 

Otherwise the fast neutron will interact directly with a nucleus to produce a secondary 

emission. like one of the previously described reactions. This scattering interaction is 

most effective for moderating a neutron's energy when the scattering material consists 

mainly of hydrogen. Neutrons can most efficiently transfer their energy in the form of 

kinetic enersy through elastic collisions when the tarset nucleus is of approximately the 

same mass. 

Al1 neutron interactions (except elastic collisions) produce secondary emissions 

such as, gamma rays, fast recoil protons, and alpha particles. The absorbed dose from the 

neutrons is technically due to these secondary chaged particles, rather than the neutron 
r 

itself; this is called indirect ionization. Most of the particles set in motion by neutrons are 

massive compared with electrons. which are excited and ionized €rom their atomic nuclei 

by gamma and x-rays. The difference in mass between electrons and t h ë  heavier 
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secondary ernissions (such as protons) accounts for the differences in the biologieal efects 

observed between equal absorbed doses of x-rays and neutrons Wall, 19881. 



Chapter 2 

Experiment 1 - Phosphorous Pentoxide 

The phosphorous pentoxide (PzOs) powder neutron detector has been well 

documented and found to give accurate results to within about 4 percent for a fast neutron 

flux and to within about 13 percent for a thermal flux price cf  ai. 19781. Bading et ai., 

[1982] found they could measure neutron surface dose rate with uncertainties of 

approximately 25 percent. Radioactivity is induced in the phosphorous of PzOs powder 

and it is able to detect both fast and thermal neutrons. Different nudear reactions take 

place in the phosphorous dependinç on the energy of the neutrons involved in the 

interactions. The reactions induced in the powder are numerous when irradiating this 

activation detector with neutrons and high energy x-rays. Most of the reactions produce 

either stable daughters or daughters with a short half life. Table 2.1 shows the vanous 

reactions expected for this experiment and the emitted radiation. These will not interfere 

with counting of the two reactions whose daughter products have a suitably long half life 

and characterize the interactions of interest. These are the (n,p) reaction for fast neutrons 

and the (%y) radiative capture reaction produced by thermal neutrons. The 31~(n,p)31~i 

reaction has a product half-life of 2:62 hours and the Silicon-3 1 decays by emission of beta 

particles of energy 1.48 MeV. This reaction has a threshold neutron energy of 0.7 MeV, 

meaning that sorne intermediate fast neutrons will not react with a phosphorous atom. 
3 - 

Photonuclear processes in the oxygen and phosphorous produce neutrons which in tum 



activates the "P and l a d s  to  "si activity. Price et al, [1978] did 

Table 2.1 PzOs nuclear reactions when irradiated pnce et ai.. 19781. 
1 Reaction 1 Product Half Life 1 Radiation 1 % Emission i 
L 

' P ( ~ , ~ ) ~ ~ P  
3 1 ~ ( Q 2 n ) 3 ~  

L~(y,n)3? 

31 p(n,a)"AI 

" ~ ( n , n ~ ) ~ ~ s i  
" ~ ( ~ , 2 n ) q  

. 

1 

3 1 ~ ( y , p ) 3 0 ~ i  
3 ' ~ ( y , n p ) w ~ i  
'60(4y) "O 

' 6 ~ ( n , 2 n ) L 5 ~  

3-3 1 min 

Stable 
4.45 sec 

~"o(p) 'w 

100% 
99% 
200% 

14.28 d 
2.5 min 

Stable 
Stabie 
Stable 
123 sec 

'60(ta) 13c 
I60(n,np) '?J 
160(y,2n)140 

a stÛdy of these interactions to discover the extent of the interference. It was dgtermined 

1.71 p- 
3-24 P- 
0.5 1 1 y 

- - -- 

1.26 y 

7-85 B- 
1.78 y 

3.95 p- 
0.5 1 1  y 

-- - 

7.14 sec 

'60(y,n) ' 7 ~  
i60(y, np) ' ' ~  

> 

0.07% 
1 00% 
100% 

99% 
200% 

2.43 y 

1.74 B' 

Stable 
Stable 

70.91 sec 

0.2% 

100% 

0.5 I I  y 

10.4 p- 
4.27 p 
2.75 y 

Stable 
Stabie 

26% 

1% 

7.1 1 y 

4.12 P* 
1-81 1 [3+ 

5% 

0,6% 
99% 

2.3 12 y 99% 
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that the photonuclear interference. where the photon flux is approximately 1300 times 

larger than the neutron f l u ~  is roughly 3%. 

The ' ' P ( ~ , ~ ) ~ ~ P  thermal reaction has a product half-life of 14.28 days and also 

emits a beta particle with an energy of 1.71 MeV This allows the determination of the 

3 1 Si activity induced by fast neutrons and "P activity induced by thermal neutrons after 

irradiation by counting the sample at different times (approximately 24 hours later). Since 

both products are beta emitters a liquid scintillation counter (LSC) c m  be used to measure 

the induced activity. These reactions can distinçuish between the fast and thermal 

neutrons. However to convert the total flux to dose equivalence a knowiedge about the 

complete neutron energy spectrum is required. 

The cross-section for the 3 1 ~ ( n . y ) 3 2 ~  reaction to detect thermal neutrons is 0.190 

barns [Garber and Kinsey. 1 9761, whereas the cross-section for the 31~(n,p)3'~i reaction to 

detect fast neutrons is dependent upon the energy of the neutrons (see figure 2.1) P n c e  et 

cd, 19781. One can see that the threshold neutron energy for detection of fast neutrons is 

0.7 MeV and the probability of the interaction increases with increasing neutron energy. 

When the neutron energy reaches approximately 3 MeV, the cross-section stays roughiy 

constant around 0.1 barn with increasing energy. 



3 1 Fig. 2.1 ~ ( n , ~ ) " ~ i  cross section verses neutron energy [Price el  c d . ,  19781 

2.1 Methods and Materials 

The phosphorous pentoxide powder deliquiesences quickly when in contact with 

any moisture including that in air. Due to this hiçh reactivity with water, precautions, 

such as using a fume hood, had to be taken when prepanng samples. Because the powder 

for this activation material is so dificult to handle, a solution was developed using distilled 

water which enabled the irradiations to proceed smoothly. The best mixture was round to 

be 0.32 grams of powder per milliliter of distilled water. Five milliliters of this solution 

were placed in scintillation vials for irradiation. The sarnples were irradiated with 4000 

MU (rnonitor units) of x-rays delivering approximately 40 Gray of dose (depending on the 

field size). Following irradiation 2 ml of the solution was added to the LSC cocktail Insta- 

gelm to be counted. Price et al. [1978] in their experiments irradiated the powder and 

thenproceeded to create a solution with distilled water to which they added tbeir LSC -- 

cocktail. The method used in this project was also used by Bading et al, [1982]. They 
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added 3 mi of the solution to the LSC cocktail instead of the 2 ml added in the present 

work. Through experirnentation with various amounts of solution, it was determined that 

2 ml of solution (rather than the 3 ml used by Bading et al., [1982]) added to the LSC 

cocktail gives a much clearer solution which is highly desired for liquid scintillation 

counting. 3 ml of solution added to the cocktail produced a cloudy gel which the LSC 

found to be uncountable, 

One of the variables of the experiment were the primary photon bearn energy 

spectra of 15 and 18 MV, to determine the arnount of neutrons produced for these two 

spectra. The field sizes of the beam were changed from 5x5 cm2 up to 40x40 cm2 to 

determine if the neutron production varied with field size. As well the location of the vials 

were placed so as to produce a neutron dose equivalent profile for each of the field sizes 

used. This was done to ascertain whether or not the neutron profiles varied in any way 

from the photon profile for the same beam size. The vials, filled with the phosphorous 

detector solution, were placed in locations starting €rom the isocenter of the beam to 30 

cm outside of the beam edge alonç the inplane axis on the patient plane (perpendicular to 

the beam). 

The dose was administered with a dose rate of 600 monitor units per minute, 

where one monitor unit equals approxirnately one centi-Gray (cGy). depending on the field 

size of the trial in question. The LMAC units are calibrated so that one monitor unit 

(MU) of given photon energy equals one centi-Gray of photon dose for a 10x10 cm2 field 

size at a reference depth in water. For differing field sizes a collimator scatter correction 

-facter is used to change the exact relationship between monitor units and cemiGray of 
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radiation. 

Irnmediately after irradiation two rnilliliters from each sample were placed in fiesh 

scintillation vials so that any residual radioactivity occumng within the viais would not 

interfere with the counting activity €rom the irradiated powder and distilled water solution. 

These vials were then refrigerated for 5 to 10 minutes because it was found that mixture 

with the liquid scintillation cocktail produced less visible (colour) quenching if both 

substances were cool. The scintillation process entails the conversion of  part or al1 of the 

kinetic energy of the beta particles to light photons as the particle is slowed a d o r  

stopped in the scintillation detector material. This light or fluorescence is created by an 

atom in certain materiais from the absorption of the kinetic energy of a charged particle 

passing nearby. Fluorescence is the prompt emission of visible radiation from a substance 

following its excitation. The scintillation material is an organic solvent (like toluene) with 

srnall amounts of organic compounds (solutes) and is called a liquid scintillation cocktail. 

This project used lnsta-gel PIUS.'"' as the cocktail which was a blend of pseudocumene 

(1.2.4 trimethylbenzene) 80-90% with scintillators PPO and BIS - MSB emulsifiers. The 

photon emitted has less energy than the minimum needed for absorption. Thus there is 

very little overlap between the optical absorption and emission spectra, implying there is 

little self absorption of the fluorescence. Another benefit of using liquid scintillation 

counting is the fact that the sample is totally immersed in a scintillation matenal and 
f 

enables a counting eficiency of close to 100%. 

The light photons produced are then detected by the photocathodes of two 

- pho(omu1tiplier tubes. These photocathodes emit electrons when they are stnick by a 
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photon. Through an increasing voltage potential the electrons are attracted to a series of 

dynodes where a multiple of electrons are given off at each dynode. Whenever output 

pulses from each of the two photomultiplier tube occur within 25 nanoseconds of each 

other then they are considered to be coïncident and thus true rather than random events. 

Using a coincidence counting technique reduces the noise. 

In each vial, 15 milliliters of Insta-gel PIUS-"' scintillation cocktail was used. Eight 

to ten vials were irradiated and counted in a trial at any one time. these included two vials 

for background counts. The vials were counted for one minute each, eight to ten times. 

These counts were corrected for decay time, then averaged and used in the calculations 

and data analysis. The counts determining the 3 2 ~  activity for the thermal neutrons were 

detected the next day after sufficient decay time of approximately 20 to 24 hours had 

elapsed so that no significant counts from "si would be detected. The same vials were 

again placed in the LSC and each vial was counted for I O  minutes approximateiy 5 times. 

2.2 Data Analysis 

Using the results from the experiments. the neutron dose equivalence can be  found. 

This was accomplished by first using the statistically significant count rate to determine 

the saturation activity of the sample. The next step was to calculate the total flux of 
f 

neutrons using an estimated neutron spectmrn (for the fast neutron flux) and the cross- 

section for 3 ' ~ ( n , p ) 3 1 ~ i  reaction. The dose equivalence was computed by using ICRP 

-flueme to dose equivalent conversion factors. ? 
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First it must be decided whether the counts collected from the liquid scintillation 

counter (LSC) are statistically significant or not. We defined "statistically significant" to 

be greater than the background counts by three times the standard deviation (a). 

Differences greater than 30 were considered significant since there is a less than 1% 

chance that the counts are due to random error [Sorenson and Phelps. 19871. 

The measured activity (A). in disintegrations per second, of the phosphoms 

sample was computed using the equation, p i c e  et ai.. 19781, 

where C, is the counts per second found in a 2 ml (or 0.64 g) portion of the irradiated 

sarnple. and now has units of countslsecondlgram. m is the mass of the total irradiated 5 

ml sample. E is the  counting efficiency and was determined to be 95% for "si and 3 2 ~  

price et al. 19781. 

Once the rneasured activity of each sample was found thrn the saturation activity 

could be calculated. Towards this end the number of target atoms available in each 5 ml 

sample needed to be found. This was accomplished using the equation, 

w h e ~  N A  is avogadro's number, m is the mass of the sample ( 1  -6 gram), n is the number 

of target atoms per molecule. a is the natural occurrence of phosphoms ( 3 1 ~ )  which is 
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1.00, and A is the rnolecular weight. It was found that IVpbo. was 1-36 x 1 on atoms. 

The saturation activity (A ), in disintegrations per second of phosphorous, is the 

maximum achievable activity per target atom of the irradiated sample. It may be 

determined using the acquired count rate. assuming irradiation proceeded for a time t, , at 

which time the sample was removed from the radiation with an activity A+ 

Figure 2.2 depicts how the activity of a sampie changes with time as it is being irradiated 

until time L, . and how the activity continuousIy decays. 

Figure 2.2 Graphical representation of the induced activity of a sarnple m o l l ,  19891, 

r 

Due to this continuous decay, a11 times involved must be caretùlly accounted for. If the 

counting of the activity is camed out over a time period between t l  and t then the number 

of ceunts found will be. y 



where B is the background counts found during the tirne of counting and h is the decay 

constant of the product in question. By combining equations 2.4 and 2.3 one can find, 

From equation 2.5 it can be rearranged as Price el c d  [ 19781, has done, 

Npha is the number of target atoms  of"^ in the irradiated sample. and t, , t, , and ti are the 

times for counting, waitinç (time elapsed between irradiation and counting), and 

irradiation respectively. A, is the measured activity of the sample and was determined 

using equation 2.1 . 

Once the saturation activity of 3 1 ~ i  for each sample is calculated then the total flux 

of the fast neutrons can be determined in n/cm2-s using the equation, 

4 



From the saturation activity of '*P the total flux of thermal neutrons can be determined in 

n/cm2-s, using the following equation, 

where CF denotes the cross-section of the reaction of interest (either n,y or n,p) and, $.(E) 

is the differential neutron energy spectnim used. Since the differential neutron energy 

$,,(E) appears in the denominator and numerator of equation 2.7. a relative neutron energy 

spectmm is sufficient rather than an absolute neutron energy spectmm. The TLDBSS 

and Cf-252 spectra were normalized at 0.7 MeV energy level where P2O5 has its detection 

threshold. 

In order to obtain the fast neutron flux an estimation of the neutron spectrum rnust 

be made. Two neutron spectra were investigated in this project to discover which would 

be a better estimation of the neutron spectmm surrounding a 15 or 18 MV LMAC. In the 

primaiy beam, the average neutron energy at a point in the primary photon beam does not 

change greatly with increasing peak photon energy p a t h  er ai, 19861. Thus it was 

assumed that the same spectmm may be used for both primary photon energies (1 5 and 18 

MV). One of the spectra used was the neutron fission spectrum for Californium-252, (see -- 4 ? 

figure 2.3) [Batenkov. 19831. 



Fig. 2.3 Direrential neutron energy spectrum for Cf-252. 

The neutron spectmm of a LMAC has been found to be degraded compared with 

a fission spectrum outside of the field due to moderation by the shielding and the 

collimators va th  et al, 19861. Even with the degradation of the spectmm outside of the 

treatment field the californium-252 fission spectrum should be a good approximation of 

the expected neutron spectrum because it has an average neutron energy of approximately 

1 MeV, close to the recommended values of 2.0 MeV for 18 MV and 1.8 MeV for 15 MV 

spectra path  er al., 19861. 

The second neutron spectrum used was determined experimentally by Dr. James 

Liu [unpublished. 19951 using Thermoluminescent Dosimeters within a Bonner Sphere 

Spectrometer (TLDmSS) for a 15 MV LMAC (see figure 2.4). The position of detection 

was 1 meter above the x-ray target with the accelerator gantry at the zero position. The 

results will çive us a good approximation of the spectrum afler it has been degraded by the 
- .  4 - 
shielding but there might be error involved for the  detectors placed within the open beam. 
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In other words this spectrum might underestirnate the neutron energies within the primary 

beam. 

TLDI BSS Spectnim Data 

'Ooo1 m 

Fig. 2.4 Differential neutron energy spectmm for TLDBSS for 15 MV [J. Liu, 
unpublished, 1 9951. 

To calculate the integral ratio needed to find the total fast neutron flux, the cross- 

section for the (n,p) reaction in phosphoms is also needed. Pice el al [1978] researched 

this topic and their graphical representation is found in figure 2.1. 

It can be seen that t h e  threshold energy is 0.7 MeV and there was an upper energy 

lirnit of 14 MeV used in the calculation of the two ratios. The integral ratios found are 

given in table 2.2. 

The two values calculated in this thesis are comparable to t h e  2.89 x 1 0 ~  used by 
, * ? 

P h  cl al [1978] for a 25 MV x-ray beam, in previous research done with phosphoms 
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activation detectors. Table 2.2 shows the lack of difference found between the ratios. 

Table 2.2 Integral Ratios determined for various spectra. 
II I 

Price et ai, [1978] 1 2.89 x 1 0 ~  1 

Spectmm 

Cf - 252 

This small variation among the values implies that a good estimation of the fast neutron 

lntegral Ratio found 

2.92 x IO= 

tlux can be found if only an approximate differential neutron spectrum is used price et al, 

The next step in this analysis is the conversion of the total flux to dose 

equivalence. The International Commission for Radiation Protection (ICRP) published an 

updated report of their conversion coefficients in 1987 [ICRP Publication #5 11. The 

coetticients were calculated by the Monte Carlo method. Statistical uncertainties are of 

the order of 5%. and the overall uncertainty is cautiously judged to be within 20% [ICRP 

Publication #5 11. The conversion coefficients used in this project are given in dose 

equivalent per unit fluence for monoenerçetic neutrons incident in a plane parallel bearn, 

on the principle mis, at a depth of 0.07 mm. on an K R U  sphere (a sphere made of 

homogeneous tissue equivalent material). The'values for the coefficients varied for a 

neutron energy range €rom thermal (0.25 eV) to 20 MeV. The average conversion 

coefficient was found for the same range of spectrum as was used previously in the 
3 

analysis (0.7 MeV to 14 MeV) using the equation. 



where On@) is again the neutron spectrum used and C(E) is the conversion coefficient for 

the energy denoted. The average conversion factor (CF) calculated are given in table 2.3. 

The average neutron energies of the pnmary 18 and 15 MV beams were considered to be 

2.0 and 1.8 MeV respectively and their associated conversion factors are also given in 

table 2.3. 

Table 2.3 CaIcuIated conversion factors f ICRP Pub. #5 1 1. 
-- - 

Spectnim 

TLD/BSS 

These factors are calculated solely for monoenergetic neutron beams and are given for 

- - --- - 

Conversion Factor CSV-cm2 

5.89 x 10.' 
- - 

Cf - 252 

2.0 MeV (monoenegetic) 

1.8 MeV (monoenergetic) 

1 -5 MeV (monoenergetic) 

cornparison. Note that the TLDlBSS spectrum provides an underestimation of neutron 

- - -- - -  

5.74 x  IO-^ 

5.66 x IO-' 

5.74 x 10" 

5.84 x 10-* 

energies at the isocenter because the data was taken from one meter above the x-ray target 

through full shielding, as if the collimators were fully closed while the detector is placed at 
r 

isocenter. 



2.3 Results and Observations 

As shown in table 2.2 the shape of the neutron energy spectrurn used for 

calculations has no significant effect on the determination of the fast neutron flux from 

activation data. The integral ratios calculated using differing spectra do not Vary 

significantlv h m  each other. Therefore an approxirnate spectrum will veld a good 

estimation of the true flux, 

There was a surprising lack of thermal neutrons detected. This might imply that at 

these primasy photon energies of IS and 18 MV, there is a sufficient lack of thermal 

neutrons for the phosphoms activation rnaterial to register and detect. Otherwise it might 

indicate a need for scattering material around the detector material to provide 

thermalization of the neutrons frorn the primary x-ray beam. This is probably not the 

cause because in no other experimentation [Price et a(, 1978; Nath et al, 19861 was extra 

scattering rnaterial needed. Another possibility for these results could be due to a lack of 

solution utilized in the liquid scintillation counter. Perhaps only using 2 ml of solution in 

the LSC did not ailow the detection of '*P activity. 

The results for the 15 and 18 MV energy can be seen in figures 2.5 and 2.6 

respectively, the error bars indicate a significance level of one standard deviation (a). 

Errors which were not taken into account are the 20% error from the conversion factors, 

any error involved with the calculations of the experimental spectra and the 3% error from 

photonuclear interference found by Price et al [1978]. 

It can be observed in tiçures 2.5 and 2.6 that there is a general increase in the 
- 3 7 

neutron absorbed dose equivalence as the field size increases. This does not necessanly 
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mean that neutron production in the treatment head increases as field size increases, in 

fact, neutron production is Iikely to remain constant as the collimators are opened Pading 

et al, 19821. I t  most likely arises from the fact that as the coliimators are opened, 

neutrons of higher energies have a better probability of reaching the detectors (Le. they 

have not yet been degraded or scattered by the collimators or shielding). 

The 15 MV beam in figure 2.5 demonstrates detectable neutrons outside the 

primary photon beam only for two larger field sizes (20x20, 40x40 cm2). For the 18 MV 

beam in figure 2.6, al1 four trials found detectable neutrons outside the bearns up to 20 to 

25 cm beyond the field edge. It must be noted that the vaiues for neutron production 

outside the beam were found to be approximately one third of what was discovered in the 

beam. 

In some of the neutron dose equivalent profiles for the 18 MV beam depressed 

central values were found (fig. 2.6). A flat neutron profile is expected within the primary 

beam. The depressed central values in some cases (20x20, 30x30, 40x40 cm2) are within 

the uncertainty of a flat dose equivalent profile as expected. The lOxlO cm2 field size 

indicates a depressed central value (while the other field sizes evidence a trend towards 

depressed central values). This is perhaps due to the geometrical design of the Varian 

Linacs. 

At the beam edge the profile should gradually dope downwards towards a 

constant dose equivalent value that cornes from the thermalized neutron component. Due 

to Our lack of detection of thermal neutrons with this experiment our results only indicate 

-a d m w a r d s  dope outside the field towards a lower dose equivalent level. The detectors 
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are unable to detect events once the neutron energies begin to be below the energy 

threshold leveI of 0.7 MeV for P20s.  

Figures 2.7 and 2.8 are cornpansons between the results from the two energies. 

The 18 MV in-beam measurements were approximately 4 times greater than the 

measurements for the 15 MV beam. This describes the many more energetic neutrons 

produced in the 18 MV beam. 

It is necessary to know if our results are usable and valid. A cornpanson was made 

with computer calculated Monte Carlo simulations. The photoneutron yield was 

calculated by Liu et cd., [1997] for a Varian Clinac 2100Cf2300C for photon beam 

energies of 10. 1 5. 18, and 20 MV. Al1 of their calculations were done for a Iinac with the 

collimator jaws closed. They also determined the percent yield from each of the main 

components of the treatment head of these units. Therefore it is possibie to calculate the 

photoneutron yield of a linac without the jaws. It is known that photoneutron yield 

increases with decreasing tield size [Mao el al., 19971. Our expected yield should lie 

somewhere between these two values. It is possible to calculate fluence Frorn the yield by 

dividing by 4nr2 (where r = 100 cm). This is based on  the assumption of considering the 

treatment head as an isotropic neutron point source. ICRP 5 1 fluence to dose equivalence 

factors were used to convert the results. To chose the conversion factors the average 

primary neutron energy was needed for the locations of cornparison. Kase et al., [1997] 

determined these values us in^ Monte Carlo computer simulations. Table 2.4 and 2.5 show 

the calculated results for the simulation with jaws closed and without jaws respectively. 

& 'I 



Table 2.4 Cdculated dose eauivalence with iaws closed. 

1 Isocenter 1 3 -55 1.93 1 
1 40 cm from Iso. 1 3 -55 1 1.87 1 

Tabie 2.5 Calculated dose eauivaience without iaws 

1 Isocenter 1 2.35 1 1.37 1 

The reduction in the results between the two tables is due to the lack ofjaws in the second 

calculation (table 2.5). This indicates that less neutrons are yielded because the material is 

no longer there in the computations to produce the neutrons through (y,n) interactions. 

Since there are physically fewer neutrons in the calculations, the dose equivalence 

determined will accordingly be less. The expected results from our experiments using 

Pz05 should fa11 between these values because the jaws are only partially closed for these 

experiments, not entirely excluded. 

Table 2.6 and 2.7 depict our P20r  

respectively. Values indicate those found 

in the patient plane. 

results found for the 18 MV and 15 MV beams 

at the isocenter and at 40 cm fiom the isocenter 

1 40 cm from Iso. 1 d a  1 d a  1 0.37t0.11 1 0.45f0.13 1 

Table 2.6 18 MV dose equivaient results for P2OJ (mSv/Gy). 
Field Size 
Isocenter 

10x10 
1.85 + 0.29 

20x20 
2.75 It 0.40 

30x30 
3.70 + 0.52 

40x40 
3-06 k 0.44 



As one can see the values seen at the isocenter are indeed comparable (within 

experirnental error) at 18 MV. Sanchez el ai., [1989] also calculated the dose equivalent 

at t h e  isocenter for a 18 MV accelerator based on experiments using a CGR Saturne 20 

accelerator. They found the neutron dose to be 4 mSv/Gy. Our P20r values at 15 MV are 

about half of what was expected using the Monte Car10 calculations. This is probably due 

to the fact that the P20s  results only took into account those neutrons with energies above 

0.7 MeV. With an energy spectrum that has less neutrons above this Iimit (such as the 15 

MV) it is obvious that less dose equivalence will be detected. 

These results show that the P 2 0 s  is a good neutron detector for higher energy 

beams (1  8 MV) and gives results approximately a factor of two less then the Monte Carlo 

simulation results for the 15 MV beam. 

Table 2.7 15 MV dose equivalent results for P205 (mSv/Gy). 
L 2 

Field Size 
Isocenter 

40x40 
0.73 f 0.15 

5x5 
0.26 4 O. 10 

10x10 

0-66 f O. 16 

20x20 
0.73 5 O. 15 



P,O, Dose Equivalent Results 
for 15 MV 

-20 -1 O O IO 20 

Distance from lsocenter (cm) 

-*- 5x5 cm2 field size 
----@--- 10x1 O cm2 field size 
-&- 20x20 cm2 field size 

l -P. 40x40 cm2 field size 

Fig. 2.5 Dose Equivalence Results for the 15 MV X-ray beam with field sizes varying 
from 5x5 cm2 to 40x40 cm2. 



P,O, Dose Equivalent Results 
for 18 MV 

10 20 30 40 50 

Distance from lsocenter (cm) 

-*- 10x1 O cm2 field size 
----E--- 20x20 cm2 field size 
-&-- 30x30 cm2 field size 
-P. 40x40 cm2 field size 

Fig.2.6 Dose Equivalence Results for the 18 MV X-ray beam with field sizeS varying 
from 1 Ox l O cm2 to 40x40 cm2. 



Corn parison of 15 & 18 MV 
Results for P,O, 

-10 -5 O 5 10 15 20 

Distance from lsocenter (cm) 

-*- 15 MV, 5x5 cm2 field size 
----B.-- 1 5 MV, 10x1 O cm2  fie^ size 
-&- - 1 8 MV, 1 0x1 O cm2 field size 

Fig.2.7 Cornparison of Dose Equivalence Results for the 15 M V  (5x5 and l k l O  cm2 
field sizes) and 18 MV (1 0x 10 cm2 field size) X-ray bearns. 



Corn parison of 15 & 18 MV 
Results for P,O, 

-20 -1 0 O I O  20 30 

Distance from lsocenter (cm) 

-*- 1 5 MV, 20x20 cm2 field size 
----B--- 18 MV, 20x20 cm2 field size 
-&- 18 MV. 30x30 cm2 field sire 

Fig.Z.8 Cornparison of Dose Equivalence Results for the 15 MV (20x20 cm2 lield size) 
and 18 MV (20x20 and 30x30 cm2 field sizes) X-ray beams. 



Chapter 3 

Experiment 2 - The Remmeter 

A remmeter was used as the second method of neutron detection. This is a 

thermal neutron detector and is pssitioned within a specially designed moderator so as to 

give results directly in terms of dose equivalence (rem was the original dose equivalence 

unit). The thermal neutron detector chosen was an Indium foi1 neutron activation 

detector. This foi1 is made radioactive by bombardment from neutrons produced within 

the x-ray beam of the LINAC and its activity is then rneasured remotely by a gamma 

detector [Stephens and Smith. 19%; McCall el al.. 1976. 1979; Rogers and D y k  198 11. 

A neutron spectmrn around a clinical medical linear accelerator consists of two 

main components. These are the polyenergetic spectmm of fast/slow neutrons within the 

primary beam. and the scattered. thermalized neutrons throughout the rest of the room. 

The scattered neutrons stnking the concrete walls surrounding the L N A C  undergo mostly 

elastic scattering and result in thermalized neutrons. The hydrogen in the concrete 

thermalizes the neutrons fairly rapidly which are then usually radiatively captured [McCall 

c! al.. 19791. Many of the neutrons may scatter back out of the walls and travel through 

the room several times. The result is a low energy scattered component of the neutron 

spectmm throughout the room. Therefore at any point in the room one can measure two 

components of the neutron spectmm. One is the constant thermalized or scattered 

specmm and the other is the polyenerçetic spectrum from the accelerator h q d  which 

vanes as the inverse square of the distance to the accelerator head. To understand this 
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concept the neutrons are assumed to be produced near the target and thus are considered 

an isotropie point source. The flux €rom the source is an ever increasing sphere which 

rneans the flux is inversely dependent on the surface area of the sphere and hence is 

inversely dependent on the square of the radius. 

Many neutron detectors used in this situation consist of a hydrogenous moderator 

to therrnalize fast neutrons with a thermal neutron detector inside of it WcCaIl el al, 

19761. Some examples of this type of neutron detector are; BF3 proponional counters, 

Thennoluminescent Dosimeters (TLD) containing Lithium-6 or Boron-IO. and activation 

elements. The choice for this experiment was to use activation foils made of indium and 

gold. These matenals have a high sensitivity to thermal neutrons. and both have low 

energy resonances (Au- 197 at 4.9 eV and In- 1 15 ar 1-46 eV) [IAEA #107, 19701. They 

are used to rneasure slow neutrons since their neutron reaction cross sections are highest 

at low neutron energies. These matenals demonstrate a Iarge resonance for the (n,y) 

capture reaction in the thermal energ regions. O f  resonance, the cross section decreases 

with increasing neutron velocity which implies increasing neutron energ. Thus, in the 

thermal region these materials have activation cross sections that Vary approximately as 

Ilv, where v is the neutron velocity. Table 3.1 denotes specific characteristics of Gold 

and Indium. Gold has been used in previous studies as a calibration and/or cornparison 

method for other detectors price cf al.. 1978; Rogers & Dyk, 198 11. In this study gold is 

used to calibrate the indium foii data rather than to use in numerous trials because of its 

long half life of 2.7 days. The decay tirne needed for Gold between consecutive triais 
-. 3 - 
delays data gathering excessively. Thus an indium foil using the 1"~n(n,y)1'6mtn reaction 
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with a half life of 54.12 minutes is used to take data, and the gold foil is used only for 

calibration of the indium foil. Gold and indium also have a low probability for photon 

Indium 

induced reactions which makes them ideal for measurernents in and around high energy x- 

ray bearns. 

Hydrogenous moderators are used to accompany thermal neutron detectors 

because hydrogen, being approximately equal in size to a neutron, can efectively 

thermalize fast (high energy) neutrons through elastic scattering collisions. An incident 

neutron can transfer al1 of its energy in a single collision with a hydrogen nucleus, whereas 

only a small fraction of energy is transferred in a collision with Iarger, heavier nuclei. Thus 

a moderator atternpts to slow down high energy neutrons through collisions with 

hydrogen so the activation foil within the moderator will be able to detect these 

thermalized neutrons. 

4 

In 1960. dunng an attempt to discover a usehl neutron spectrometer. ~Farnblett, 

Ewing and Bonner placed a small lithium iodide scintillator in a series of polyethylene 

Characteristics of the activation materials - gold and indium [Knoll. 19891. 

Isotope Abundance 

' 1 3 ~ n  (4.23%) 

I l 5 1 ~  (95.77%) 

'"AU ( 1 00%) 

Half Life rm 

49 days 

72 sec 

54.12 min 

14.1 sec 

2.695 days 

Cross section (x 1 O-" rn2) 

56 k 12 

2.0 k 0.6 

160 + 2  

4 2 f  i 

98.5 t 0.4 

Reaction 
Product 

' IJrnln 

Il4 In 

1 16niln 

116 In 

Au 198 
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moderators of differing diameters. They discovered that a moderating polyethyiene sphere 

with a diameter of 12" has a similar response fùnction to the dose equivalence delivered 

per neutron as a function of energy. Figure 3 .  l depicts the response curves of various 

diameter moderators. The 12" diameter polyethylene moderator provided a close 

approximation of neutron dose equivalence. For moderator diameters greater than 12 

inches too rnany of the slower neutrons were lost (scattered out), and for thinner 

diameters of less than 12 inches, too many of the fast neutrons were not thermalized and 

Fig. 3.1 Response curves of moderators of varying diarneters. 

thus were unabie to be captured by the thermal neutron detector at the center of the 

rnoderator. The relationship uncovered was coincidental but highly advantageous. It 

3 

allows for a specially designed rnoderator in conjunction with a thermal neutrozdetector 

to give dose equivalence readings direct1 y. The sp herical geometry of the moderator 
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allows for a relatively non-directional detector response. The moderator utilized for this 

project is cylindncal and therefore care must be taken as to which side faces the primary x- 

ray beam. 

McCall el al. [1979] describes the neutron dose around medical electron 

accelerators as having neutrons with energies between 100 keV and 2 MeV. In this 

energy region most remmeter responses accurately reflect the dose equivalence of the 

neutron spectrum Rogers and Dyk. 198 11. 

This technique is lirnited by uncertainties and errors normally associated with 

remmeters and calcuIations of dose equivalence. One restriction of this rnethod is that the 

detector gives the dose equivalence and not the neutron spectmm. In order to calculate 

the absorbed dose or fluence an accepted neutron spectrum must be assumed. A second 

restriction for this technique is the production of photoneutrons within the moderator 

when placed within the primary beam [Rogers and Dyk. 198 11. Polyethylene is composed 

of mainly hydrogen and carbon. The cross section for photoneutron production in carbon 

has a resonance (or peak probability of occurrance) between 20 and 25 MeV [IAEA 

# 156.19741. implying photoneutron production can occur for higher energy x-ray bearns. 

Estimates have shown that this effect can be significant [Rogers and Dyk, 198 11. A third 

disadvantaçe with remrneter type moderators is the specific design required. The 
a 

remmeter can be very complicated to build and usually demands the purchase of one 

commercially built. 

Afier irradiation of the foil-moderator set up  the second part of the experiment 
4 

requires the use of a second detecior to determine the induced activity in the gold and 
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indium foils. Because the activation foils used in this expenment are both gamma ernitters, 

a gamma ray detector was used. A high purity (or intrinsic) germanium v G e )  

semiconductor detector was chosen because it has the best energy resolution of the 

gamma ray detectors available. This is due in part to the fact that the density of a solid 

gamma detector is a 1000 times greater than the density of a gas detector. This means 

that there is a larger number of camers for any given incident radiation event. The 

information carriers in a serniconductor detector are electron-hole pairs, (which are 

analogous to the ion pair created in a gas filled proportional counter). These camers are 

created by the ionizing charged particle as it moves through the detector (the particle can 

be  primary or secondary radiation). In an intnnsic germanium detector 3 eV are required 

to produce one 'electron-hole' pair. The motion of these 'electron-hole' pairs in the 

detector produces the basic elect rical signal received. 

The detector used for this project was a p-type coaxial HPGe. The outside of the 

crystal has a srnall (on the order of microns) layer of heavily doped n- , which is the 

rectieing contact of the detector. The inside of the coaxial crystal is the p' side electrode 

which is considered to be the blocking contact. The current from the created electron- 

hole pair is then detected at the contacts by a resistor and then the signal is passed on to 

the preamplitier. 

Due to the small bandgap (0.7 eV) for germanium. the detector rnust be housed 

within a vacuum tight cryostat to prevent thermal conductivity between the crystal and the 

surrounding air. The cryostat must also be cooled to 77 Kelvin with Iiquid nitrogen to 
3 - 

fùrther inhibit thermally induced leakage current. The preamplifier is usually located close 



to the cryostat housing so as to minimize capacitance. 

A schematic of our detector system is shown in tigure 3.2. It can be seen that the 

preamplifier is not just an impedance matcher but is also a means to supply the bias 

voltage to the detector. The linear amplifier is responsible for pulse shaping and amplitude 

gain, while the multichannei analyzer sorts successive signal pulses into parallel amplitude 

Fig. 3.2 High Punty Germanium Detector System Schematic. 

3.1 Methods & Materials 

The absolute eficiency is defined as the number of pulses measured over the 

number of radiation quanta emitted by the source. This eficiency takes into account the 

source detector distance. and thus the solid angle. The intrinsic efficiency does not 

depend on the solid angle and is  the ratio of the number of pulses measured over the 

number of quanta incident on the detector. The absolute efficiency for this detector was 

found using a calibrated Co-60 source with a known activity and this was counted with 

ourgamrna detector. The ratio of counts detected over the number of counts ernitted, 

which is the absolute efficiency was determined to be 0.48 %, using Co-60 1332 keV full 
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energy peak. 

Energy resolution of a detector reflects the abiiity to resolve the difference 

between two energy peaks. The pulse height distribution around an average pulse height 

is what gives the quaiity of good verses bad rewlution. If the width of the distribution or 

the Full Width at HaIf Maximum (FWHM) height, is large compared with the pulse height 

the resolution is poor. In other words. 

where is the peak centroid for the energy being measured. For the detector used the 

smaller the resolution ratio R the better the detector resolution. For gaussian shaped 

peab with standard deviation o. the FWHM is 2.350.  Factors that contnbute to poor 

resolution are the effects of carrier statistics. charge csmer collection and electronic noise. 

The resolution found for the HPGe used in this project was 0.2% (or approximately 2 

M e r  a detector observes an 'event' it takes a finite amount of time for the 

detector to recover and be abie to count another event. This recovery period is called the 

dead time. r. The total amount of dead time rnust be measured since it is a source of error 

for high counting rates. Further, there are two classes of dead time: paralyzable. and non 

paralyzable. 
4 

For non paralyzable dead time. the detector essentially shuts off and ignores any 

inputs until r has passed. Paralyzable dead time involves events which occur dunng the 
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dead time r. If an event occun before r is up. the clock starts again without adding thk 

new event to the tally of 'events'. Thus, the detector is essentially off until a fiil1 tirne 

period r has elapsed since the last event has occumed. Most counting systems have a 

combination of these two dead time efects. The dead time for the HPGe detector used in 

this projecr was rneasured using the 'two source' method. The count rate fiom two 

Cesium- 137 sources was found individually and in combination. The calculated dead time 

was found to be 2.44 % using the foilowin_o equation, 

where ml. rn2. and ml2 are the observed count rates for source 1. source 7. and the 

combined sources respectively. These losses are small enough so they do not affect the 

distribution of counts very much in the present work. 

The foils used in this thesis were cornposed of Indium and Gold and were 

purchased from Reactor Experirnents Incorporated-. Some of their characteristics can be 

found in table 3.2. The moderator used in this experiment was purchased from Victoreen 

tt 

Inc. 

The expenmental variables were: 1 .  the field size (20x20. 40x40 cm2). 2. the 

location of the detector with respect to the isocenter (isocenter. lScm from field edge), 

and 3.  the beam energy (1 5 and 18 MV). Without the moderator it can be assumed that 
- 3 

+ Reactor Experiments Inc.. Sunnyvale. CA. 
* Victoreen Inc.. Cleveland. O hio. 



the foils would measure the constant thermalized neutrons scattered €rom the concrete 

Table 3 -2 GoId and Indium foil information. 

room walls. Within the bearn, bare gold and indium foils are susceptible to photoneutron 

Nuclear Reaction 

~ n ~ ' ~ ( n . ~ ) ~ n ' ' ~ ~  

AU "'(~J)AU '" 

production within them [IAEA i f 1  56, 19741. With the moderator the dose equivalence of 

the neutrons produced by the L N A C  would be rneasured. 4000 Monitor units were given 

Lo,,,, 

1.458 eV 

4.9 eV 

at a dose rate of 600 monitor units per minute. The detector was placed within the 

primary beam and outside of it. Within the primary beam some photoneutron production 

Diameter 

4.4 cm 

4.4 cm 

in the moderator might take place. though at the energy levels this project is using it 

should not make a significant difference. The results are expected to be comparable to 

Thickness 

0.127 mm 

0.025 mm 

the phosphorous detector results. 

Density 

7.28 g/cc 

19.3 g/cc 

Once the indium foi1 was irradiated it was placed in front of the HPGe detector 

afier a waitinj period of approximately 30 minutes to one hou. During this time the 

activity of the Indium-1 14, Indium-1 16. and the induced radioactivity in the aluminum foi1 

backing becomes insignificant. The energy caiibration of the HPGe detector was done 

with Ba433 (356 keV), Cs-137 (662 keV), and Co-60 (1  173 and 1332 keV). The 

irradiated foil was counted for approximately 30 minutes, with the region of interest at the 

1294 keV peak. Once a count rate was found then a saturation count rate was calculated 

usinga similar formula to equation 2.6. 
* 



where C, is the count rate found, h is the decay constant for indium, t,,ti and t, are the 

waiting, irradiation and counting times respectively. The saturation activity of the foi1 was 

computed using the following formuia, 

where A. is the saturation activity found. e is the gamma counting efficiency of the 

detector (for that particular peak). N is the nurnber of target nuclei in the sample, and fis 

the branching intensity for the peak being looked at (fùrther information can be found in 

table 3 -3). 

The number of target atorns is calculated using equation 2.2 again. 

Table 3.3 Saturation activity information for the foils. 
f 

Gold 

Indium 

N (target atorns) 

2.23 x 10" 

7.06 x IO" 

Peak energy 

411 keV 

1294 keV 

e 

0,0225 

0.0050 

f 

0.99 

0.844 
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where N A  is avogadro's number, m is the mass of the foil, n is the number of target atoms 

in one molecule of activation matenal. a is the fractional natural abundance and A being 

the rnolecular weight. 

To determine the neutron dose equivalence from the induced activity in the 

activation foil, a calibration of the moderator and activation detector system is required 

using a neutron source of known activity. Rogers and Dyk [1981] have determined the 

calibration factor for a similar moderator and Gold foi1 system (as in the present 

experiment). Thus a Gold foil and moderator combined was used to calibrate the Indium 

foi1 and moderator combination. Once the saturation activity of the Gold foi1 is found it 

can be used to find R the ratio of the saturation activities for the same location and beam 

energy (see table 3.4). 

Then al1 the indium saturation activities can be calibrated by rnultiplying them by the 

Table 3.4 Saturation activity ratio. 

respective ratio needed. 

The next step is to determine the dose equivalence using the formula by Rogers 
r 

1s MV 

O. 139 Ratio (R) 

and Dyk [l98 1 1. 

15 MV 

O. 132 



where the mrem will be convened to sieverts. (mrem = 1 sieverts) 

3.2 Results and Discussion 

As expected the data depicted a marked increase in dose equivalence inside the 

pnmary x-ray beam compared with the results seen outside the beam for each field size. 

The standard deviation from the nurnber of counts recorded by the HPGe detector can be 

considered negligible cornpared with the  results obtained, being roughly four orders of 

magnitude smaller than the calculated results. Figures 3.3 and 3.4 show the spectra 

obtained by the HPGe detector from the indium and gold foils respectively. 

It can be seen in figures 3.5 and 3.6 that when the remrneter is placed at the 

isocenter with a 0x0 cm2 field size (Le. with the collimator jaws closed) the dose 

equivaience detected is approximately half of what is detected when the remmeter is 

placed at isocenter with the collimator jaws open to a 20x20 or 40x40 cm2 field size. 

Fewer neutrons are being detected because either their energy is being degraded by the 

collimators or they are being scattered away. 

The same figures show a slight decrease in dose equivalence from the 20x20 cm2 

field size to the  40x40 cm2 for the detectors placed 15 cm outside the x-ray beam edge. 

15 cm from the beam edçe implies that the detector is 25 cm €rom the isocenter for the 

20x20 cm2 field size and is 35 cm froni the isocenter for the 40x40 cm2 field size. This 
3 - 

could be due to statistical error of the resuIts but more trials would have to be taken to be 
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completely sure. Another theory on the decrease in dose equivalence could be due to the 

position of the detector. In order to place the detector outside the field for the 40x40 cm2 

it m u t  be moved another 10 cm away €rom the isocenter (thus it is now 35 cm away fiom 

the central a i s  rather than 25 cm). This increase in distance rnight mean that even though 

the neutron flux would be the same, the dose equivalence would not because more of the 

received neutrons would have energy degradation due to the shielding around the x-ray 

target. However this does not explain why the same decrease in dose equivalence is 

happening when the detector is kept within the primary bearn. 

As expected more neutrons are produced in the IS MV beam than in the 15 ivN 

beam. This can be seen in tigure 3.7 which compares both energies for the sarne positions 

of the detector. The 18 MV bearn produced approximately twice the nurnber of neutrons 

as the 15 MV beam. 

Qualitatively the results were as they should have been. however quantitatively the 

results are approximately 2 orders of magnitude greater than the results obtained with the 

PzOJ experiment. This data implies that exposures of this type could be very dangerous 

due to the extra dose involved. Of course we realize through the work with Monte Carlo 

simulations and other detectors that this is not the case since the expected dose 

equivalence is approximately 1000 times less. Thus there must be something wrong with 

either the expenmental method or with the caicuiations used to achieve the solutions. 

Various aspects of the setup and computations were addressed to determine the error. 

The quality factors of neutrons have been changed since the conversion factors 
* ? 

were last used math et al, 19861 but the quality factor only changed by a factor of NO. 
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This change is not expected to propagate to produce such a large error. Also the number 

of trials for ail the expenments should be increased but again this does not explain the 

numerical difference between the remmeter results and P2O5 deteetor data. Another issue 

of contention might be the differing size of the gold foil used for this project compared 

with the one used by Rogers and Dyk [ 1 98 11, though the difference is slight. Their foi1 is 

half the diameter of the gold foi1 used and the same thickness as the indium foil used for 

this project. The surface area of our foils (and thus the number of target nuclei seen at the 

foil surface) are four times the size of the foi1 used by Rogers and Dyk- Asain 

difference is not enough to account for the discrepancy found in our results. There is 

obviously a systematic error involved with this experiment. It was suspected that the 

conversion factor (140 mrem/(photons/s) per g) sited in a previous paper [Rogers and 

Dyk, 19s 11 could be in error. 

Our results using Rogers and Dyk's [198 11 conversion factor are a magnitude of 

1000 higher than expected. The P20s  experiment bas been proven reliable for the 18 MV 

beam and results are within a factor of two for the 15 W bearn. It was decided to use 

the PzOl as the standard by which to compare our foi1 saturation activity results. Table 

3.4 shows our values for the saturation activity. 

Table 3 -4 Saturation Activities o f  Indium foils (didsedtarget nuclei (x 1 O-")) 
Energy 1 Field Size 1 0x0 cm2 1 20x20 cm2 1 40x40 cm2 I 
18 MV 

15 MV 

3 

Isocenter 
35 cm fiom Iso. 
Isocenter 
25 cm from Iso. 

3 .O8 + 0.62 

2.64 k 0-02 

4.46 It 0.68 
5.25 t 0.08 
1-57 k 0.0 1 
1 .O2 + 0.0 1 

2.76 ,+ 0.05 
2.49 + O, I I 
1.33 f 0.10 
1-65 kQ.40 .L 
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The statistical error from the detected counts is negligible (Iess than 1%). The 

error seen in these tables is from the variability of the determined saturation activity 

between trials. This error is larze (approximately 20%) for 3 values (at the isocenter for 

the 0x0 and 70x20 cm2 field sizes - IS hW. and 35 cm from the isocenter for the 40x40 

cmZ field sue - 15 MV). 

The saturation acrivity of the 20x20 cm2 field size (isocenter) for the 18 MV beam 

was used to compare wirh the PLOJ dose equivalent (mSv/Gy) found for the same 

variables. The ratio of the two values was then multiplied by al1 of the saturation activities 

found. The results are shown in table 3.5. The ratio found was 6.166 x IO" mSv/Gy per 

disisedtarget nuclei. 

1 1 25 cm from Iso. 1 1 3.24f0.05 1 1.54t0.07 1 

Table 3 -5  Dose Equivalence (mSv/Gy) using PzOr ( 1 S MV, 20x20. Lso.) as a standard. 
1 Ener-gy 

As can be seen from the above table these results do not coincide with values given 

1 

1s M V  

15 MV 

by either the PzOr (tables 2.4 and 2.5) or the calculated Monte Carlo computer simulations 

(tables 2.6 and 2.7). Table 3.6 gives the results for the Indium foi1 if a Pz05 standard fkom 

Field Sire 
Isocenter 

lsocenter 
35 cm fiom Iso. 

each field size is used to determine the dose equivalent results. Cornparison of these 

0x0 cm2 1 20x20 cm' 1 40x40 cm2 
1.90 2 0.33 1 2.75 f 0.42 1 1.70 t 0.03 

+ 

results with Monte Carlo simulations and the PzOI seems to be in agreement (within 

. 
1.63 + 0.0 1 

experimental error) except for the 20x20 cmZ field size for the 15 MV beam, though it is 

3 - 
withm a factor of two of the PzOS results. The 0x0 cm2 field size results for the Indium 

0.97 2 0.0 I 
0.63 t 0.0 1 

foi1 are within experimental error for the Monte Carlo calculated results. 

0.82 + 0-06 
1 ,O2 1 0.25 



Table 3.6 Dose Equivaience (mSv/Gy) using Pz05  ( I  8 MV, ea field size, h-) as standards. 
Energy 1 Field Size 1 0x0 cm2 1 20x20 cm2 1 40x40 cm2 

1 Isocenter 1 3.55 t 0.71 1 2.75 10.42 1 3.06 t 0.06 1 
1 1 25 cm from Iso. 1 1 3.24f0.05 1 2.76t0.12 1 

The rernmeter should be calibrated with a known neutron source to calculate a 

conversion factor but lacking this a cornparison with reliable experimental results can be 

done and was done in this case. These results indicare the need for a conversion factor for 

each field size used in the experiments. 



Fig. 3.3 Spectra obtained from the HPGe detector for the Indium foi(. 
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Fig. 3.4 Spectra obtained €rom the HPGe detector for the Gold foil. 



Dose Equivalence Results 
for 15 MV 

Field Size (cm2) 

Fig. 3.5 Dose Equivalence Results for the 15 MV X-ray bearn at the Isocenter and 15 cm 
from the field edge. 





Dose Equivalence Results 
for 15 & i 8  MV 

Field Site (cm2) 

--El-- 18 MV. Detedor 15 an bom Field Edge * 15 MV. Oetedor at lsocenter *- 15 MV, Detedor 15 cm Rom Fieid Edae 

Fig. 3.7 Cornpanson of Dose Equivaience Results for the 15 and 18 MV X-ray beams 
(at thdsocenter and 15 cm fi-orn the field edge). - 



Chapter 4 

Experiment 3 - Superheated Drop Detectors 

Superheated Drop Detectors (SDD) are a fairly recent introduction by R.E. Apfel 

who holds the patent (US. 4 143 274) for them. This project has considered their use as 

neutron dosimeters. The SDD i s  a via1 of gei containing thousands of superheated 

droplets that expand upon neutron-induced vaporization. It is based upon the principle of 

the bubble chamber; namely the initiation of vapour bubbles by energetic ions in 

superheated liquids [Apfel. 19791. Thus each drop in the SDD is a continuously sensitive, 

miniature bubble chamber [Roy rr al, 19871. While other detection techniques are 

expensive and labour intensive. the SDD is purponed to be inexpensive. easy to use, and 

can be read directly in dose equivalent units [Nath rr al. 1993, Apfel. 1979; Roy cf al. 

19871. 

The theory of the SDD onsinates with the Bubble chamber, which was invented in 

1952 by D.A. Glaser penderson. 19701. A bubble chamber holds a liquid fiy above its 

normal boiling point but which is held quiescent by an extemally applied pressure. Upon 

release o f  the extemal pressure the liquid becomes superheated. Boiling occurs with 
/ 

fluctuations of high energy density. These are produced by either thermal fluctuations that 

produce rnomentary holes in the liquid, or the fluctuations are produced dong the ionized 

-tradt of a charged particle. The nuclear event is then recorded by the trail of bubbles 

nucleated by elementary pariicles. The chamber is rendered stable again by 



repressurization. 

This new neutron detector has superheated droplets suspended in a host gel or 

polymer. The subdivision of the liquid into droplets assures that one nucleation event 

does not consume the whole sarnple. thus the repressurization of a charnber is not needed. 

The liquid can be introduced into the gel at a temperature below its boiiing point and the 

temperature can slowly be raised to room temperature. or the Iiquid can be introduced at a 

pressure greater than vapour pressure and then the pressure can slowly be lowered to 

atmospheric pressure. There is no need of a power source with these detectors because 

radiation trigsers the release of the stored mechanical energ in the superheated droplets. 

4.1 Theory 

When a liquid is in the region of temperature and pressure belonging to the 

gaseous state and yet still has the characteristics of the Iiquid phase the liquid is in a 

metastable state and is defined as being superheated. In this state the vaporization of the 

droplets is infhenced by how much ionization is produced by the neutrons and where it is 

produced. Also the vapourization is influenced by the thermodynamics of the processes 

resulting in a rnicroscopic bubble. 

Fast neutrons cm create ionization frornfthe elastic recoii nuclei produced after an 

interaction within a drop. Ionization can also occur from charged particles produced 

when a neutron induces a nuclear reaction of suficiently high Q value. In this way 
- - - 
thermal, as well as fast. neutrons can also be detected. 
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The theory of neutron-induced nucleation of superheated drops involves three 

concepts: 1. neutron-nucleus interaction which is the realm of nuclear physics, 2. 

interaction of ions with matter, which entails atornic physics, and 3. dynamic processes 

resulting in a rnicroscopic vapour bubble, which involves the theory of fluids and 

thermodynamics. Thus it is not surprising that there is no existing theory which is capable 

of rnaking accurate, exact estimates of. for example, the threshold energy required to 

nucleate bubbles in a given liquid superheated to a known degree Boy et al, 19871- 

The maximum energy a nucleus can receive from a neutron occurs in a head-on 

elastic collision, 

where A is the atomic weighr in amu of the nucleus [Apfel, 19791. When the nucleus is 

struck by a neutron the nucleus is ejected from its electrons and proceeds to deposit its 

energy through the liquid until electron collisions and charge capture bring it to rest. It is 

possible that different nuclei will receive different amounts of energy from the incident 

neutron. The superheated liquids used for these detectors are halocarbons (halogens such 

as chlonne and fluorine bonded to carbons). The refngerant Freon 12 (CC12F2) is the 

liquid used in our derectors and it has a boiling point of approximately -28.5 degrees 

celsius. The nucleus that has the major role in bubble vaponzation is determined by the 

ion that has the highest LET within the liquid. 
- 4 - 

A bubble of radius r, possesses an effective surface pressure of, 2y(T)?r where 

y(T) is the surface tension of the liquid at temperature T. The sufiace pressure is balanced 
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by the difference between the pressure in liquid and that of the vapour in the bubble B o y  

er al, 19871 thus, 

where Po is the external pressure (the pressure of the liquid and thus, the atmospheric 

pressure). Roy ef ni. [1987] showed thal the critical radius required to attain a stable 

vapour bubble. r,, is given by; 

The free energy to from a bubble of radius r can be found using, 

where the pressure difference multiplied by the volume of the bubble is subtracted from 

r the surface tension, y. multiplied by the surface area of the bubble moy et a[, 19871. This 

equation indicates that the reaction will proceed spontaneously if the pressure difference 

component is larger than the surface tension cornponent (Le., if the Free energy is 
.. - 3 - 
negative). Both equation 4.4 and 4.3 imply that as the pressure difference increases (or as 

the degree of superheat of a given liquid increases) the critical radius needed for bubble 
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creation decreases. This means that less energy is required to nucleate a vapour bubble 

[Roy et al. 19871. 

The mode1 that best describes the bubble nucleation mechanisrn has been agreed to 

be F. Seitz's 'thermal spike' [Apfel el al. 19791. This approach suggests that ions deposit 

energy localiy. which is equivalent to a hot spot that Iiterally explodes (due to sudden heat 

deposit). creating vapour nuclei of cntical size. The energy deposited along the ion's path 

in the medium. corresponding to twice the criticai radius of the liquid, will be the energy 

that will contribute significantly to bubble formation. Vapour nucleation is a very 

inefficient process Boy  et al. 19871 with only four to six per cent of the energy deposited 

being effective in bubble nucleation. 

Freon 12 has a boiling point of -28.5 degrees celsius and is sensitive to thermal 

neutrons as well as fast neutrons at ambient temperature and pressure. This sensitivity of 

Freon 12 to thermal neutrons cannot be explained by the elastic head-on collision 

mechanism discussed previously. Roy et al [1987] calculated that the minimum energy 

needed by a neutron. at 10 degrees celsius. to form a vapour bubble of critical radius is 1.2 

keV, whereas thermal energies are three orders of magnitudes smaller than this 

fundamental energy. Thus it was concluded that the sensitivity of Freon 12 was due to the 

foilowing nuclear reaction; 

The sulphur ion deposits its entire 17 keV in a range typically less than one critical 
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radius. The proton (598 keV) deposits only a small Fraction of its energy within the 

critical radius. 

The relative response of the Freon 12 - SDD was compared to the ICRP 

recommended 'ideal dosimeter' dose equivalence response curve [Apfel and Lo, 19891. 

Figure 4.1 depicts the relationship between the two response curves. The Freon 12 - SDD 

response has been normalized at 1 MeV to the ICEW response. It can be noted that both 

responses follow the same trend to within a factor of 10 below 100 keV and to within 

40% above 100 keV [Apfel and Lo. 19891. This indicates that it is possible to create a 

rem-response neutron dosimeter The probability of interaction is proponional to the 

volume of the liquid; the volume of vapour evolved from radiation induced interaction is 

an integrated measure of the radiation dose. 

Fig 4.1 Relative corn parison of the S DD response (squares) verses ICRP recom~ended 
dose equivalence curve (solid line). 
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4.2 Methods & Materials 

~eutrometer-KDN, purchased Frorn Apfel Enterprises Inc.- was the SDD used for 

this project. 1t has thousands of droplets (approximately 20 000) of Freon 12 suspended 

in a gel contained in a 4 cm3 vial. A graduated pipette is fitted onto the vial. The drops 

expand h m  roughly 65 to 500 Pm, and the expansion of the bubbles displaces the gel into 

the pipette. The volume displaced i s  equated with dose equivalence by the equation, 

where Ci and Cz are fitting parameters determined from absolute calibration math et al, 

19931. For this expenment Ci equals -28.5 and C2 equals 0.685. calibrated by Apfel 

Enterprises Inc. 

The expenment consisted of 5 SDDs being employed with each of  the 18 MV and 

15 MV beams. It was decided that the vials should be used outside the pnmary beam in 

case photoneutron production due to h i j h  enersy x-rays within the detectors was a 

problem as has been reported by Nath et al., [1993]. The set-up included a slab of 

styrofoam into which the vials were placed at distances of 10. 15. 20. 30. and 50 cm fiom 

the isocentre in the patient plane (see tigure 4.2). The field sires were varied fiom 10x10 

to 30x30 cm2 for the 18 MV beam and oniy 10x10 field size was used for the 15 MV 

beam. 300 monitor units (MU) was the dose given to the detectors at a dose rate of 300 

- 
+ ~ F e 1  Enterprises Lnc.. New Haven. CT. - 
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MU per minute. 

The SDD results must be corrected for temperature because they are sensitive to 

fluctuations. This is a potential disadvantage for field use because thermal stability needs 

to be achieved. The results must also be corrected for field size. 

Figure 4.2 Experirnental set-up 

Narh cf al.. [1993] found the SDDs to be insensitive to photons with energies 

below about 6 MV. The detectors were irradiated with 4 MV x-rays. Photon doses of 

several thousands of centigrays were needed to nucleate any bubbles at a[] .  

4.3 Results & Discussion 

The systematic error for the volume displacement readings of these detectors was 
- r. * 
taken to be +!- 0.005 ml. The vials could oniy be read to 0.2 ml, out of a possible 6 ml, 

before they were considered to have absorbeci too much dose and thus were insensitive to 
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further radiations. The results were corrected for temperature but due to the smal1 emor in 

temperature readings, this oniy led to an error of 0.05% of the volume data. Thus the 

error in the temperature readings was considered to be neglible and was ignored. 

Only two trials for the 15 MV. 10 x 10 cm2 were acceptable to use for data 

analysis. Figure 4.3 shows the results for this experiment. One can note that outside the 

beam with respect to distance from the isocenter the reading seems to be stable around 

0.15 to 0.20 mSv / photon Gy. As foreseen this data implies a constant flux of therrnai 

neutrons due to room scattering. 

The second set of vials used outside the 18 MV beam have their results depicted in 

Figure 4.4. As expected the dose equivalerice at the 10 cm position increases with field 

size (ie; as the field begins to encompass that detector). This is due to the increased 

number of neutrons within the field because they have not been scattered away. Outside 

the pnmary beam. the dose equivalence seems ro be constant at approximately 0.3 mSv I 

photon Gy. with respect to distance from the  isocentre. 

Figure 4.5 is a graphical cornparison of the results from both experiments. One 

can see that the data for the 18 MV beam is roughly a factor of two and a hdf greater than 

that from the 15 MV experiment. This results from the increased production of neutrons 

at higher x-ray energies. 

These detectors are meant to be ~ i e d  only once, and thus to have many trials for 

statistically reliable data the cost becomes a factor. As well there is a chance of receiving 

a defective detector. one that would give misleading results (low where they should be 
4 ? 

high and vice versa ). This implies that it would be necessary to use 2 or even 3 detectors 
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for each site reading to receive a tmly reliable and accurate reading. Besides these faults 

the SDDs seem to have much potential for use in radiation protection, but this data must 

be compared with proven neutron detection techniques. 



Dose Equivalence Results 
for 15 MV 

(1 0x1 0 cm2 field size) 

1 O 20 30 40 50 

Distance from lsocenter (cm) 

Fig. 4.3 Dose Equivalence Results for 15 MV X-ray beam with a 10x10 cm2 field size. 

? 



Dose Equivalence Results 
for 18 MV 

10 20 30 40 50 

Distance from lsocenter (cm) 

=*- 10x1 O cm field size 
----E+--- 20x20 cm field size 
-A--- 30x30 cm field size 

Fig. 4.4 Dose Equivalence Results for 18 MV X-ray beam with field sizes from 10x10 
cm2 to 30x30 cm2. 



Cornparison of Dose Equivalence 
Results for 15 & 18 MV 
(1 0x1 0 cm2 field size) 
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. ...a.. . . 15 MV det. position l 

Fig. 4.5 Cornparison of Dose Equivalence Results for the 15 and 18 MV X-ray beams 
Wit h 2 1 0 ~  10 cm2 field size. 



Chapter 5 

Cornparison and Conclusions 

The properties of three neutron detectors have been investigated. Associated with 

each a ~ c  advantages and disadvantages. An evaluation of the three detectors can be 

performed by companng strong and weak points resulting from the detector designs as 

well as the data collected in this series of experirnents. 

Ideally a detector would have the following qualities: 

a. low cost 

b. not Iabour intensive 

c. a physically small size 

d. able to detect a range of neutron enerçies 

e. minimal calculations needed to extract data 

f minimal amount of equipment needed 

g. quick reading of results 

h. accurate 

i .  reusable 

A detector with al1 of these characteristics is not currently available. However these 

qualifications can be used to evaluate the three neutron detectors. 

The dificulty with neutron detection is the lack of information about the neutron 

energy spectrum emanating from the medical electron accelerator. This mgns that 

interpretation of measurements in terms of dose equivalence is almost impossible. The 
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primary photoneutron spectmm may be known but the effects of the photon shielding and 

the concrete walls enclosing the area have an undetermined and complicated effect on the 

spectrum. Thus neutron measurernents ofien suffer from one or more problems WcCall 

el al, 19791. These problems stem from either the detector's response to high energy 

photons (meaning photoneutron production is occurring wit hin the detector itself and 

therefore is overestimating the neutron measurements), or the experimenter has made 

incorrect assumptions conceming the neutron spectnirn (whether the detector is measunng 

fluence or dose equivalence). 

In order to evaluate the detectors we compared the individual characteristics to 

our list of ideal characteristics. These good qualities are then weighed against the 

shoncoming. As well, a cornparison of the data collected from the SDD against the tried 

and tme results from the PtOs and the remmeter will indicate the accuracy and the clinical 

potential of this new detector. 

5.1 Detector #1 

Phosphorus pentoxide powder is an activation material which is able to detect a 

wide range of energies. It is a two part detector, meaning that since it is an activation 

matenal it requires the use of a second detector to extract the data gathered by powder. 

The main problem with PzOr is the preparation of this highly reactive powder. It liquifies 

when in contact with any moisture (even that in air). One way to get around this problem 
- -  e - 
would be to use orthophosphoric acid whose concentration is known. The second 
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preparation problem with P205  deaIs with the mixture of the PzOr solution (distilled water 

and powder) with the Liquid Scintillation Counter (LSC) cocktail. Temperatures and 

concentrations rnust be experimented with in a trial and error fashion in order to determine 

an appropriate combination. 

A second area of concern is the calculation steps. Pz05 powder measures neutron 

£luence. In order to find the dose equivalence of an exposure. a neutron energy spectrum 

rnust be assumed. appropriate conversion factors must also be calculated and utiiized. 

Errors are introduced into this technique as the neutron spectrurn becomes moderated. 

Thus the spectrurn changes rapidly as one moves away from the primary photon beam, 

which necessitates the use of diferent conversion factors in the phosphoms method. 

These calculations can introduce a large error into the experiment. The powder also 

suffers From a lack of sensitivity outside the primary beam. 

An advantaje is that the PzOs solution (or powder) can be placed in srnail 

containers so more than one detector may be used at a time. Also, it should be possible to 

detect both fast and thermal neutrons simultaneously. 

The PzOs dose equivalence results were within experirnental error of the calculated 

Monte Carlo computer simulation results [Liu ef c d . ,  1997; Mao cf al. 1997; Kase et al., 

19971 for the IS MV beam and were within a factor of two for the 15 MV beam. This 

detector found less than 0.4% dose within the primary 18 MV beam to be from neutrons 

and less than 0.07% for the 15 MV beam. 
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5.2 Detector #2 

The rernmeter has been around and used for years even though it is known not  t o  

be entirely accurate Bogers, 19791 as it can overestimate the dose equivaience depending 

o n  the neutron energies being examined. The activation material within the moderator 

also requires a second detector to extract the sought after data. 

The activation material is a thermal neutron detector which is physically small 

when used by itself but once the moderator is incorporated into the detector to achieve a 

remrneter then the whole system becomes rather large (ie; few remmeters may be used at 

once). The design of the moderator is specific enough that it is difficult to build and is 

usually commercially bought. If more than one remmeter is to be used at a time this can 

become expensive. As well, moderators may be designed to allow the measurernent of 

fluence or dose equivalence. independently of neutron energy; in each case. however, the 

desired airn is only approximated. There is usually a decrease in sensitivity for both low 

and very high energies. The remmeters are not very sensitive and therefore require long 

exposure times. The activation remrneter method suffers from significant overresponse in 

the primary photon beam above 20 MV because of photoneutrons generated in the 

detector-moderator system [McCall cl al.. 1 9841. 

The remmeter also needs to be calibrated with a known neutron source. This can 

become expenmentally difficult if a reliable neutron source is not readily available. The 

use of a second detector and the calculations needed to obtain results delay securing the 

finished data. 



78 
Indium and gold foils are readily available and have a high neutron absorption. 

Indium is more sensitive due to its shorter half life, but for both materials a decay tirne is 

necessary before the foils cm be used again. Other advantages are the relative simplicity 

of its use, and it is insensitive to the specific neutron spectral shape and to the pulsed 

nature of the radiation. 

The foi1 results were approximately 1000 times too large when Rogers and Dyk's 

[1981] conversion factor was used. To compensate for this the P20s  results were used as 

a standard for each field size used in the experiments. The Indium foi1 results are within 

experirnentai error of the P20J results (or within a factor of two for the 15 MV 20x20 

case). The 0x0 field size results are within experimental error of the Monte Car10 

cornputer simulation values. The remmeter found less rhan O.X%of the total dose within 

the 18 MV beam to be fiom neutrons. Less than 0.18% of the dose was due to neutrons 

in the 15 MV beam. 

5.3 Detector #3 

The Superheated Drop Detector is small and very simple to use. Very little 

amount of calculation is required to determine the dose equivalence. They have not been 

extensively tested and are reponed to be affected by temperature variation. Photoneutron 

production due to high energy x-rays must also be taken into account when using these 

detectors. The SDD is not reusable but its low cost offsets this fact. The accuracy of 

these detectors wilt be discussed in section 5.4. 
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This detector determined the percent of the total dose due to neutrons to be less 

than 0.25% and less than 0.02% for the 18 and 15 MV beams respectively. 

5.4 Cornparison of Detectors 

The remmeter will not be compared with the SDD due to the unusual resuIts 

obtained by the activation remmeter system. Responses of these neutron detectors depend 

upon incident neutron energy and the fluence-to-dose conversion factors Vary strongly 

with neutron energy. Great care must be taken when interpreting the readings fiom 

neutron remmeters. In the present work, the calibration factor is suspected to be wrong, 

however, the readings could be expected to be different from predicted results due to 

photoneutron production occurring in the moderator within the beam, and the change of 

the neutron quality factor in the late 1980's. The data obtained with the activation 

remmeter could then stiil be used to deduce the new dose equivalence but it no longer has 

its major advantage over most other techniques since one will need to assume a neutron 

spectral shape mogers and Dyk, 198 11. Another possible increase in the dose equivdence 

found using a remmeter would corne from its known overresponse to those neutrons with 

energies under 100 keV [Rogers. 19791. Thus it is at best questionable to use remmeters 

as calibration devices when testing or verifiing other types of dosimeters under field 

conditions Rogers, L 9791. Usually remmeters provide an adequate radiation protection 

service in that they err on the conservative side and provide an overestimate of the dose 

equivalence. 
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Figures 5.1 to 5.4 are graphical cornparisons of the P205 and the SDD 

experimental data obtained for this project. In al1 cases the SDD indicates a smaller dose 

equivalent reading from just inside the field edge (where the trials start) to approximately 

20 cm outside the beam. At this point the SDD and Pz05  start to coincide and agree. 

Since Our PzOs results do not show neutrons with energies under the threshold level of 

0.7 MeV this might imply that the SDD is detecting a thermal fluence but is not reacting 

to the higher energy neutrons outside of the photon beam. Our P2O5 results decline as the 

distance from central axis of the prirnary beam increases. Where the two sets of data seem 

to coincide (20 cm from the beam edge) could be a result of a decreased arnount of high 

energy neutrons and thus the PzOs results drop off and the SDD is detecting the basic 

thermalized or scattered component of the neutron spectmm. 

Results indicate that the SDD underresponds to the neutron dose equivaience of 

both the 15 and 18 MV x-ray beams outside of the field. Perhaps if more SDD trials codd 

take place then more information in regards to the statistical error of the SDD results 

could be found. and hence it might develop that the P205 and SDD results coincide doser 

to the beam edge than previously thought. 

Near the beam edge the SDD readings are up to 50% less than the Pz05 . while 

fbrther from the field edge the results coincide. Nath et al. [1993], found agreement 

outside the field between P 2 0 J  and SDD to + 5%. however inside the field the S D D ~  

yielded values 20% higher in a 25 MV x-ray beam from a Sagittaire medical accelerator. 

Perhaps the SDD is an inefficient neutron detector and it is only because a 25 MV beam 

was used that they obtained these results. Moderately superheated detectors (Al' < 5 
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atm. , ours is approximately 0.8 1) are sensitive to gamma and x-rays above 6 MeV (it is 

comparable to the binding energy per nucleon). Thus the probability of photonuclear 

interactions increase with increasing x-ray energy and heavy ions with sufficient energy to 

create a bubble are produced. These interactions could be responsible for the high 

readings in Nath el ai.'s work. Figure 5.5 shows their work and compares P201 and the 

SDD. In figure 5.5 just outside the beam edge the difference in readings is approximately 

50% that the SDD underresponds compared with the PzOI results. Further away from the 

beam edge the results are within the k 5% agreement. Ln figure 5.4 one can see the 18 

MV cornparison of the two detectors for the 30x30 field size. The dose equivalence found 

inside the beam, at 10 cm from the isocenter. show the SDD to be still underresponding 

compared to the P205 results whereas in the Nath el ai. [1993] report of the 25 

cornpanson the SDD results are 20% greater. This data implies that the SDD will 

overrespond compared to the P z 0 5  technique when a high energy neutron component is 

present in the beam. As the primary x-ray beam energy increases so does the probability 

of photonuclear interactions which is most likely the cause of Nath ei aL's increased SDD 

dose equivalence within the pnmary beam. 

In figures 5.6 and 5.7 scatter diagrams of the SDD results venus the Pl05 results 

are shown. The correlation coeficients for the data are 0.94 and 0.83 for the 20x20 cm 

field size (tig. 5.6) and 30x30 cm field size (tig. 5.7) respectively. A Iinear regression was 

perfomed for both scatter diagrams and the equations of these lines are, 

Y(SD0) = 0.5 1 * X(P20s) - 0.1 1 (r = 0.94) 

Y(SDD) = 0.66 * X(P2O5) - 0.48 (r = 0.83) 
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The SDD is versatile, small in size and extremely simple to use. However it seems 

the accuracy of the SDD is questionable in and close to the primary x-ray beam. Nath et 

al. [1993] reports the accuracy of the SDD as -1 20% and that this is quite acceptable for 

rneasurement of a contaminant field. It has been shown that the accuracy of the SDD is 

not + 20% but k 50%, and the instrument is underresponding compared to the Pz05 

results. Thus it does not err on the conservative side as the work done by Nath et al. 

[1993] would seem to indicate. This leads one to the conclusion that the SDD are useful 

and accurate only when detecting the thermalized or scattered comportent of the neutron 

spectrurn from a medical electron accelerator 

Four main conclusions can be drawn tiorn t h e  results of this project. These are: 

1 .  The SDD undenesponds compared to the  P205. 

2. The remmeter needs a known neutron source to calculate a conversion factor for 

saturation activity to dose equivalent. Otherwise it requires a standard (used fi-om 

experimental or computational results) for each field size in question. 

3 .  The PzOs detector is reliable and effective if a proper neutron energy spectrum 

estimation is used. 

4. According to the PzOI results < 0.40% and < 0.07% of the total dose is due to 

neutrons for the 18 and 15 MV beams respectively of a Varian linac. 
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Fig- 5.1 Cornparison of SDD and P2O1 Dose Equivalence Results For the 15 MV X-ray 
beam. Field sizes ranging from 1 Ox 1 O cm2 to 40x40 cm2 for P2O5, and 10x10 cm2 for the 
.SDQ 
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-~ ig .S .2  Cornparison of SDD and PzOs Dose Equivalence Results for the 18 IpN X-ray 
b a r n  with a 10x 1 O cm2 field s ix .  
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Fig. 5.3 Cornpanson of SDD and P20r  Dose Equivalence Results for the 18 MV X-ray 
beam with a 20x20 cm2 field size. 
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Fis. 5.4 Cornparison of SDD and P205 Dose Equivalence Results (18 MV X-ray beam, a 
30x30 cm2 field size for the SDD and both 30x30 and 40x40 cm2 field sizes for the P20i) .  
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Fig. 5.5 Cornparison of work done by Nath et ni. [1993] using the SDD and Pnce el al. 
[ 1 9781 using PzOr. 
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Fig. 5.6 Scatter Diagram of SDD Results verses PzOr Results for the 18 MV X-ray beam 
with a 20x20 cm2 tield size. A Linear Regression was done with a 95% Confidence 
Interval. 
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i U Scatter Diagram of SDD Results verses P205 Results for the 18 MV X-my beam 
with a 30x30 cm2 field size. A Linear Regression was done with a 95% Confidence 
Interval. 
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