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ABSTRACT: A METHOD FOR UNFOLDI NG THE SPECTRUM OF NEUTRON
ENERG ES PRCDUCED BY MEDI CAL LI NEAR ACCELERATORS by WIIliam W

DeFor est

The use of high energy linear accelerators for radiation
t herapy has given rise to an unexpected Heal th Physics
concern. These accelerators are designed to produce el ectrons
or photons in excess of 10 MeV. In recent years it has been
noted that these accelerators are producing significant
fl uences of high energy neutrons which contribute greatly to
t he dose equival ent received by technicians and others in
areas adjacent to treatment roons. Proper shielding of these
neutron fluences requires know edge of the neutron spectrum at
barriers to the treatnent room The present paper presents
one met hod by which the neutron spectrum may be unfol ded. The
met hod makes use of Bonner Sphere data and matrix inversion
comput er codes to approximate the spectrum of neutrons

produced by nedical |inear accel erators.
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1. PURPGCSE

The purpose of this research is to set forth a nethod by
whi ch a spectrum of neutron energi es associ ated with neutrons
produced by nedi cal accelerators may be determ ned. A
techni que by which to unfold neutron spectra has been of great
interest to the nmedical physics field since the advent of high
energy |inear accelerators used for radiation therapy.

These high energy |linear accelerators are used to provide
both el ectrons and, with the introduction of target materials,
photons in excess of 20 MeV. Not long after these
accelerators cane into use, it becane evident that neutrons
were al so being produced. Neutrons are produced primarily in
the target and head shielding materials. These neutrons
provi de no nmedi cal benefit and can be thought of as
contam nation to the primary beam A detrinental effect of
the neutrons is to increase whole body dose to the patient.
Techni ci ans, and others in adjacent areas, may al so be exposed
to these neutrons due to their high penetrability and
scattering characteristics. The whole body dose equival ent
delivered to patients and others as a result of this
contam nation may be significant due to the high quality
factors associated with neutrons.

Proper attenuation of neutron dose equival ents and
fluences is not easy to achieve, even for nonoenergetic beans.

This is due to the fact that nbst i nteractions that neutrons

go through produce secondary quanta that al so nust be
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shielded. This picture is conplicated in the use of nedica
accel erators because a spectrum of neutrons is produced.
Because neutron reaction cross-sections change appreciably

W th neutron energy, the picture is still further conplicated.
Neutron spectra arise in accelerators due to the variety of
neutron production nodes and materials in which the neutrons
are produced and interact.

Taki ng these points into consideration, it is evident
that proper neutron shielding is difficult to predict.
Furthernore, in order to make the attenpt, know edge of the
neutron spectrumis a necessity.

This paper will investigate one nethod by which an
approxi mation of a neutron spectrum may possibly be
determ ned. The nmethod nakes use of Bonner sphere data,
matrix inversion conputer codes and snoothing routines to
provide an estinate of the spectrum of neutron energies
produced by a source. This method then is applied to
measur ements of neutron spectra produced by nedical Iinear

accel erators.

The research involved with devel oping this technique was

carried out on a Sienens 20 |inear accelerator |ocated in the

radi ation therapy departnent at N.C. Menorial Hospital.

2. LI TERATURE REVI EW

2a. Bonner Spheres Used in Previous Studies
The first use of a multisphere neutron spectroneter was

presented by Branblett, Ewng and Bonner™-'-* in 1960. In this
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| andmar k paper, five pol yethel yene spheres were used with
dianeters of 2, 3, 5 8 and 12 inches. After this paper,

t hese spheres becane known as Bonner spheres. Bonner et al.
used a Li(l) crystal scintillation detector |ocated at the
center of each sphere. The crystal size was kept to a m nimum
(4mmin dia. and 4mmthick) to provi de good gamma

di scrimnation. It was noted that 80% of incident thernal
neutrons are absorbed in the 1st nmmof the crystal, whereas a
gamma deposits only a tiny fraction of it's energy in the
entire volune of the crystal. By providing a large surface to
volume ratio, the ganma discrimnation effect is enhanced.

The purpose of the research by Bonner et al. was to
determ ne the counting efficiency of each sphere as a function
of neutron energy. In order to acconplish this, each of the
spheres was exposed to a beam of nobnoenergetic neutrons of
known fluence. Corrections were nade for unequal illum nation
and background neutron counts. The curves that were generated
were the basis for a | arge nunber of subsequent studies of
neutron spectra, and also are used in this research. These
curves are reproduced here in figure 1.

Li (1) detectors will count only those neutrons that are
near thermal energies'™ "', This is because |arge
probabilities for neutron absorption in Li™, given by the
absorptfbn-bross section J}iLi . Wil only occur at these
energies (see figure 2). The polyethyl ene spheres provide the
function of slowi ng neutrons to thermal energies fromtheir

initial energies. The large H content of polyethyl ene absorbs
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much of the energy of neutrons with each elastic collision
with this light nucleus. For the bare and 3" dianeter sphere
size, Bonner et al. found that for neutron energies above 50
keV, count rates decreased with increases in energy. Larger

spheres showed increases in count rates per unit fluence with

I ncreases in neutron energies, at least to a point. As
energies were increased further, count rates per unit fluence
dropped off quickly. In large spheres, neutrons with | ow
energies prior to entering the sphere are captured before
reaching the Li(l) crystal. Small spheres showed decreases in
count rate per unit fluence with increases in neutron energy
due to the fact that energetic neutrons were not slowed to
thermal energies before reaching the Li(l) detector vol une.
Bonner et al. suggested that further experinents to
determ ne neutron energy distributions be performed with the
source to detector distance as small as possible. This
suggestion was intended to reduce the effects of background
and to increase net counting rates.
Each sphere was placed over the detector and exposed to
t he neutron source. The nunber of interactions in the
detector then was recorded for each sphere. This nunmber was
was equal to the sumof the nunber of interactions produced by
neutrons in each energy interval considered by the researchers
(the total neutron spectrum having previously been divided
into discrete energy intervals).
The use of Bonner spheres then, yields a systemof |inear

equations consisting of mequations and n unknowns, mis
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given by the nunber of differently sized Bonner spheres used,
while nis given by the nunber of neutron energy intervals to
be solved for in characterizing the neutron energy spectrum

A\t kins and Hol eman®- A suggest that data from Bonner
spheres nmay be expressed as:

¥i) =] ET) XE) dE(i)
Here Y(i) is the count rate (counts/s) of the detector
Incorporating the ith size sphere, A(E, i) represents the
response or counting efficiency (counts per Ncm) of the ith
sphere for neutrons of energy E, and X(E) represents the
actual intensity of the neutrons in the external neutron field
and ma certain energy interval Eto E+ dE (Ncms). |If the
neutron spectrumis divided into a discrete nunber of energy
intervals, the above equation al so can be expressed as a
l'inear matrix equation of the form
y = AX (eq. 1)

or equivalently

ML 1AL ALB ALA eex AL A X

AL 2N A22 X
A3 1 x
Am Am | ' V2 al\Sijn X, (eq. 2)

In the matrix equation shown above (eg. 2) , Y-|" through Y**
Is the array of neutron count rates obtained fromthe separate
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43" 3Bx! -

det ect or/ Bonner sphere coverings exposed to a neutron source.

a1 through h™ is the matrix of response coefficients
(counts/Ncm) for the detector/sphere conmbinations, with each

row corresponding to a particular dianeter of Bonner sphere

for each of n energy intervals. In other words, A is the
response of the nt" detector/sphere conbination to neutrons in

the n™" energy interval. Xis the array of neutron energy
fluence values (Ncnt), one for each of n neutron energy
intervals. Wen the X values are nultiplied by the
correspondi ng A val ues and the products for each row are
sunmed, a value of Y may be determned. This nmay be nore
easi |y understood in the follow ng form

Yi = AN(XE) £ AN2N2) + A3 .. A (X))
Because the values of the A matrix are known fromthe
literature, and the values of Y for any detector/sphere
combination is known (determned by exposing detector/sphere
conbi nations to the neutron source), the object is to invert
the matrix equation and solve for the unknown el enents of the
Xarray. Solving for the X array gives the neutron fluence in
each energy interval and hence the neutron spectrum

Many techni ques can be used to invert and solve a system
of n linear equations and n unknowns, an exanple being through
Gaussian el imnation. Gaussian nethods for solving n
equations and n unknowns are well known. Using Bonner
spheres, the maxi mum nunber of equations and unknowns woul d be
seven, since seven spheres are comercially available.
Al though the Gaussian elimnation method [ends itself to
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conput er codes and would seemto sinplify the probl em of
unfol ding the spectrum (relative to use of the integra
equation), it has drawbacks.

The first drawback is that only seven energy intervals
woul d be generated for the spectrum This causes nany
significant and inportant features to be omtted fromthe
spectrum such as the high energy (but |ow count rate) tai
and narrow wi dth energy peaks.

A second drawback of standard Gaussian techni ques is that
often negative results are obtained. This occurs in matrices
of high singularity. Singularity refers to the condition
often encountered in matrix equations where there is only one
di screte solution array to the equation. This sol ution may
be a very sensitive function of the values of Yj*. Small
fluctuations in the values of Y (due to counting statistics),
or small uncertainties in the values of A may greatly
i nfluence the values of X that nmust be assuned in order to
reproduce the values of the Y array. The CGaussian nethod
obtai ns values of X without regard to the magni tude or sign of
values in the X array. |In order to solve the matrix equation
for the unknown array, Gaussi an nmethods may incorporate
negative values into the solution array. In this case, these
negative val ues woul d correspond to negative neutron fluence
val ues for some neutron energy intervals, a situation which is
physi cal |y inmpossible. The need therefore arose for an
alternative iterative technique to be used, one which did not

gi ve any negative values to the solution array.
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10

Rat her than using a response matrix of 7 enerqgy
intervals, a larger nunmber of neutron energy intervals in the
response matrix would give nuch better energy resol ution of
the resulting neutron fluence array (X). Any nunber of
response coefficients can be generated for detector/Bonner
sphere conbi nations by determning the counting efficiency of
each detector/sphere conmbination in nonoenergetic neutron
sources of known fluence. Conventional iterative techniques
(such as Gaussian elimnation) cannot be used in this case,
however, due to the fact that there could be nore unknowns
than equations (i.e. n may exceed m). Fortunately there are
other mat hematical techniques, known as recursion nethods,
which yield an approximation of the array X when n exceeds m
These techniques start with an initial solution to X which
usually is obtained by multiplying the array Y by the inverse
of the matrix A or by the identity matrix. The technique then
slowly nodifies X in a systematic manner (specific to the
recursion nethod) until the product of A and X reproduces Y to
a predetermned degree. At each point in the recursion, a
check is made to ensure that all values of X cohere to certain
restrictions such as physical plausibility (no negative
values). The code then nodifies the elenents of Xto yield a
new sol ution, which is conpared to the previous solution (and
so on through a large nunber of iterations). An unfortunate
problemw th recursion routines is that the final solution for
X often depends upon the choice of the initial solution. At

t he noment, however, recursion conputer codes based on
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nodified iterative techniques seemto be the best choice for
solving the resulting matrix of |inear equations produced by
Bonner sphere data in which n exceeds m A nethodol ogy for
such a technique was put forth in a paper by Watkins and
Hol eman®" "N . Many authors have used a variety of techniques to
unfol d neutron spectra based on count rates obtained from
Bonner Spheres. A 52 x 7 response matrix for A(E, i) has been
conputed by Hansen and Sandm er" containing response
coefficients for 52 energy intervals and for 7 sizes of
spherical polyethylene coverings. Watkins and Hol eman® ' used
a nodified Scofield-Gold iterative technique, which
approxi mates the unknown el enents of a determ ned system of
si mul taneous equations using the diagonal elenments of a
di agonal matrix as the initial solution to X

Various other iterative nethods for solving equations
simlar to (1) and (2) have been summarized by Nachtigall and
Burger™" and Patterson and Thomas"*. Lowery and Johnson*"A
used a conputer code based on the Scofield-CGold technique,
known as SPUNI T, which was devel oped at Pacific Northwest
Laboratories by Brackenbush and Scherpelz. This code gives
non-negative solutions to the spectrumand snoothing of the
spectrum coul d be added to the results. It is a technique
such as this that has been used in the present research.

2b. Neutron Production
Modes of neutron production and data on neutron yields

fromelectron |inear accelerators have been di scussed by many
aut horsC7)(8)(9).

11
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Neutrons are produced in the accelerator primarily when
It is operated in the photon nmode. 1In this nmode, the photons
are produced by introducing a target metal into the electron
beam produced by the accelerator. Photons (X-rays) are
produced as bremsstrahlung radiation in the target. These
hi gh energy photons then interact with the heavy nucle
shielding materials surrounding the accelerator head to
produce fast neutrons.

The primry nmode of production of neutrons is through the

(*,n) reaction with [ esser contributions fromthe (y, 2n) and

(y*pn) reactions. Direct production of neutrons in either
photon or electron nodes is possible fromthe (e,n) and
(e,e'n) reactions if the energy of the electron is
sufficiently high. The production of neutrons fromthese
el ectron reactions is smaller by a factor of over two orders
of magnitude than the photoneutron reactions (due to the fine
structure constant nodified by several other factors). The
production of neutrons fromthese electron reactions for the
nost part can be neglected "',

For medical linear accelerators operating at |less than 45
MeV, neutron production is largely due to reactions occurring
in the giant photonuclear resonance, also known as the giant
resonance. The cross section of this resonance is typified by
a threshold, a rapid rise to a peak, and a gradual decrease of
neutron production at the higher photon energies. For nost of
the nmediumto heavy nuclei shielding materials, the peak of

the giant resonance occurs between 13 and 18 neV. The neutron

12
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spectrumin the giant resonance has two major conmponents. The
first and | argest conponent is the evaporation spectrum In
this conponent, neutrons are generated by conpound nucl ear
formation. The nucleus may be thought of as being heated or
excited by the photon, the result being that neutrons at the
hi ghest energy levels are "boiled out" of their potentia

well. The (8,2n) separation energy occurs well within the

gi ant resonance for most shielding materials and therefore
contributes a significant nunber of neutrons to the total
neutron fluence. One would think that protons, alphas, or
other charged particles woul d be ejected fromthe nucleus from
the absorption of a photon as well. This does not occur,
however, because in the giant resonance sufficient energy is
not inparted to charged particles (such as protons) to
overcome the coul onb barrier for the el ements of concern. The
yi el d of photoneutrons may be thought of as being proportional
to the convolution of the (K'ri) cross section and the
brensstrahl ung spectrum'”,

The smal | er conponent of the photonucl ear giant resonance
arises by the direct or photoionization process. In this
process, one neutron acquires all of the photon's energy; the
kinetic energy of the neutron then becones equal to the
photon's energy mnus the binding energy of the neutron in the
nucl eus. The neutrons produced in this fashion are of nuch
hi gher energy than those produced by the evaporation process.
These neutrons then are responsible for the high energy tai
on a photoneutron energy distribution plot (see fig 3). For

13
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this direct ejection of the neutron to occur, it is thought
that the angular distribution for the energing neutrons is
slightly peaked at 90° to the incident photon (8)(10)"

Neutrons are produced inside the head of the accel erator
and penetrate iostropically. Al though the shielding
i ncorporated into the head attenuates photons well, it does
little to attenuate the fluence of neutrons. The only
significant dose equivalent attenuation is fromenergy |osses
by the neutrons, this being due to inelastic scattering and
(n,2n) reactions. This effectively reduces the energy and
quality factor of the neutron.

| nel astic scattering occurs only at neutron energies
above the [owest excited states of the shielding material; 0.6
- 0.8 MV for lead, and 0.1 MeV for tungsten. Qoviously
tungsten is better for reducing the energy of neutrons. This
reduction in energy provides a corresponding reduction in dose
equi val ent AMAA,

The (n,2n) reaction provides a mnimal energy |oss equal
to the binding energy of the neutron in the nucleus.
Unfortunately, it also provides two | ow energy neutrons of
about equal energy that contribute greatly to the | ow energy
neutron fluence in the treatment room (8)("°).

After passing through a certain distance in any shielding
material, essentially all the neutrons in the spectrum have
had their energies reduced bel ow the | owest excited state of
the shielding materials. At these energies, inelastic
scattering and the (n,2n) reaction can no |onger occur.

15
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Neutrons then may penetrate great distances through shielding
materials in the head with no further energy | oss or
attenuati on of dose equival ent.

The preceding discussion reviewed some of the factors
that provide the source of neutrons in the treatment room
The intensity of neutrons fromthis source as a function of
the distance fromthe accel erator head can be described by the
I nverse square law. There is, however, a second conponent
conprised of thermal neutrons which have scattered inelasticly
(and el asticly) off the inside walls of the treatnent room
The fluence of these | ow energy neutrons is essentially
constant throughout the room This thermal neutron fluence is
related to the fast neutron fluence by

P = KQS
where: ™ is the thermal neutron fluence, Qis the fast neutron
fluence, Sis the inside surface area of the treatnent room
and Kis a constant related to the type of shielding used in
the head of the accelerator * "

It has been found that photons are al ways nore
penetrating than neutrons for the energy ranges of interest in
a medical accelerator. \Wile producing photons of 20 MV, the
average energy of the neutron spectrumenerging fromthe
accel erator head is never nmuch above 1 MeV. |f a therapy room
I's constructed of enough concrete to sufficiently attenuate
t he photons produced, the neutrons will also be nodified and
captured by the | arge hydrogen content of the concrete. The

problemin neutron shielding, then, is found at the maze
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doorways and any other penetrations to the room (ducts,
conduits, etc.)- In these areas, neutrons may easily scatter
to areas unprotected by the massive concrete walls ¢'-°) .

3. THEORY OF NEUTRON MEASUREMENT W TH BONNER SPHERES

Currently, methods used to cal cul ate neutron shiel ding
for therapy roons have been rules of thunb and educated
guesses. Little is known about the spectrum of neutron
energies given off by accelerators or how this spectrum
changes as the neutrons pass through various shielding
materials. Exact methods for deteirmning required neutron
shiel ding, therefore, are available but rarely used. It is
extremely inportant that barriers be devised to absorb
neutrons and/or reflect neutrons back to the treatnent room

It is necessary to know the spectrum of neutron energies
in order to properly determne the nature of shielding needed.
It is equally inportant to know how the spectrum changes as
neutrons pass through shields of various constructions. In
this way it will be possible to develop a series of equations
to take the guess work out of neutron shielding for nedical
I i near accelerator facilities.

In order to determ ne neutron spectra, a series of
different sized Bonner spheres are often used. Although nost
researchers have used Bonner spheres to noderate the neutrons,

many types of detectors, placed at the center of the sphere to

detect the noderated neutrons, can be used. A Li(l)
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scintillation detector, which is a thernmal neutron detector,

Is a good choi ce. Upon absorption of the neutron, the

Li (n,oc)H reaction takes place, releasing an al pha particle.
The track length of the alpha is sufficiently short to deposit
all of it's energy in the crystal. The amount of energy
released in the crystal will be in the neighborhood of 4.7 MV
and will be the sanme for each neutron absorbed. This rel ease
of energy results in a pulse. The electrical pulses fromthe
Li (1) detector located at the center of each sphere then woul d
all be of the sane height regardl ess of the energy of the
Interacting neutron. The only information gained fromeach of
the detectors therefore is a count rate. As Li(l)
scintillation detectors will also record photons interacting
in the crystal, a nmeans of discrimnating between neutrons and
photons nmust be addressed. This is particularly inportant
since nost neutron fields are acconpani ed by an appreciable
field of photons. The small (4nmx 4mm) size of the Li(l)
crystal helps in this respect. Photons, with their |ow LETs,
wi Il deposit only a tiny fraction of their energy in the
detector. This will result in a very snall pul se size
conpared with the neutron pulse size. By properly setting
counting thresholds, or by using simlar nethods, it is
possi bl e to successfully count only the neutron pul ses and

di scrimnate agai nst pul ses produced by photons. Problens
arise only when high photon fluences yield significant pile

up.

18
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Bonner spheres provide the function of thermalizing fast
neutrons. Neutrons that are sufficiently thermalized by the
sphere, but not absorbed in the sphere, then will be absorbed
inthe Li(l) crystal according to the intrinsic detection

efficiency of the crystal at that neutron energy.

4. MATERI ALS AND METHODS
4a. Neutron Counting Equi pnent

A series of four Bonner spheres manufactured by Ludl um
was used in this research to establish neutron spectra. The
si zes of the spheres were: 3", 5", 8", and 12" in dianeter.
A bare detector was al so used as one of the detector/sphere
conmbi nations. The Li(l) crystal, light pipe, and PM assenbly
were al so obtained from Ludl um

A coaxial cable, designed to carry both the signal and
the high voltage for the detector, was connected to the PM
tube with a type C connector. The other end of the coaxi al
cabl e was hooked to a Ludlumsignal splitter, designed to
split the high voltage and the signal. H gh voltage was
supplied to the splitter and hence the PMtube by a separate
HV supply (manufactured by Power Designs). Leaving the
splitter, the signal travels via coaxial cable to an Otec pre
amp set on 500 pF. The pre amp was hooked via coaxial cable
to an Otec anplifier set on a gain of 20. CQutput of the anp
was then hooked up to a Northern Miulti Channel Anal yzer (MCA)
The HV supply, anp, and pre anp were contained in a portable

N.1.M bin for easy transport (see figure 4). An MCA was
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chosen in preference to a scaler to aid in discrimnation
bet ween neutron and photon pul ses. Typically, photon
discrimnation is a difficult task with Li(l) crystals (used
for neutron nmeasurenents) since it involves mnute adjustnent
and readjustnment of sensitive discrimnator and threshold
settings. Discrimnation of photon counts from neutron counts
I's easily acconplished visually with the MCA.  The | ow photon
detection efficiency of the Li(l) crystal results in a |ow,
prom nent conpton shoul der seen on the MCA. The neutron
counts, however, are at nuch higher channel nunbers due to
nearly conpl ete energy absorption of the secondary al pha. The
neutron counts also forma promnent peak, so total neutron
counts are easily obtained by integrating under this peak by
setting regions of interest on the MCA or by plotting the
peaks and integrating by hand.

It was decided that the conponent systemand it's ability
to deliver neutron counts needed to be tested. The
det ect or/ sphere combi nati ons were exposed to a uniformfield
of neutrons (and photons) enmanating froma PuBe source |ocated
at the Physics Departnment at UNC. Each sphere was exposed to
t he PuBe source for 10 m nutes and counts were obtained. The
data obtained were interpreted by setting up a matrix simlar
to eq. 2 and solving using a conmputer programdescribed in the
next sub-section. This test was initially intended only as a
test of the neutron counting system It was later decided to

use the data obtained as input to the conputer program


NEATPAGEINFO:id=B1AD7C5C-19FE-4A80-B0F8-1C5070374FFE


<sl

Figure 4

Diagram of neutron counting systen

- Bonner Sphere

PH t ube .
hi gh vol tage

ignal splitter | f

pr e-anp

si gnal

<<

N

- NIM bin


NEATPAGEINFO:id=2F595750-3BF2-4DCC-B9FD-57EB488F7F95


described in 4b. as a test of the code's ability to solve
matrix equations of various sizes.

The neutron counting systemwas taken to the Radiation
Therapy department at N.C. Menmorial Hospital and set up in the
therapy room containing the Sienmens 20 |inear accelerator.

The configuration and position of the equipment is shown in
figure 5. The detector/sphere setup was placed approximtely
1.3 meters off the floor directly between the head and the
door to the maze at approximately 2 meters fromthe head. The
accel erator was set to deliver 18 MeV photons. Each

det ect or/ sphere conbi nation was exposed to photons and
neutrons resulting fromidentical runs on the accelerator
delivering 400 rads to an imaginary patient. No phantom
material was added to intercept the beamas this would only
serve to increase photon scatter and potentially decrease
neutron fluences through elastic scattering and radiative
capture in hydrogen.

Pul se height spectra were obtained for each accel erator
run. Neutron counts for each detector/sphere conbination were
determned through integrating the neutron pul se height
spectrumby hand. This was done because the photon continuum
was of nuch greater energy and height than is normally
encountered in neutron spectroscopy due to photon pile-up, and
assunmptions had to be made as to the shapes of sone of the
neutron peaks in order to correctly subtract off photon
counts. The neutron peak was sitting on top of the high
energy side of the photon peak. In order to subtract off
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phot on counts, the high energy slope of the photon peak was
assuned to be exponential in nature, and photon counts were
subtracted of f using valley to valley averaging.

4b. The Computer Program

The data obtained fromthe PuBe source were at first
eval uated using standard matri x inversion (Gussian
elimnation method). Using this nethod, negative fluences
were obtained in some of the 5 energy intervals. It was
sunmm zed that a possible reason for these results was the
highly singular nature of the matrix equation. It was also
noted that the response curves for the 8" and 10" spheres were
extremely simlar in nature (fig. 1). That is to say, the
curves were linearly dependent (i.e. theresponse varied with
energy at approxinmately the sane rate). Wen solving matrix
equations, |inear dependence between two equations heightens
probl ems encountered with singularity and thereby increases
the probability of obtaining negative results. [In an attenpt
to solve future problens of singularity, it was decided that
the 10" sphere would not be used and the bare detector woul d
be used as the fifth detector/covering conbination (at this
time conputer codes based on Gaussian elimnation nmethods were
still being used in this research).

In order to resolve the problemof negative fluences, and
to obtain a nore detailed neutron spectrum a recursion
approach in which n exceeded mwas adopted. Available data in
the response matrix. A, included estimtes of the response in

52 neutron energy intervals for each sphere dianeterV (see
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table 1).

The unknown el ement in the systemof |inear equations to
solve for is the neutron fluence (X) in each of the 52 energy
intervals. As nentioned before, conventional conputer codes
whi ch solve for the unknown el enents by inversion cannot be
used in this case since the nunber of unknowns is |arger than
t he nunber of equati ons.

There was a necessity, then, for a conputer code to be
witten based on the Scofield-CGold iterative technique.

The Scofield-Gold iterative technique basically operates |ike
other iterative techniques in that it successively alters (in
sone consi stent manner) the elements of the solution array (in
this case X) until closest agreenent between Y and the product
of Aand X is found. The conputed solution array (X) then is
at best a possible close approxi mation of the true solution
array, W th other approximte solutions being possible. It is
possible to determne in a quantitative manner how cl ose to
the true solution array (Xrp) the conputed approximation (Xq)
I's by calculating the difference between Y and the product of
A and X*,. An additional computer code was witten to
calculate this difference with each iteration. The conputer
code witten for the present research replaces the conputed
values of the solution array (in this case the approxi mated
neutron spectrum X*,) back into the matrix equation (equation
2) and conputes the left hand side of the matrix equation (see
equation 2). This new cal culated product is labelled as the

vector array P in the conputer code (P referring to the
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predi cted counts). The squared difference between the newy
conputed left hand side (P) of the matrix equation and the
actual left hand side of the matrix equation (in this case the
measurenents Y) is taken as the residual. This calculation is
perfornmed for each of the 5 equations and the residuals sumred
after each iteration. The conputed solution array with the

| owest summed residual woul d be the best approxi mation of the
solution array, or the "best fit".

The iterative technique nust have sone initial solution
array (X) fromwhich to start. This initial array could be
provi ded, based on educated guesses about the neutron
spectrum as input, could be calculated by the conputer
program usi ng the product of Y and the inverse of A or could
be obtained by multiplying Y by the identity matri x. It was
decided to take the | atter course since there was no
informati on on which to base an initial guess about the
neutron spectrum

I n summary, then, the recursion code used in the present
study begins with an initial approximation to the neutron
spectrum This approximation is obtained by nmultiplying the Y
array (i.e. the data array) by a diagonal matrix, D. In the
initial step of the recursion, X is set equal to the product
of Yand D, thenis multiplied by A and the product conpared
to Y (i.e. the residual is conputed). The elements of D then
are adjusted by the recursion routine to new values, and a new
solution to X is obtained. These adjustnents occur by

systematically exploring the effect of small changes in each
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el ement of the previous solution array (X), with the change
producing the | argest decrease in residual being selected at
each point of the iteration. This process continues through a
| arge nunmber of iterations (1500), with the elenents of D
changing with each iteration. The result is a total of 1500
approxi mations to X, each with an associ ated residual .

Log-10g smoothing also is added to each approxi mation of the X
matri x before the residual is conputed. This smoothing sinply
causes the histogramof X (which contains 52 energy intervals)
to becone |ess subject to |arge changes in the nunber of
neutrons in adjacent energy intervals. Log-log snoothing is

i ncluded to preclude the devel opment of a wildly fluctuating
curve. A nore or |ess snooth neutron spectrumis expected.
Log-1og snoothing is applied during each | oop of the recursion
routine to each element of the X array, X(n), as well as to
X(n+l) and X(n-1). This serves to take erratic junps out of
the curve and give a potentially nore reasonable spectrum

The programwas witten to continue through 1500 successive
approximations of the X matrix (lines 41 through 118 of the
conputer programin appx. A).

Each time through this iteration the programtakes the
current value of each elenent of the fluence array X and
multiplies it by the corresponding response coefficient (from
matrix A) in a given energy interval for each detector
sphere/ conbi nation. Summ ng these products together for each
det ect or/ sphere conbination, an array anal ogous to the
experimental |y determned neutron count array Y is devel oped.
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The el ements of this predicted count array are placed into an
array named P (lines 85 - 91 of the conputer programin appx.
A

The value of the elenents of the P array, when conpared
to the value of the elenents of the Y array, provides a test
as to how closely the solution array (X*\) is able to reproduce
the el enents of the Y array. A residual array may then be
conputed fromthe squared difference between the el enents of
the P and Y arrays for each detector/sphere conbination. This
residual array is labeled array Rin the programcode (lines
92 and 93 of the conputer programin appx. A). The total
residual for each loop of the recursion routine may then be
determ ned as the sumof the elements of the R array (one
val ue for each detector/sphere conbination). These total
residuals for each loop are stored as elements of array AL, a
vector array of 1500 el enents (one for each | oop of the
recursion routine). Fromthe information in this array, the
step which contains the best approximation of the X matrix
could be determned by searching for the | owest residual.

There is nmuch debate in the physics comunity as to which
recursion routine, if any, is best for solving matrix
equations for neutron spectra. For this reason it was deci ded
that in addition to running the iterative-snmoothing routine
(whi ch includes both recursion and snoothing), both the
iterative and smoot hing routines al one woul d be applied
I ndependently to the data. This led to the devel opment of
three different versions of the conputer program each of
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whi ch was applied to both sets of data (the PuBe and

accel erator data). The iterative routine alone is able to
solve the matrix equation (2) for the values of X although
discontinuities in the spectrummght result. It was felt

that the | og-1og snoothing routine alone mght also
approximate the solution to the matrix equation. The

smoot hing routine could acconplish this by successively
snoothing the initial spectrumas produced in lines 19 through
40 of the conputer program (appx. A), although the final shape
of the spectrumwould be heavily influenced by the kind of
smoot hing enployed. It was also not clear whether the use of
smoot hi ng al one woul d al | ow convergence onto a solution in an
efficient manner or would lead to a physically realistic
solution spectrum(i.e. the elements of the X array).

5. RESULTS

Total counts within the neutron peak for each of the five
det ect or/ sphere conbi nations exposed to the PuBe source are
outlined in table 2 (integration by the MCA). The reader
should note that the data fromthe 10" sphere as well as the
bare detector are omtted. This is because no data were
gathered for the bare detector, since problens with the |inear
dependence of the 8" and 10" spheres data had not yet been
noted during the course of the research.

The total neutron counts under the peak for each of the
det ect or/ sphere combi nations exposed to the accelerator follow
intable 3 (Integration was perforned by hand using valley-to-
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TABLE 2

31

PuBe source data, 10 min. counting time for each

det ect or/ sphere conbi nati on.

Poly sphere coverina
3
-
g

12"

TABLE 3

Count s

642

1088

1497

1214

Accel erator data, 400 rads delivered to each detector/sphere,

counting tinmes equal

Poly sphere coverina

Bar e
B"
5"
8"

12"

Count s

5,875

63, 000

42,725

7,900

675
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Fe VWHROS

val | ey averagi ng).

Both sets of data then were input into each of the three
forns of the program {smoothing alone, iteration al one,
iteration plus snoothing) as elements of the Y matrix.

Through anal ysis of the residual array output data for
conput er runs made on the PuBe source data it was determ ned
that the best approxination of the X (neutron fluence) matrix
was to be found at step 580 of the recursion [oop for the |og-
| og smoothing only routine, and at step 1500 for the iteration
only and iteration-snoothing routines. For runs of the
conputer programs utilizing the accelerator data it was found
that the best approximation of the fluence matrix was to be
found at step 875 of the recursion loop for the smoothing only
routine, step 1500 for the iteration only trial, and step 338
for the iteration-smothing trial. The X matrix was plotted
at each of these steps. Spectra were printed at additiona
steps to gain an understanding as to how the recursion
routines successively approximated the X matrix. The reader
shoul d see figures 6 thru 11 for plots of these X matrices
(neutron spectra). The programal so output the value for the
P (predicted Bonner sphere counts) array at all "Best Fit"
steps (tables 4,5, 6, 7, 8, 9) to determne how well the X
array is able to reproduce the Y array by visually conparing
the P array to the Y array.

The reader may refer to tables 4 through 9 for data on
observed counts, predicted counts, standard deviation of
counts and percent deviation ([observed-predicted]/observed)

32


NEATPAGEINFO:id=5579F4DE-D612-4265-A1E9-39694457B479


OO<

Figure 6 .

PuBe DATA - Snnothing Al one

spectra ot Sb"B 1, 580, 150
/ A\

1DD -

aafa|tqatqagataqal tTITIITLL ) ) MAT LM
1357911131517 192123 :S527 29 31 33 35 37 ;» 41 43 45 47 49 51

neutron energy Interval
st-p 1 Bt<9p 580-"&M Fit" Btep 1500

Figure 7.

PuBe DATA - Iteration Only

Spectro at Steps 1, 580. 1000, 1500

eeSSgeaBBD

"MIItIIIIM* Lo
0 e O L O T o 1 T T I A e B

13 5 7 9 11 1315171921 325212031 3335373041 434547

neutron energy interval

Step 1 + step 580 -------- step 1500-Best Rt

33


NEATPAGEINFO:id=F111095F-9C78-4D48-9CB7-7FD52E881689


ONOO;
5 o po

4/\

«?

Now

Figure 8.

PuBe DATA —Iteration Sc Snoot hing

Spectra <3t steps 1. 530, 1SOO

r obnDnoDanDDDDnaa

o IE[ELULELAIATOMMME L UMT MLt gagee e
1357911131517 19 21 23 » 27 29 31 33 35 37 39 41 43 45 47 49 51

neutron ervergy intefvai
.step 1 - Btep 580 Bt «<p 1S00

Figure

"ACCELERATOR DATA - Snot hi ng Al one

Spectra » Steps 1, 875, [tJOO. 2600

v 5 T 9 113 1507 19 20 2325212931 333537 3941 43 4547 4951

Neutron Energy Intefvo!

-+ Step 1 Step 875 —Step 1000 Y—"t"P 2500

34


NEATPAGEINFO:id=659631B2-6E22-4579-9D0E-AD701A71E488
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Tabl e 4 PuBe Dat a,
pol y obser ved

coveri na count s or
3" 642 25.
5" 1088 33.
8" 1497 38.
12" 1214 34.

Tabl e 5 PuBe Dat a,

pol y obser ved
coveri na counts
3" 642
5" 1088
8" 1497
12" 1214

Log- Log Snocsthing Al one

2(y

r anqge

591. 3-
692. 7
1022-
1154
1420-
1574
1144-
1284

I[teration Al one

25. 3

33.0

38. 7

34. 8

20-

ranae

591. 3-
692. 7
1022-
1154
1420-
1574
1144-
1284

pr edi ct ed

counts
1216. 1
891. 2
291. 8

49. 3

(step 1500)
pr edi ct ed

counts
642. 2

1087. 6
1497. 7

1213. 5

step 580)

% devi ati on
fO-P)/O

89. 4
18. 1
80. 5

95. 9

% devi ati on
fO-P)/0O

0. 031
0. 036
0. 047

0. 041

Table 6 PuBe Data, Iteration-Smothing (step 1500)

pol y obser ved
coveri na counts
3" 642

5" 1088
8" 1497
12" 1214

25. 3

33.0

38.7

34. 8

20r

ranae

591. 3-
692. 7
1022-
1154
1420-
1574
1144-
1284

pr edi ct ed

count s
628. 6

1126. 6
1474. 0

1077. 1

% devi ati on
(0-P)/0
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Tabl e 7 Accel erator Data,

pol y obser ved

coverincT counts

Bare 5875 76.
3" 63000 251.
5" 42725 206.
8" 7900 89.
12" 675 26.

Tabl e 8 Accel erator Dat a,

pol y obser ved
coveri na counts

Bar e 5875 76
3" 63000 251.
5" 42725 206.
8" 7900 89.
12" 675 26.

Table 9 Accel erator Data,

poly

coveri na counts

Bar e 5875 76.
3" 63000 251.
5" 42725 206.
8" 7900 89.
12" 675 26.

obser ved

o"

6
O
7
1S
(@

(S

6

| 0og- Log

207

rancre

5722-
6028

62448-
63500

41138-

7722-
8078
623-

727

Snoot hing Al one (step 875)

predi ct ed

count s
19467. 7
60937. 5
44120. 7

14568. 6

2565. 4

% devi ati on
(0-P)/O0O

231. 0
3. 27
3. 27
84. 4

280

[teration Alone (step 1500)

2(y

rancr e

5722-
6028

62448-
63500

41138-

7722-
8078
623-

727

pr edi ct ed

count s

9000. 6
60717. 8
43498. O

13394. 8

2161. 7

% devi ati on
(0-P)/0

53. 2
3.6
1.8

69. 6

220. 0

Iteration- Smoothing (step 338)

2G

ranae

5722-
6028

62448-
63500

41138-

7722-
8078
623-

727

pr edi ct ed

count s
8848. 8
58753. 3
42426. 7
13170. 0

2119. 2

% devi ati on
(0-P)/0

50. 6
6.7
0.7

66. 7

213. 0
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of predicted counts (P array) for the PuBe source data and the

accel er at or dat a.

Referring to table 1, it is quickly noted that the width
of the energy intervals, ie, 0-1, 1-2, etc., is not consistent
t hroughout the range of neutron energies presented. The
energy intervals continually wden going frominterval nunber
1 to 52. For this reason, the graphical shapes of the "best
fit" neutron spectra as presented in figures 5 and 8 are
m sl eading. The visual features on these graphs are nore a
function of neutron energy interval width than actual neutron
fluence at any given energy. The reader nay refer to figures
12 and 13 (probability density distributions) of the
respective "best fit" spectra normalized to energy interval
width. Here the fluence obtained for any interval was divided
by the width of that interval ineV. To give the plots stil
nmore meaning, the respective spectra were plotted against a
consistent energy scale (figures 14 and 15).

These plots were devel oped by normalizing fluences obtained in
figures 12 and 13 respectively in particular energy intervals
of interest and plotting them against a comon nornalized
scale. Figure 16 shows the PuBe neutron spectrum determ ned
by Anderson and Neff using a fast neutron spectroneter,

enpl oyi ng pul se shape discrimnation, and utilizing a single
stillbene crystal A-A A Figure 17 shows figure 14 superinposed
with the Anderson and Neff spectrum The Anderson and Neff
spectrum (in figure 17) has been scaled to yield the same
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Figure 16.
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Figure 17
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The Anderson and Neff spectrumis broken into energy intervals to
correspond to this study. The relative intensities in these energy intervals
were cal cul ated from Anderson and Neff data and the absolute intensity in each
interval calculated by setting the absolute intensity inthe 1.0 - 2.5 MV
interval equal to that obtained in the present study.

Present study Ander son & Nef f
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total number of neutrons as conputed by the conputer codes
used in this research as a neans of conparison. The
significance of these plots will be discussed in later

sections of this paper. |

6. CONCLUSI ONS

Through a review of the data presented, it is evident
that the | og-1og snoothing routine operating in the conputer
program al one provi des the worst solution to the matrix
equation of the three programtrials. This conclusion can be
arrived at by looking at the %deviation colums in tables 4
and 7. In other words, the smoothing routine yields a
solution spectrumwi th large residual errors conpared to other
routi nes.

There is a difference in the spectral shapes produced by
the snoothing alone and iterative al one routines when
conparing spectra at their respective "best fit" steps (i.e.
the iteration that produces the |owest residual error). This
can be explained by the fact that each tine through the
recursion loop, the log-log smoothing routine shapes the curve
inalogarithmc fashion (see figures 6 and 9). The smoot hi ng
routine then, is nerely logarithymcaly altering the previous
X array during each iteration. The "best fit" spectrumfrom
the smoot hing routine al one has no obvious physical neaning
but it is interesting to note how close this sinple nethod
actually came to solving the matrix equation (see the %

deviation colums in tables 4 and 7).
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In conputer programtrials with both sets of data, the
neutron spectra produced with the iterative al one and
I terative-smoothing techniques are very simlar. The
Iterative-smoothing trial "best fit" spectrum appears as a
smoot hed version of the iterative "best fit" spectrum

It is interesting to note that for both PuBe and
accelerator data the iterative alone routine solution was
better than the iterative-smothing solution, this conclusion
being arrived at by | ooking at residuals for the "best fit"
steps (table 10). The log-log snmoothing routine was added to
give nore realistic results, as a smooth (continuous) shape
was expected, and to help in the approximation of the solution
array. It would seem however, that the snoothing routine may
prove nmore a liability than an asset in solving the matrix
equations, at least as far as residual errors are concerned.
The snoot hed spectrumis, however, more physically realistic.

The iterative routine, operating in the conputer program
wi th the snmoothing routine disabled, [eads to sonewhat
conflicting observations. Looking at the PuBe data at step
1500 ("best fit") in table 5 and figure 7 it is noted that the
routine is solving the matrix equation excellently (wth very
smal | % deviation). Wether or not it is solving for the
actual neutron spectrumis another matter, since nany
solutions may be available. As a test of the ability of the
code to reproduce data obtained by nmore precise measurenent
met hods, the cal cul ated PuBe spectrumin it's nornalized form
as shown in figure 14, is conpared to the general shape to the
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Tabl e 10 Residuals (array AL) Incurred at "Best Fit" Steps

Pr ogram Tri al Resi dual s

PuBe- Snoot hi ng Al one 3177352. 0.
PuBe-lterati on Al one O. 0996

PuBe- |t erati on- Snoot hi ng 20935. 6
Accel erator-lteration Al one 47978479. 2

Accel erator-Ilteration-Snoot hi ng 56835457. 4
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a7

PuBe spectrum as reported by Anderson and Neff”™ ”~ in the
energy regions of dosinetric significance (figure 16).

The comput ed spectrum however, extends to energy |evels far
in excess of the spectrumreported by Anderson and Neff and
appears to be quite unreasonable with respect to those higher
ener gi es. In this regard it nmay be concluded that the current
versions of the conputer routines tend to "flatten" the
spectrum pushing the spectrumto higher than reasonable
energi es.

The iterative routine operating al one solves the matri x
equation for both the PuBe data and the accel erator data
better than the other nethods, considering the anount of
residual (table 10) and the % devi ati on (tables 3 and 6).

Al so, it solves the PuBe natrix equation nearly exactly while
|l eaving much to be desired with the accelerator natrix
equation. This can be seen by conparing the % deviation in
tables 5 and 8. Still, the accel erator spectrum (figure 15)
woul d appear to be qualitatively reasonable given what is
known about the nobderati on of neutrons in the head and wall s
of linear accelerator installations. The accel erator spectrum
as shown in figure 15 occurs al nost wholly bel ow 100 eV. This
makes good intuitive sense as the nean energy of the primary
spectrum emanati ng fromthe accel erator head is generally
considered to be about 1 MeV. It is certainly reasonable to
expect the neutrons to be in the slow to thermal energy range
by the tinme they reach the Bonner sphere positioned as shown

in figure 5. This is because the great nmajority of neutrons
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before reaching the detector/Bonner sphere conbination have
undergone many interactions in the concrete walls of the
therapy room and have | ost energy through elastic collisions
with hydrogen in the concrete. Still, some higher energy
neutrons woul d have been expected, and their absence indicates
a potential problemwth the method.

A possi bl e probl em associated with the accel erator "best
fit" spectra as presented in figures 10 and 11 is that there
Is no lowenergy tail. This tail would be expected to be
present and quite promnent due to the | ow energy neutron
fluence which is thought to be quite uniformin the treatment
room As noted for the PuBe source, the computer routines
tend to flatten the spectrum also pushing the spectrumto
hi gher energies. This would not, however, account for the
conpl ete removal of the low energy tail. Keeping this in
mnd, it is easy to understand why the spectra as presented in
figures 13 and 15 are preferred. These figures, particularly
figure 15, give a nmore understandabl e representation of the
spectrumincluding the low energy tail.

Note the extended high energy tail seen in figures 14 and
15 for the PuBe source and accel erator and the over estination
(by the conmputer program) of the 12" detector/sphere
conbi nation seen in tables 8 and 9. A possible reason for the
over estimation of counts in the [argest sphere size (for the
accel erator data) is that reported response coefficients in
the A matrix are included for neutron energy intervals in
excess of peak photon, and, therefore, peak neutron energies.
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These energy intervals are found in steps 48 through 52 (table
1). The iterative routine may try to fit neutron fluences
into these energy inteirvals, thereby overestimating the count
of the 12" poly sphere detector (which is the nost responsive
detector to neutrons of these energies) thereby extending the
conmput ed spectrumto energy |levels higher than are actually
occurring. The iteration routine then may effectively take
sone | ow energy fluences and push theminto higher energy

| evels. This effect of spectrum extension caused by the
presence of response coefficients in excess of peak neutron
energies in the matrix equation nay al so be occurring in the
conputer runs made on PuBe data, although no over estimation
of the 12" detector/sphere size is seen.

In order to test the possibility that inclusion of high
energy response coefficients mght be noving neutrons froml ow
to high energies, the codes were run with and w thout response
coefficients at high energies. The effect of spectrum
extension or shifting mentioned above woul d probably be nore
pronounced for the PuBe data than the accelerator data if this
isin fact occurring. This is because the PuBe spectrum
natural ly extends to a much higher energy range than the
scattered fluence fromthe accel erator. A test run was
made on both sets of data with all response coefficients for
neutron energy intervals higher than the real mof possibility
omtted (higher than the upper energies of the particular
neutron source). A test run of the conputer programon the

accelerator data with response coefficients for neutron energy
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Intervals 48-52 omtted produced exactly the same spectrum
with the same residual at the "best fit" step as conputer runs
made with those intervals included. Trial runs made on the
PuBe data with the response coefficients for neutron energies
In excess of 16 MeV deleted failed to converge onto a
solution. Cearly, response coefficients cannot sinply be
omtted as tried here. Future studies mght focus on a method
for dealing with the problemof unreasonably high energies in
t he response matri x.

It is clear that the neutron counting systempresented in
this paper gives reasonably good data and performs reliably,
in the sense that residual errors between Y and AX can be nade
quite small. Wat is not so clear is whether the conputer
program gi ves reasonabl e shapes to the neutron spectra. The
relatively good qualitative fit of figure 14 (the nornalized
"best fit" PuBe spectrum) to the PuBe spectrumreported by
Anderson and Neff (figure 16) in the region of dosimetric
I nterest shows that the unfol ding nethod presented at |east
has some nmerit and bears further investigation. Looking at
t he conputed accel erator spectrumagain (fromthe |ast
section) we may note that the counts for sonme detector/sphere
conbi nations predicted using the iterative only routine fel
far fromthe actual counts in those detectors. This, in
conbination with the high residuals, would | ead us to believe
that this best fit spectrum in fact, fits rather poorly. One
nust bear in mnd, however, two inportant points. The first
Is that the residuals are the squared difference between the
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observed and predicted counts, and the second is that the
accel erator "best fit" spectrumpredicts counts in four

det ector/sphere conbinations quite well. [If the spectrum
reproduces the neasurement data for four out of five

i ndependent |inear equations, the spectrum cannot be too far

from being a reasonabl e approxi mati on.

Assumed | osses of fluences in the | ow energy range and
over-estimations in the high energy range remain significant
features. Table 11 displays neutron quality factors relative
to fluence and energy -~ . Loss of neutron fluences in the
near-thermal energy range is not that critical, as thisis
where quality factors are |owest. Over estimations of the
hi gh energy range would only lead to nore conservative
calculations, as this is where quality factors are highest.
For the nost part, however, neutron fluences per unit energy
above 100 eV in the calcul ated accel erator spectrumare
extremely small, and are nearly non-existent above 250 eV.
This could have inportant inplications in shielding
cal cul ations, which require information on the higher energy

neutrons.

In order to obtain better estimtes of neutron spectra in
the future using techniques simlar to the one presented in
this paper, several points may be raised. First, the presence
of response coefficients above the range of expected neutron
energies warrants further investigation. Another is that
ot her snoothing routines may be tried, |og-Iog snoothing
perhaps not being the best approach. An arithmatic (linear-
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Tabl e 11
Neutron quality factors at various energies

Neut r on Ener gy Quality Rel ati ve

f MeV) Fact or N cnVs

t her nal 3 67.0
0. 0001 2 50.0
0. 005 2.5 57.0
o 02 5 28.0
0.1 8 8.0
0.5 10 3.0
1.0 10.5 1.8
> 5 8 2.0
5 0 7 1.8
7. 5 7 1.7

10 6.5 1.7

10- 30 1.0
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l'i near) approach is one possibility. Lastly it may be
possible to give the conputer programa better initial
starting spectrum This a priori spectrumwould have to be
one of a shape which is highly expected from past measurenents
or theoretical considerations. her authors have suggested
this approach and have used it*'~ ", The value of this
approach is questionable, however, since it is not clear what
spectrum shoul d be assumed at the start and how that choice
affects the results. A possible advantage to such an
approach, however, is that it mght be nore efficient in terns
of conputer time, as fewer recursion |oops would be necessary
(assum ng you chose the right initial spectrum

The unfol ding process as presented in this paper seens to
give qualitatively reasonable results for both PuBe and
accelerator data. Wth further work aimed at resolving the
probl ems associated with spectrumshifting and choice of
initial spectrum this process may be used in conjunction with
existing and future shielding calculations to provide adequate

barriers to neutron contam nation in |inear accel erator

radi ati on therapy roons.
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APPENDI X A

The Conput er Program

(as nodified to handl e the accel erator data)
C data i nput section and echo out
1 IMPLICIT REAL*8 (A-H), INTEGER (I-N)
2 REAL*S8

3 A(5,52), X(52), Y(5), B(52,52), AT(52,5),W52), 2(52), R(5),
4 P(52),D(52,52), AL(1000)

5 DO 20, 1=1,5

6 READ(5, FMI=10) (A(l,J),J=1, 52)
7 READ( 5, FMI=30) Y(1I)

8 30 FORVAT( F7. 1)

9 WRI TE( 6, FMr=15) (A(l,J),J=1, 52)
10 15 FORMAT( I X, 9F7. 4)

11 10 FORMAT( 9F7. 4)

12 20 CONTI NUE

13 WRI TE(6, FMI=40) (Y(l), 1=1, 5)

14 40 FORMAT(5F10. 4)

C transpose of A matri x

15 DO 50, 1=1,52

16 DO 50, J=I,5

17 AT(1,J)=A(J, 1)

18 50 CONTI NUE

C building of initial spectrum

19 DO 60, 1=1, 52

20 wV\BT=0

21 DO 70, J=Il,5

22 WBS=AT(I1,J) *Y(J)

23 W\ BT=WVBT+WVBS

24 70 CONTI NUE

25 WB( 1) =\WBT

26 60 CONTI NUE

27 DO 80, K=I, 52

28 DO 90 1=1, 52

29 BT=0

30 DO 100, J=I, 5

31 BS=AT(Il,J)*A(J, K

32 BT =—BT+BS

33 100 CONTI NUE

34 B(l, K =BT

3 5 90 CONTI NUE

36 80 CONTI NUE

37 N=O

38 DO 110, 1=1,52

39 X(1)=WB(1)

4 O 110 CONTI NUE

C begi nning of recursion | oop

41 DO 500, N=I, 2500

C snoot hi ng of each spectrumin | oop
42 DO 120, J=2,52

43 IF (X(J-1) .LE. 1.0) THEN
44 X(J-1)=1.1
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45 END |1 F

46 | F (X(J+1) .LE. 1.0) THEN

47 X(J+1) =

48 END 1 F

49 1F(X(J) .LE. 1.0) THEN

50 X(J) =1.1

?21 X(J) =DEXP( DEXP (DLOGIDLOGX(3-1))) +4* DLOG(DLOY X(3)) ) +
[nge( DLOG( X(I+1)))) 7 6))

54 120 CONTI NUE

C printing of various spectra

55 |F (N .EQ 1.0) THEN

56 PRINT*, "N =« N

57 DO 121 1=1, 52

58 PRINT*, X ,I,"=",X(I)

59 121 CONTI NUE

60 END I F

61 IF (N .EQ 500) THEN

62 PRINT*, "N =

63 DO 122, 1=1,52

64 PRINT*, X, I,'= X(1)

65 122 CONTI NUE

66 END I F

67 IF (N .EQ 875) THEN

68 PRI NT*, "N =« N

69 DO 123 1=1, 52

70 PRINT*, "X ,1,"=",X(I)

71 123 CONTI NUE

72 END |1 F

73 IF (N -EQ 1000) THEN

74 PRI NT*, "N =« N

75 DO 124 1= 1 52

76 PRI NT*, 'X, ! X( | )

77 124 CONTI NUE

78 END | F

79 1F (N .EQ 1500) THEN

80 PRI NT*, N =",

81 DO 125 1=1, 52

82 PRI NT*, 'XSI, o :',X(|)

83 125 CONTI NUE

84 END I F

C calculation of predicted counts in bonner spheres
85 DO 130, K=Il,5b

86 P(K)=0

87 DO 140, Ml , 52

88 Z(M =0

89 Z(M =A(K, M *X(M

90 P(K) Z{I\/p+P( K)

91 140 CONTI

C cal cul ation of resi dual s each bonner sphere
92 R(K) = (Y(K)-P(K) )**2

93 130 CONTI NUE

C printing of predicted counts
94 |F (N . EQ 875) THEN
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95 PRINT*, 'N =", N

96 DO 145, K=I,5

97 PRINT*, 'P(K)', K, '=, P(K)

98 145 CONTI NUE

99 END IE ]

C calculation of total residual for |oop
100 AL(N) =0

101 DO 150, K=I,5

102 AL(N) =AL(N) +R( K)

103 150 CONTI NUE

C calculation of new spectrum (X array)
104 DO 160, 1=1,52

105 WT=0

106 DO 170, J=I,52

107 W/S=B(1, J)*X(J)

108 W/T=W/T+W/S

109 170 CONTI NUE

110 W/( 1) =wW/T

111 160 CONTI NUE

112 DO 180, 1=1,52

113 D1, 1) =X(1)/W/(l)

114 180 CONTI NUE

115 DO 190, 1=1,52

116 X(1)=D(1,1)*WB(I)

117 190 CONTI NUE

118 500 CONTI NUE
Cprinting of final X array
119 PRI NT*,' X

120 DO 200, 1=1, 52

121 PRINT*," X ,1,~=" X(I)
122 200 CONTI NUE

C printing of residuals

123 PRI NT*, '

124 PRI NT*, 'AL',

125 DO 550, N=I, 2500

126 PRI NT*, "AL" ,N, '=\AL(N)
127 550 CONTI NUE

128 RETURN

129 END
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