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A STUDY OF THICK-TARGET X~RAY SPECTRA

USING PHOTONUCLEAR REACTIONS

By: Karl L, Prado

Megavoltage bremsstrahlung spectra which are produced in thick
targets were investigated using photonuclear reactions. Ratios of
photonuclear yields in teflon and in I-cgsms” [were obtained that serve as
eeneitive indexes of thick target x-ray quality and endpoint energy in
the energy range from about 14 to 30 MeV. Because thick target
bremsutrahlung epectra have never before been used in the determination
of photonuclear reaction croee eections, a numerical analysis compx;ter

calculation of thick target bremsstrahlung spectra was written to
approximate the epectra of x-rays produced in thick targete of clinical
electron linear accelerators and examine the feasibility »f using such

spectra for cross eection determinations. The spectr> obtained by
computer eimlaticp yere used to calculate the photonuclear croee section
of the igl(\“/.zp) 5Na. reaction from 25 to 33 MeV., The calculated crose
section ie reported and le compared to a previously reported crosz section
and to a cross eection calculated using thin target bremsstrahlung spectra.
Analysee of the reeults obtained indicate that thick target x-ray spectra
can be used for photonuclear reaction cross section determination.
)t._
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A STUDY OF THICK-TARGET X-RAY SPECTRA

USING PHOTONUCLEAR REACTIONS

ol -
EPY-F LA, WP

CNAPTER I
TNTRODUCITION

High-enargy linear acceleretors ere becoming increaeingly more

\ popular in radiation therapy departments because of the augmented treat-
A . Bmeamt flexibility ther provide rediation oncologists. The depth-dose

characterietics of the photou beams produced by these accelerstors maxi-

mize the dose deliverable to treetment volumes located et substantisl

Toxtr et oL
PR W

depths whils minimizing the dose to overlying heslthy tissues. In addi-
tion, the rapid fall-off of the depth dose of the alectron beams they
3 =ay provide permits treetisent of Fmrl located et elight depths while
i sparing underlying structures. Tha nominal energies of many high~energy
: _accelexstors exceed the threshold energy for photom;cle’r reactions.
': . Thus, the etudy of photonuclear reactions ia becoming en increasingly
i wore important part of the medicel rediclogical eciences.

Photonuclser reactione have busn applied in many different wvays
. in medicel radiation physica. The radiocactivity induced in radintio;

therapy patients hus been used to inveatigate the distribution of dose




in the irradiated volume (1,2). Photonuclear activation aralysis has
been employed to detect trace amounts of certain elements in biological
materials (3,4). Photoactivation has been used to determine megavcltage
x-ray spectra (5). Photonuclear reaction thresholds and cross-section
resonances have been employed in the emergy calibration of accelerators
(6-8). Ratios of photoactivation yields in pairs of metallic foils have
been_used to specify i—ray quality (9:10); Photoactivation has been
used also to produce clinically useful amounts of short-lived positron-
emitting isotopes used in nuclear medicine (11,12).

The research reported here utilized photonuclear reactions to
study the bremsstrahlung spectra produced by a high-energy clinical
linear accelerator. The study consisted of essentially three parts.
First, ratios of photonuclear ylelds that describe the distribution in

" Ténergy of photons in an x-ray beam were investigated., Second, a numeri-
cal analysis computer calculation of thick-target bremastrahlung spectra
was made to simulate the spectra of x rays produced in a clinical linear
accelerator, Third, the yield of the 27A1(y,2p)25Na reaction was
measured and the cross section determined to invesiigste the feasibility
of using thick-target spectra for cross-section determination and to
report on resonance structure in the cross section which rreviously has

been unreported.
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Overview

This report has been divided into five chapters. In Chapter I

each of the three parts of the research are introduced and the objectives
ﬁ% of each part are set forth, In Chapter II the characteristics of photo-
-

nuclear reactions are described, the measurement and analysis of photo-
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nuclear yields is diacussed, and the eqguations used in subsequent calcu-
lations are darivgd. Chapter III describes the materials used in the
research and delineates the pi.cedures followed in each part of the work.
Chapter IV presents the results of each of the three parts of the research.

In Chapter V tha conclusions made from tha resulta obtained are aet forth.

fhotonuclear Ratios

X-ray quality is a term esaentially used to describe the distri-
bution in energy of photons in a bremsstrahlung beam. A statament of
quality is useful to predict the p~anstration of the beam, to calculata
differentfal absorption in various materials, and to attempt to explain
variations in biological effectiveness (13). The most complete specifi-

cation of quality is provided by the apectral distribution of fluence,

or enargy fluence, as a function of photon energy. The energy spectrum,

however, is extremely difffcult to measure, thus quality is commonly
expressed in terms of certain parameters which are more simply measured.
For a given waveform, the most obvious parameter which may be
used to dsscribe x-ray quslity is the x-ray generator's accslarating
potential., This potential detarmines tha final enargy of the electrons
producing the x rays, The final electrcn energy is taken to correapond
to the maximum energy of the photons in the x-ray spectrum and is thus
termed the endpoint energy. The specificatiou of the endpoint energy
alone of a bremsstrahlung spectrum is not sufficient to characterize its
spectral quality. X-ray beams having tha same endpoint energy may have
quite different energy characteristics depending upon the thickness of
the bremsstrahlung target and upon the amount of additional filtration

in the beanm.
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Parameters that describe the penetrating ability of an x-ray
apactrum have heen used for many yeara to further characterize apectral
quality. The most prominent of these parameters ia the Half Value Layer
(HVL), the thickness of a material that will reduce tha intenaity of an
x-ray beam to one-half the origiﬁal intensity. The HVL is sensitive to
not only tha endpoint energy of tha spectrum, but elso to the amount of
filtration in the beam. For many low-energy (< 1 MeV) applications, an
appropriate specification of quality is provided by the two parametera
endpoint energy and BVL (13). The quality of x-ray beams used in radia-
tion therapy are often additionally apecified in terms of depth dose in
an absorber, The specification edopted may take the form of a complete
depth-dose curve from the surface of the absorber to the depth at which
the Jdose ia reduced to a certain value, say 10I; or it may ba restrictad
to the dapth-~dose at one or two aelected depths, T

Unfortunately, for x-ray energies in tha megavoltaga range, . the
parameters that describe x-ray penetration ability (HVL and depth-doae)
are relatively insensitive to changes in quality. Thia is a reault of
the slow changa in tha attenuation coefficients of ell matarials with
increasing photon enargy above ebout 3 MeV. Neth and Schulz (14) have
calculated the percent change in HVL per MeV in different materials for
thin-target apactra of endpoint enargiea from 5-40 MeV. The euthors
found that in aven the mour sensitive material (water), the averaga aen-
sitivity (AHVL/AE) was found to change less than 2X per MeV for endpoint
energies between 10 and 40 MeV. The ratio of the percent depth dose in
tissue at 10 cm depth to that at 2 cm depth changes by leaa than 27 of

the mean per MeV for betatron x rays, 100 cm S5D, 10 x 10 cm field, from




15-35 MeV (15,16). The ratio of ionization measurements made at 5 cm
depth aud 15 c¢m depth in water changes by only approximately 0.5% of the
mean when 1rradiated with 15 to 30 MeV x rays from linear accelerators
. (17).
It is thus apparent that a more sensitive index of megavolt. ge
. radiation quality is required. Comparison of radiation therdpy treatment
regimes requires a complete specification of the characteristics of the
radiation beams used. A sensitive index of quality would aid in deciding
whether dosimetry data (such as percent depth-dose) for one x-ray genera-
tor would be applicablg to another. Similarly, the suitability of energy-
dependent faciois necessary {or dose computaticns, such 23 ingtrument
calibration factors and absorbed dose conversion factors, could be estab-
lished by comparing the spectral quality index of the calibration machine
"7 'With that of the usexr's machine. A sensitive index could also be used as
a quality control device to assess the atability of radiation therapy
machines and signal equipment fazults before they become obvious by other
means. Additionally, if the detector used to obtain such an index were
small enough, it would be possible to measure the variations in spectral

qualiry at selected locations in irradiated media.

A sensitive index of x-ray quality in the megavoltage energy
range is provided by the ratio of phoponuclear yields in carefully aslected
materiala. Photonuclear ratios are tased on the fact that photonuclear
reactions in most elements result in radicactive nuclei whose decay rate
can be measured to determine photonuilear yields. If the elements are
chosen such that the photonuclear cross sections peak at different loca-

tions in the photon energy spectrum, the ratio of the photonuclesr yields
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produced in each element will vary quite sensitively with energy. Photo-
nuclaar yleld ratios for thin-target bremsstrahlung spectra from 15 to 40
MeV have bean measured and pubdblished by Nath and Schulz (9). Their‘ﬁethbd
« involved counting the activity induced in each of a pair of metallic foils.
Their experiment produced uniqua."Photoactivation Ratios" from about 25
. to 35 MeV, The ratio of tha photonuclear yield of tha 89Y(y,2n)87Y reac-

65CU(Y.n)“Cu reaction yielded the

tion to the photonuclear yield of tha
most sensitiva quality index as a function of photon energy in the 25-35
MeV range. The maximum sensitivity was approximately 25X per MeV, a
definite improvement over the indices of quality previously mentionad,

The purpose of the first part of this work was to seek photo-

nuclear yield ratios sensitiva to x-ray spactra produced by thick targets

in the 15 to 25 MeV energy ranga whera such ratios are lacking. Many
-“h.iijﬁ-energy medical linear accelarators hava noainal energies.in'this
range. The materials were chosen such that the photonuclear reactions in
the elements producing the yields used to compute tha ratios resulted in
radioactiva nuclei that emitted the same energy gamma ray. This permits
the determiration of ratios without prior knowledge of the efficiency of
the radiocactivity counter. The ainplaa consisted of chemical compounds
which containad the pair of elements from which photonuclear yiald ratios

wvere computed. This furthar facilitates ratio determination in that

self-absorption factors need not be determined.

ihe 27Al(Y,Zp)25NI Cross Section

Several techniques have been employed to determine photonuclear
reaction cross sections from experimental data., The fundamental methods

of photonuclesr measurements hsve been summarized by Strsuch (18) and

-------------------------------------------




heve been described in some deteil by Bogdankevich and Nikoleev (19).
Frequently, a photonucleer reaction results in the formation »f a redio-
active nucleus es e result of the nuclear transformations induced by the
high—energy photons. The eciivity induced in e sample of materigl exposed
to a flux of high-cnergy photons is directly releted to the cross section
of the particuler photonucleer reection producing the rediocective species
and to the number and energy of the photons treversing the sample. By
measuring the ectivity of the sample after irredietion, it is possible to
obtain the cross eection of the reection.

Most commonly, the source of high-energy photons used in photo-
nuclear reseerch is the bremsstrahlung beam of either betetrons or linear
acceleretors. Bremsstrahlung beams possess e spectrum of photon energies
ranging from essentially zero to the maximum kinetic energy, or endpbinr
""" “energy, of the electrons producing the bremsstrahlung; thus, photonuclear
reactione produced by bremsstrahlung x reys are induced by many photons
in the energy epectrum., On the other hand, the number of bremsstrahlung-
induced reactions et a given endpoint energy is related to the photo-
nuclear cross section as e function of energy. If the reactione produced
result in radioactive nuclei, then we may define a photonuclesr yield at
a given endpoint energy, proportionel to the number of photonuclear reac-
tions, which 1s determined from e meesurement of the rediocectivity induced.
If che bremsstrahlung endpoint energy is veried end yield meesurements
are made at egch endpoint energy, then a yield curve, e grephic represen-
tetion of the photonucleer yleld as a function of bremsstrahlung endpoint
energy, may be constructed, If the bremsstrahlung spectrum is knowm,

the photonucleer cross section es e function of energy may then be
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- extrected mathematically from the yileld curve.

Implicit in the previous discussion is the dependence of the
cross section obteined upon the mathemetical mcdel chosen to describe the
bremsstrahlung spectrum, Photonuclear experiments performed in the pest
have employed the Schiff integreted~over-~angle spectrum (20) to describe
the photon energy distribution of the bremsstrehlung beam (18,19). The
Schiff celculations were performed under the assumption thet the electrom
interacts only once in i1he terget, 1.e., the terget is infinitely thin.
Thus, in e strict sense, the use of Schiff spectre is justified only in
experiments utilizing thin bremsstrahlung tergets. In en experimeat where
photonucieer reactions are produced by thick-terget bremsstrahlung (es is
the case in this experiment), the bremsstrahlung spectra must be corrected

for the spectrel distortions introduced by electron collisionel iosses as

. —

well es by photon attenuation processes. Only then can e realiatic cross
section be determinei from such an experiment.

In the second portion of the research presented here, the
27}'(1,2p)zsﬂa reect:ion yield wes measured in 0,25 MeV increments from
threshold to 33 MeV and the reection cross section was celculated. This
cross section hes never been determined with such energy resolution before
although the cross section has been reported previously (21), The
increased energy resclution of this experiment enables a more detailed

examination of resonance structure in the cross section possibly indi-

cating the existence of higher energy nuclear stetes.

The Bremsstrehlung Spectrum

Photonuclear crcss sections deduced from meesurements of yileld

depend to a very large degree on the bremsstrahlung spectrum utilized in

| . .
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the analysis. The review of photonuclear literature conducted in prepa-
ration for this work conveyed the fact that thick-target bremsstrahlung
spectra had never before been used in photonuclear reaction cross section
determinations regardless of the target thickness used in the experiment.
To examine the feasibility of using thick-target spectra for cross sec-
tion determinations, in the third part of this resesirch a numerical analy-
8is computer calculation of thick-target bremsstrahlung spectra was per-
formed and the spectra obtained were used to calculate the 27A1(7,2P)25N8
reaction cross section., The cross section was also calculated using
thin-target spectra to determine the effect of spectral shape on the cross

section obtained.
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CHAPTER II

THEORY

Photonuclear Reactions

A photonuclear reaction, or nuclear photoeffect, is an electro-
magnetic interaction in which a photon is completely absorbed by a nuc-
leus. The result is the emission cf one or more nuclear constit: s,

A reaction of this type may be represented by
X+y=+b+7Y or X(y,b)Y (1)

wvhere X is the target nucleus, y represents the incoming photon, b is the
euitted particle, and Y is the residual nucleus, Frequently the defini-
tic.. of a photonuclear reaction is restricted to include only those pro-
cesses in which the emitted particles are either protons {(y,p), (v,2p),
etc., neutrons (y,n), (y,2n), etc., or sggregstea of protons and neutrons
(y,op), (y,2np), (v,a), etc. Thus photomescn production (y,x) and nuclear
resonance scattering (y,y') are excluded.

Photonuclear reactions are endoergic, that is, energy is required
to initiate the reaction., The minimum amount of energy which can initiate
the resction is called the threshold energy. A photocnuclesar reaction 1s
alloved energetically only when the photon energy equals or exceeds the

reaction threshold energy. A photonuclear reaction’s threshold energy

10
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can be obtained from equations of energy and momentum conservation. For

& reaction X(y,b)Y, the threshold energy kh will be given by

in
ko= BE L+ (nzbmxcz)] | (2)

vhere Hx is the mags of the target nucleus, ¢ is the velocity of light,

and BEb, the binding enaréy of the emitted particle, ia given by

]
mzb-szbi-zlr 3)

L
where SEb ia the emitted particie's aeparation energy and Ey ia tha
excitation anergy of tha rasiduasl nucleus, Tha separation energy SEb

may be calculated from the expresaion

Sk, = AE, + OF - AR, (4)

o 4 ® -

vhere ABb. AEY, and AEx are called the mass decrements of the emitted
particle, residual nucleus, and target nuclaus, respectively. Typically,
threshold energies of photonuclear raactions axceed 8 Mev,

Tha probability or ralativa frequency vith which a photon of a
daterminad energy will undergo a spacific photonuclear absorption process
in a certain absorber is indicated by that reaction'a "cross saction,”
c(cnzlnuclnus). Tha cross section of the photonuclear reaction X(y,b)Y
may be defined as the ratio of the numbar par sec of photons y of anergy
k absorbad by the nucleus to tha photon flux at that anergy.

# X(y,b)Y reactions per sec resulting

. . from tha abaorption of a photon of anargy k
o (k) # photons of anargy k per cm® per sac.

(5}
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Thus a particuler photonuclear reaction will have a specific probability
or cross section at a specific incident photon energy. The cross section
has dimensions of length squared with the ad hoc unit of bamms (1 barmn =

10724 c.?) being in common usage.

Above the threshold energy the cross section increases ;ith
increasing incident photo_n energy k for several MeV, reaches a maximum
value, then decreases with further increaces of photon energy. The shape
of this rather broad peak is very characteristic of reactions of this
type and is called the "giant resonaance." Photon absorption in this
region is almost exclusively by electric dipols interaction with only a
small (62) contribution by electric quadrupole transitions (22). Thesr

phenomena are further discussed subsequently in this section. The general

characteristics of the glant resonance have been set forth by numerous

--—suthors, among them Strauch (18), Levinger (23), Wilkinaon (24,25) ., and

Hayward (26). In general the giant resonance may peak at sbout 0.1 bamns
within a region from 10 to 30 MeV with a full width at half maximum (T)
of app.oximately 3-8 MeV (18,23,26). The energy E_ at vhich the cross
section is & maximm is approximately 20 MeV for light elements (23,26).
For heavy eslements, !‘ varies inveraely with the element'a mass number

-0

A, with dependences of A -2 (23) and A'°'3 (26) having been observed.

The area under the o(k) curve, called the integrated cross section o it

and given by

Cynt © fo(k)dk (6)

is proportional tec A with proportionality constan. about 0.02 MeV-barns

(23).

...............
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Goldhaber and Teller have explained the giant resonance in terms
of a collective model of the nucleus (27). Accerding to their explana-
tion, the gilant resonance excitation is one in which all protons coliec-
tively execute harmonic motion relative to all neutrons. The protcns
and neutrons may be regarded as two incompressible, interpenetrating
fluids which oscillate back and forth relative to each other. The reeo-
nant frequency, and hence the quantum energy %w, will depend on the nuc-
lear size. Their cslculations yield a resonance, the energy of which
varies as Ar°'17, in rough eccordance with experimental findings.

Although the collective model exactly exhausts the dipole sum

rule (ses section on Theories of Photonuclear Reections) and has been

moderately successful in predicting the experimentally observed trend of

- P

E‘ as & function of A, it has its shortcomings. It hss nothing to eay
about I', the width of the rtsonance, and provides no explanetion for the
anomalous emission of protons from heevy nuclei. The probability of thls
process is o factor of LO‘ tizmes wmore common than one wuuld expect when
the euergy of excitstion is shared among all of tbe nucleons end vhen
all have equal stetisticel probebility of emission. In view of theee
difficulties it has been tempting to seek an elternmative explanation,
Such an explanetion is efforded by the shell model.

Detailed inspection of the gilant resonance of ;hotonuclear
reections in light elements reveals crose section maxima and minima, or
Yetructure,"” which imply increased photonucleer ebeorption et photon
energies corresponding to excitation energies of perticular nuclear
ststes, This structure in the gient resonance is best explained in terms

of ellowed transitions between nucleon energy states which ere obtained
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through the independent particle or shell model of the nucleus. The

shell model of nuclear structure is discussed in some detail in Appendix

e
SRR N SRR

A. Allowed transitions between energy states ere treated in Appendix B.
In the next section photonuclear reaction theorizs will be Jiscussed

with perticular emphasis on the independent particle model of nuclear

L _J K

etructure. Throughout, existing theories are compared to evailable

experimental findings.

Theories of Photonuclear Reactions

*»" - * - =2 . a -

Py

4
i

As described in Appendix B, transitions between states are pro-

portional to the square of the transition matrix element. In the inter-

S | YU

action of photons with bound electrons, es in the atomic photoeffect,
the perturbation operetor in the matrix alement overlap integrel is the
electric dipole operator. The matrix element for electric dipole transi-

S

tions Hxl is given by (28)

T I

*
Mpy = dmo f Y E AR ¢

vhere z is the component of the displecement along the electric vector

- -
=%
LI A

of the alectromagnetic field, u‘. - E. - EB is the energy difference i:::

batween the excited and ground states divided by 4, ndz 1% is the !1
, dipole moment of the atoma found by summing the component of dieplacement
over all electrons of the atom.

1n the nuclear photoeffert, where phnton interections with pro- ’.-.

tons and neutrons are treated, two major changes must be introduced:

riaie i ey - g

] 1. An effective charge must be usad of aN/A for protcne, and

-eZ/A for neutrons, where A is the muss number, 2 is the etomic number, ®
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and ¥ = A - Z is the neutron number, The effective charge is introduced

since the displacements of the nucleons should be meesured from the

nuclear center of mass,

. 2. The partly sxchange (Majorana) character of the nautron- :
proton potential must be considered. Sieger:'s theorem statea tﬁat i
exchange forcea between neutrons and protons imply the existence of a j
current of cherged perticlss (7 mesons) between the nucleons. Thus, ths
copplets calculation of ths dipole matrix element should involve the sum
of nucleon and z-meson currsnts.

Two methods have been ussd for theoretical ceiculations of ths
photon absorption cross section for nuclei. Pirst, the dipole matrix
element can be calculated for absorption of pheocons if explicit assump-
tions are made as to the ground state and excited state wave functions

—~{for various snergies). Second, use can be made of "sum~rules” in which
transitions from the ground state are suomed cver all possible final
states. This method involves knowledge only of ths transition operators
and of the wavs function for the ground etate. Sincs ths ground stats
vave function is a eolution of Schrodinger's equation and thus Jetsrainss

the potsntial, Schrodinger's equation could then in principle be solvsd

for this potsntial for the wave fun:tions of the various excitsd states.
The first method is then used for calculations,
If ths classical Thomas-Reiche-Kuhn (TRK) eum-rule for electric

dipole absorption of photoce by Z electrons in an atom is modified for

W g e g e 3. s s

the nuclear photosffsct by the two sffects discussed above (the use of
effsctiva chargas and the significance of Majoruna exchange forces), an

expression is obtained for th~ integrated cross section for elsctric
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dipole absorption of phocons by a n'cleus of atomic number Z, mass number

A, and neutron number N. This dipole absorption "sum-rule" is given by

(22)

o NZ
Yae ™ fa(k)dk = 0.058 e (1 + 0.8X)MeV-barms - (8)

where X is the fraction of the neutron-proton force that has an exchange
character. The upper limit of integration must be set at about the meson
threshold since Siegert's theorem, on which the sum-rule is based, will
be invalid beyond that (24). Values of X from 0.5 to 0.7 have been found
from neutron-proton scattering experiments. The number 0.8 was calcu-
lated using a nuclear model of a degenerate Fermi gas; however, the value
of %4nt is relatively independent of the nuclear model except for the
value of the coefficient 0,8 and possible small terms (23).

The independent particle shell model (IPM) of the nucleus has
been very successful in describing dipole transitions in light elements,
Nuclear photoeffect calculstions have been performed by various authors
for harmonic oscillator, infinite square well and finite square well
potentials ("2). Wilkinson (24,25) hss shown that essentially all of
the dipole sum—rule is exhausted in transitiona between the lasc filled
shell levels to virtusl shell levels in the continuum. Transitions from
unfilled shells do not contribute appreciably. The most important tran-
sitions were found to be those between states whose principal quantum
nusber and incresse in orbital angular momentum is unity. 1In additiom,
his caiculations showed that the strongest transitions are those between
states of lsrger orbital angular momentum, The well-known angular momen-

tum, parity, and isotopic spin selection rules (see Appendix B) ave

ey e et mmens o ol emeye e = s v —
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assumed to hold. Since all shells below the uppermost filled shell are

also filled, transitions between these states are forbidden by the Pauli

exclusion principle and excitations between these shelis can contribute
- no oscillator strength (transition probability) to the total sum; in the
same way, downward transitions which contribute to the sum negatively
are also forbidden. Thus, oscillator strength is "transferred upward”
through the shells and the oscillator strength from the uppermost filled
shell results from a collective absorption by all the aucleons in the
shell with the excitation of one nucieon to the nuxt allowable unfilled
level (29). Wiliinaon showed that the El transitions between last filled
and virtual levels which are allowed by the selection rules are energeti-
cally clustered sufficiently close to blend into an apparent giant reso-
nance, In addition, Wilkinson'’s 1PM calculations have been able to
account for a roughly correct oscillator strength and for reasoﬂ:ble
resonance widths,

In spite of the success of Wilkinson's IPM calculations in
oxplaining the nuclear photoeffect phenomena described above, the giant
resonance energy Bn resulting from the calculations was too low. The
problem was in his choice of a static potential whose depth was deter-
mined by nucleon binding energies of the nuclei treated (29). He sug-
gested that use of a velocity-dependent shell model poténtial that does
not commute with nucleon position and that considers a nucleon-reduced
mass might result in increased estim:tes of En in better accord with
experiments.

Further IPM calculations were performed by Eliiott and Flowers

(30), who calculated the energies and radiative widths for transitions

= xS e e T T L S e e 3 = e e " ki s e e G et e de
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from the odd parity levels of 150, and by Brown and Bolsterli (31) and
Brown, Castillejo and Evans (32) who considered the effect of particle-
hole interactions on the El energy levels in the nuclear photoeffect.
The calculations took into consideration spin-orbit coupling. When a
nucleon is elevated by E1 photon absorption to a virtual shell level, a

- hole is left in the filled shell. Such holes can be treated in many ways
like single particles in the shell. Since the process of hole formation
is dipole,; the excited particle and hole are strongly correlat;d in
angle; that is, “heir angulsr momentum must be coupled to form a 1-
state, assuming the original to be in a O+ state (see Appendices A and B).
Because many particle-hole states can be formed and because these states
are almost degenerate in energy, the particle-hole interaction can have
a profound effect in redistributing dipole transition strength. The
above authors' calculations using particle-hole interactions res:1ted in
increased excitation energies, in better agreement with experimental
results. Although a specific mixture of exchange forces (Majorana and
Bartlett) was used, the general trend of levels obtained was found to be
relatively insensitive to the exchange mixture chosen. The calculstions
indicated tibat the entire dipole oscillator strength will be exhausted
at photon energies below 30 MeV, Figure 1 illustrates particle-hole

transitions for the 16

0 nucleus (29) showing the simple.harmonic oscil-
lator shell levels (a) with fiu = 17 MeV, and the same levels with spin-
orbit coupling (b). The transitions predicted by Wilkinson are shown
with vertical lines along with the transition energies.

Although the collective and the IPM models may seem very differ-

ent, they make very similar predictions in many cases. Brink (33) has
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demonstrated that the similarities probably are not accidental and that
the two models are basically the same, The particle-hole or nucleon-
nucleon correlations necessary to correct the independent particle model
glant resonance predictions play an important collectivizing role in the
theory. The pure IPM account has neglected the effects of interactions
between the many superposed transitions. These interactions may very
well be strong and the transitions may be pulled together by them to show
a tighter grouping than expected by the raw IPM., It appears that intro-
duction of nucleon-nucleon correlations into either model is necessary if
the model is to describe anything more than the most gross feature of the
photonuclear reaction cross saction. A decision regarding the validity

of one modal or another is unimportant. Use is made of the model that

yields the most accurate predictions,

Analysis and Solution of Photonuclear Yield Functions

Analysis

The calculation of cross sections from measured yield curves is
the subject of this section., The analysis presented was formulated by
Penfold and Leiss (34). In a photonuclear experiment a sample is exposed
to a bremsstrahlung beam. Tha number of photonuclear reactions occurring
within a sample depends upon the availability of tnrget.atoms, on tha
cross section for the particular reaction, and on the flux of photons
incident upon the sample. The photon flux is measured by a calibrated
ionization chamber which is irradiated simultaneocusly with the sample.
A sample that contains n, target nuclef per cmz is exposed to a beam of

maximum energy T where M(T,k} photuns of energy between k and k + dk,

» 7 = % E b - . . " . il
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per unit range of k and per unit monitor response, enter the sample. If
a(k) is the cross section in cm2 per nucleus as a function of energy for
the reaction under investigation, then the normalized yield of photonuc-
- lear reactions at a given bremsstrahlung endpoint energy per unit monitor

response, Yn(T), is given by the integral

T
T () =n f M(T,k)a(k)dk ¢}
0

The integral equation of Eq. (9) is called the photonuclear yield func~-
tion. Repeated measurements of yield at different bremsstrahlung end-
point energies and a knowledge of the bremsstrahlung spectrum allow
deduction of the cross sectionm.

The photonuclear yield function, or simply photonuclear yield,
may be thought of as an overlap integral as shown in Figure 2, Ehe
amount of yield Y(T) will depend upon the degree to which the endpoint
energy T of the bremsstrahlung spectrum M(T,k) exceeds the threshold
energy !th of the photonuclear cross section o(k). In addition, the
amount of yield depends on the relative shapes of the functions M(T,k)
and a(k).

The spectrum M(T,k) is the bremsstrahlung photon flux that
enters the sample per unit monitor response. This spectrum is the pro-
duct of three factors:

1) An intrinsic bremsstrahlung spectrum function ¢(T,k), which

y ' desciibes the x-ray spectrum emitted by 2 "thin" bremsstrahlung rsdiator.
o(T,k) is proportional to the bremsstrahlung cross section.

2) A spectrum modification function fs(k)’ which describes the
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Figure 2.

Photonuclear yield as an overlap integral.
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deformation of the thin-target speztrum. The function of fa(k) accounts
for the spectral distortion caused by electron collisional losses and by

the attenuation of photons in the radiator and in structures which may

"f{. ‘.':_ ,‘..-'_)- ’

be located in the beam between the radiator and the sample.

s
T

3) A monitor response function F(T), which normalizes the spec—

trum that enters the sample-to-unit monitor response.

In view of the above, the spectrum M(T,k) of Eq. (9) may be

expresged as

Q(T,k)fs(k) N(T,k)

M(T,k) = M T (10)

where N(T,k) is the actual bremsstrahluag spectrum to which the sample ia

exposed. The spectrum N(T,k) can be estimated by a numerical method.

Lak v

1,
st ol

For the purpose of the present discussion it is assumed that N(T,k) is

known. The characteristics of this spectrum and the details of the

numerical method used for its estimation are presented in a thorough

fashion in the next section of this chspter (The Bremsstrahlung Spectrum).
In an analogous fashion one may define a spectrum function

n-(T,k) which describes the photon flux entering the monitor chamber per

unit monitor response. If the geometry of the experimental setup is
such that the photon spectrum entering the monitor has first traversed
the sample, then a spectrum distortion function fn(k) may be defined
which describes the degradation of the bremsstrahlung spectrum N(T,k) by
photon absorption in the sample, Similarly to Eq. (10), Hm(T,k) is

N(T, k)£ ()

Hh(T'k) "—5m (11)

T e e e
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The monitor response function F(T) normalizes the spectrum inci-
dent on the monitor, [N(T,k)fm(k)], to unit response of the monitor. In
other words, F(T) gives the total number of photons in the bremsstrahlung
spectrum that yields a unit count in the calibrated ionization chamber,

F(T) 1is defined as

F(T) = R(T) fT fm(‘r)kN(T,k)dk (12)
0
where R(T) is the calibration factor of the monitor in units of response
per unit incident energy. If the monitor and sample dc not subtend iden-
tical solid angles and if the irradiation geometry is not perfectly
reproducible between measurements of yield for different bremsstrahlung
endpoint energies, an additional factor mm(T)/ms(T) must be introduced
into Eq. (12). This factor is a ratio of the angular distribution of the
radiation integrated over the monitor solid angle to that integrated over
the sample solid angle,.

The spectrum distortion function fm(k) describes the photon
attenuation due to interaction processes in the sample. At the high
photon energies employed in photonuclear measurements, the pfedominant
interaction processes are pair production and Compton scattering. The
_cross secticns for these reactions at high photon energies vary very
little as a function of energy. Therefore, the function fm(k) will not
distort the spectrum's shape but will only reduce its intensity by a
constant awount. ¢(ne can then remove the function fm(k) from the inte-
gral and replace it by ft(T)' a transmission factor as a function of

bremsstrahlung endpoint energy which represents the fraction of the pho-
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tons incident on the sample that are transmitted through the sample. In

view of the above, the monitor response function F(T) is now

F(T) = R(T)f (T)E(T) (13)

where

T
E(T) = f kN(T,k)dk (13a)
0

is the total energy in the bremsstrahlung spectrum of endpoint ehergy T.
A solution to the photonuclear yield function, Eq. (9), may now
he considered since the spectrum M{(T,k) has been defined through Eqs.

(10) and (13). The photonuclear yield function now has the form

n T
Y. (D -?(%- fo N(T,k)o(k)dk (14)

Here, the spectrum N(T,k) is the actual bremsstrahlung spectrum seen by
the sample. The monitor response function F(T), which is defined by Eq.
(13), has been removed from the integral because it does not vary as a
function of the photon energy k. The remaining variables of Eq. (l14)
maintain tieir previous definitions.

Tha photonuclear yield function as given by Eq. (l4) is depen-
dent upon experimentsl conditions, in particular upon the radiation
monitor used, Equaticua (l4) may be rearranged into a form which is inde--
peandent of the exact nature of the experimental arrzngement. This
rearranged form has been calle”’ the reduced yield functicn by Penfold
and leiss (34). The reduced yield Yr(T) may be defined as the photonuc-

lear yield (number of photonuclear reactions) per target atom per cmz.
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It is obtained by multiplying the normalized yield (number of photonuclear
reactions per unit monitor response) Yn(T) times the monitor response
function, F(T), and then dividing the product by L the number of target

2
atoms per cm

Yn(T)F(T)
. Y .(T) = ——Et——- . (15)

Using the above definition, the reduced photonuclear yield func-

tion is

T
Yr('l') = f N(T,k)o(k)dk . (16)
0

It is to the reduced yield function Yr(T) that solutions are obtained.
Note that the reduced yield Yr(T) is related to the experimentally deter-
mined normalized yield Yn(T) through Eq. (15) and that the monitor

response function F(T) can be obtained with Eq. (13).

Solutions
The solutions of the reduced yield funcriion may be of two types:
1) solution of the integral equation directly or 2) solution of a set
of linear equations which approeximate the integral equation. Yr(T) is
not known as a continuous functicn of endpoint energy T; it is known

only at a finite set of energies, T in practice, the yields Y(Tl) are

1-

measured at n endpoint energies '1‘i spaced in equal intervals 4T. There-

e fore, a condition implicit in the solution of the integral equation,

i namely that the yield Yr(T) be known as a continuous funcrion of energy,

is not satisfied. Thus, the solutions sought here will be of the second

\ type, solutions of linear equations which approximate the integral.
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The reduced yield function can be replaced by a set of linear
equations if a "step-wise" approximation to the bremsstrahlung spectrum i
is made, as shown in Figure 3. Let N'ij be the number of photons in a
, bremsstrahlung spectrum N(Ti,k) of endpoint energy '1‘i that possess ener-
gies between kj « AT and kj where AT (also called an cnergy bin) is a

photon energy interval equal to the spacing of yield points on the yield

curve
k i
v L |
N 14 " 3T [ N{T,k)dk . 17)
kj-AT

Each H'ij depends on the relative position of the photon energy interval

within the bremsstrahlung spectrum kj: $4=1,2, ..., i, and on the

endpoint energy of the spectrum T,: 4i =1, 2, ..., . 1ne N‘ij can be

Calculated frocm functional approximations to the spectrum N(T,k) (see

next section).

In viaw of the above "step-wise" approximation, the reduced

yield function becomae

i
YCTi) - ;E% Nijoj; i=1, ..., n (18)
2

- vhere
h "1;1 - n'uar (18a)
a) | 4
and
L x
. B . 18b
2 oj =57 o{k)dk ( )
1 kj-ar Y
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Photon Energy (kj} 1

Figure 3. A "stepwise” approximation to the bremsstrahlung

spectrun of endpoint Ti'
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is an average value of o(k) in the photon energy bin between k, - AT and

h |
kj. Note in Eq. (18) that the yield Y(T) is the reduced yield Yr(T) of

Eq. (16).

In matrix notation, Eq. (18) hecomes
T=No (19)

vhere ¥ 15 a column matrix with n rows of elements Yi’ o is a column

© matrix with a rows of elements o,, and N is an nth order triangular

matriz with elements “ij' Nij = 0 when j > 1. The matrix equation, Ei,

(19), can be rewritten as

o = - 1 . -
Yl N11 0 0...0 o1
YZ NZI sz 0...0 02
- (20)

| ni -“nl an Nna LN N “nni Lon

Three methods of solution to the above aet >f equatiocns have
beeu proposed. The first method is the "Photon Diffcrence Method" of
Katz and Cameron (35). This method consista of solving the first equa-
tion for 01, which when substituted in the asecond equntlon glves Cye and
so on, The worst defect of the photon difference method is the depen-
dence of the calculated value of the cross section at a given energy on
the results of calculations at all preceding energies. The errors

ariaing from fluctuationa in the yield curves at low ene.yy are thus

cumulated and transmitted to all cross sections at higher energies.
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The second rethod is the "™Matrix Inversion Method" of Penfold
and Leiss (34). This method involves an inversion of the ¥ matrix to

obtsin an inverse operstor N-l, which when applied to Eq. (19) yields

the solutions ¢

3

AN v (21)

The matrix an consists of an sppropriste set of whst Penfold and Leiss
cslled "B-numbers" that were cslculsted from Schiff spectrs approxima-
tions., The matrix product N-IN.}épreaenta a series of "weighting func-
tions" that relate the solution N—lf to the sctusl cross section. Penfold
and Leiss have calculaged sets of B-numbers snd their sssocisted weighting
functions for thin-target bremsstrahlung of endpoint energles in the range

from 2 MeV to 1 BeV {19.34).

= - - The Penfold and Leiss method has been found to be extrefely sen-

sitive to the precision with which ylelds sre messured. Moderate uncer-
tainties in yileld measurement may appear as photonuclesr resonaaces often
resulting in cross sections vhich oscillste excessively as a function of
energy and sre therefore physicslly unscceptsble (36,37). A third method
of photonuclesr yleld function snalysis was developed by Cook (36) which
minimizes the undulstion, or structure, of the cross section function,
The method hss been called the "Least Structure Solutiou™ >f photonuclear
yileld functious.

The lesst structure method is bssicslly a systematic smoothing
technique which produces the most uniform set of cross sections consis-
tent with the experimentsl data., The method spplies all smoothing to the

cross sections ¢, and not the yields Y

3

T and it sssumes no functional
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form of the aj. Completely numerical methods are used. The amount of
smoothing employed is determined by the variability of the input data
and the distortions introduced by the smoothing can be estimated.

Cook's least structure solution of Eq. (19) selects those cal-
culated values of o, such that

b

}} Njoy == ¥, . 22)

In other words, a solution °j is acceptable if the calculated yield,

ii—' Nijoj’ is within an "acceptable range" of the measured yield Y, at

each endpoint energy Ti' A set of o,'s are considered to be an accep-

]
table solution 1if

n 2
(IN,.0, - Y.))
2 1374 i
o) = : <n _(23)
Y 4 (v¥,)

where xz(oj) is a function closely related to the Chi-square distribution
of atatistics, the VYi are standard deviatious of the measured yield at
tach endpoint energy, and n is the number of datz pointa on the yield

curve,

The actual acceptable sclutions, oj, are arrived at by an itera-

tive procedure, The procedure consists of determining the matrix M-l

such that [see Eq. (21)]

Tl ..

Wi - NS = R 24

yields the acceptable set of solutions as determined by Eq. (23). The

matrix M-l is determined by calculus of variations techniques (38) and

g -ay
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is a function of: the bremsstrahlung matrix N; the inverse of the brems-
strahlung matrix N_l; a smoothing matrix 5 which minimizes the difference
between successive values of oj; and a weighting matrix W of weighting
factors inversely proportional to the variance of the yleld points. The
matrix product HfIN has been called the resolution function R. It can be
thought of as an averaging of ¢ over a few energy bins with an approxi-
mate Gaussian function weighting (36).

A rigorous explanation of the Least Structure (LS) method for

the solution of photonuclear yleld functions is beyond the scope of this

.work, Such an explanation 1s available in references (29,36,37). How-

ever, beca' se LS was used to determine the 27Al(-r,2p)25Na cro§§'section,
which was investigated in this work, a general explanation of the LS
computational procedure is provided. The explanation is basically e
description of a Fortran computer program which incorporates LS ;nd which
was deviaed by Cook (36).

Least Structure attempts to arrive at solutions ¢, to the photo~

h
nuclear yield function [Eqs. (18) and (19)]
-
¥, - }j: N3, (25)

This ia accomplished by calculating a matrix M (to be defined shortly)
such that

Y, = )j: M40 (26)

yields solutions Uj that do not oscillate as do those obtained by simply

inverting the N matrix of Eq. (25). The matrix M is of the fomm
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-1, -1
My, = Ny kNji ]wi S @n

where A 1s a Lagrangian multiplier, Nji-l is the inverse of the tramnspose
of the Nij (bremsstrahlung) matrix, Wi-l is the inverse of the weighting
matrix Ni - ll(VYi)2 where the VYi are the standard deviations of the

measured ylelds, and S is a smoothing matrix of the form

- n-1
2

s - j):_z (9431 - 204 + 05_1)°. (28)
The matrix S (also called the structure function) is essentially a
weasure of the rate of change of the slope of the cross section as a
function of endpoint enmergy. The LS solution to Eq. (25) is that set of

oj which minimizes the structure function with the restriction that [see

also Eq. (23)]
n
2n ¥ Wy (2N, o, - )l <n. (29)
i=3
In the LS computer program, the Lagrangian multiplier X is arbi-

trarily chosen as an input psrameter. The equation

-1, -1
¥, - [Ny, + AN lui slo, | (30)

is then solved for the fixed A. The solutions oj are substituted into
Eq. (29) and xz is computed. The calculated xz is compared to an input
xzin and an acceptable error szin' If the solution 1s not acceptable,

a new A is selected and naw solutions are obtained until both Eqs. (29)

and (30) are satisfied.
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The effectiveness of the least structure solution of photonuclear
yield functions for cross section determination has been well proven and
documented in the literature (37,39,40). Coock (37) and Anderson (39)
measured the cross section for the 160 photoneutron reaction, a reaction
which has been extensively studied both experimentally and theoretically,
uaiﬁé the least strucéure method and obtained results which were in very
good agreement with existing theories and with results obtained by other
investigators. The soundness of the technique was further verified by

Cook (40) when he measured the cross section for the 12

-

reaction obtaining results consistent with those previously reported,

C photoneutron

The least structure method has been utilized since on several occasions

for photonuclear reactlon cross section determination (41-43).

The Bremsstrahlung Spectrum

This section descc.bes the bremsstrahlung process and brems-
strahlung epectra. The theoretical calculetions of the bremsstrahlung
crose section are discussed in generel with particular emphasis placed
upon celculstinns performed in the Born epproximation. Finally, the
processes that leed to differences in bremsstrahlung epectra from thin
and thick tergets are described.

Bremsstrahlung is electromsgnetic radiation which is produced
when e chrrged particle is accslerated in the field of e charged perticle,
Bremsetrshlung as used here describes the electromagnetic radiation
emitted by electrons decelerated upon their penetration into e brems-
strahlung radietor or target. The bremsstrahlung process is depicted

schematically in Figure 4. An electron of charge e and kinetic energy

T comes within ths Coulomb field of a nucleus of charge +Ze where it is
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The bremsstrahlung process.

Figure 4.
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deflected producing a photon of energy k. The energy k of the photon is

the difference between the electron's initial kinetic energy T and ita

final kinetic energy T'.
k=T-T' (31)

Because the deflected electron can have any one of an essentially infi-
nite number of kinetic energies between 0 and T, the photon may pos:iess
any energy up to T,

A classical electrodynamics formulation may be used to obtain
an approximate functional form for the energy spectrum of the photon

do(k

N(k) = N‘ 3k

(32)

_ _where N(k) 1s the number of photons of energy between k and k + gk, N, i,
the number of target nuclei per cmz, and do(k)/dk 1s the differential
crosa section for bremsstrahlung production in cmz. The bremsstrahlung
cross section describes the relative probability with which the brems-
atrahlung process will occur. A simplified expression for the bremsatrah-
lung crosa section has the form (44)

ﬂ;{ﬂ - 22 ozmr.z,k) /x (33)

where Z 1ia the atomic number of the target element, T, is the claasical

electron radius, a is the fine structure constant and ¢(T,z,k) is the

so-called intensity function. From Eqs. (32) and (33) it is evident that

B
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for a given target the bremsstrahlung spectrum ia inversely proportional

to the energy of the emitted photon. Alsoc seen is the direct relation-
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ship between the photon's energy spectrum and the intensity functiom
&(T,Z2,%).

An accurate expression for ®(T,Z,k) at large T and k has not
been obtained classically. To describe ¢(T,Z,k;} fully, quantum electro-
dynamics is required. A most general quantum-mechanical analysis pro-

vides the following approximate expression for the bremsstrahlung croés

section (19)
IZ

400 Q. lH

p°c7E°

where Qf is the density of final states, po is the initial electron
momentum, ¢ is the speed of light in vacuo, Eo is the total initial
energy of the electron, and Hif is the matrix element for the transition
from the initial state 1 to the final state £f. From Eq. (34) it 1s seen
-;hat the bremsstrahlung cross section depends upon the square of*the
absolute value of the transition matrix element. This dependence is
implicit in the intensity function of Eq. (33). The transition matrix
element in turn depends upon the wave functions of the electron initiai
and final states. |

To obtain an exact expression for the bremastrahlung cross
section it is essential to know the exa:t wave functions that describe
the electron in the Coulomb field of the nucleus. Houe#er, the Dirac
wave equation for an electron in a Coulomb field does not have finite
solutions because the wave function in +*his case ylelds an infinite
series (19,45,46). Thus, approximate wave functions must be used to

calculate the transition matrix elements. In addition, some simplifying

assumptions must be made in the calculations themselves. Therefore,
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only approximations to the bremsstrahlung cross sections are obtainable.
Basically, the approximations made in the calculation of the

bremsstrshlung cross section fall into one of two categories: 1) cal-
culations performed in the Born approximation, and 2) extreme relativis-
tic Ealculationa. In the Born approximation calculations, the Coulomb
field is considered a first-order perturbation of the electron initial
state, The electron initial and final wave functions are described as
plane waves (51,52), Extreme relativistic calculations (45,49) essen-
tially encompass the calculations that do not use the Born approximation,
In extreme relativistic calculations, Sommerfeld-Maue wsve functions in
a screened (atomic electrons '"screen” the nuclear charge) Coulomb poten-
tial are used. These wave functions are described as plane and spherical

waves (45). It turns out that extreme relativistic calculations are

" valid only for initial electron kinetic energies exceeding nboutvSO MeV

(19). For this reason, and due to the fact that energies of interest
here are welllbelow that value, extreme relativistic calculations are
not considered further in this treatment; Born approximation calculations
are, hence, emphas;l.zed.

The Born condition restricts the atomic number of the target

element and the electron initial and fiual velocities such thst
2nZ/137R << 1 (35)

wvhere B = v/c where v is the electron's velocity and ¢ is the speed of
light. It is evident that the conditions of the Bom approximation are

not strictly m>t for high Z tsrgets such as those made of tungsten (Z =

74). In addition, the theory fails st the high-energy end of the spectrum
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(the so-celled tip) when the energy of the emitted photon epproaches the
kinetic energy of the incident electron and the velocity of the recoil
electron is small compered to the speed of light, However, the use of
the Born epproximation formulas predict bremsstrahlung spectre which
agree reasonably well with experiment (19,46).

The most important contributions to bremsstrahlung cross section
formuletions obtained within the framework of the Born epproximetion ere
due to Bethe and Heitler (47), Heitler (48) and Schiff (20). Bethe and
Heitler obtained an expression for the bremsstrahlung cross sectiom which
is differentiel in electron angle and in photon angle and energy. Their
expression was derived on the essumption that the field of the nucleus
is a pure Coulomb field, i.e., no nuclear screening by atomic electrons
was considered. Nucleer screening is an important parameter which must
‘be teken into consideration, perticularly in the case of bremsstrahlung
spectra from high Z targets. Schiff integrated the Bethe-Heitler differ-
entiel cross section assuming complete screening (20). The expressions
he obtained apperenély show the best agreement with available experimental
data (19,46,50). The Schiff expressions have been widely used in the
snalysis of experimental results obteined with bremsstrahlung spectra
from high-energy accelerazors.

In his calculations, Schiff started with the Bethe-Heitler cross
section and integrated it assuming that: 1)} the initial and final ener-
gies of the electron are large compared to its rest energy; 2) the Cou-
lomb field of the atom may be represented by the pctential (Ze/r)o’rl'
vhere .&’21/3 (Thomas-Fermi model); 3) terms of the order of (Z]‘n/c)2

may be neglected. Under these assumptions he obteined the foilowing
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expressioca for the bremsstrahlung cross section differential in photon

emission angle and energy

2
doQex) 422 2k . | _16xE (E, + E)
dkdx 137 o & G+ D" T F+ DZEL o

B2 + g2 2
o - 4x“E 1nM(x) (36)
xZ + 1) zzoz X% + 15"3o x ’
whers
1w\ + 21/3 ’ (36a)
M(x) ZEE 111(xZ + 1)
and
x= 360lu . (36b)

1

In Bqs. (36), E, is the initial totsl electron energy, E is the final
total elsctron energy, k (= Eo - E) is the energy of the radiated photon,
Z is the atomic number of the targst element, L is the classical elec—
tron radius, u is the rest energy of the electron, and x is ths reduced

angle of emission of the radisted photon which is s function of the angle

©, in radians, at wvhich the photon is rsdiated with respect to the initisl
electron direction. The use of the atomic Thomas-Ferml model in consid-
ering the sffects of screening lesd to exaggerated vslues of do(k,x), but
the error introduced does not exceed 4% in the worst cass when Z is largs

and screening is intsrmediate (19,20,46).
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Thick-Tsrget Bremsstrahlung Spectra

1?

The srguments previously presented considered only bremsstrahlung
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epectra from '"thin" targats. A thin target is a bremsstrahlung radiator
of thickness such that only one electron interaction occurs. Tha shape
of the thin—targgt.spectrum reflects the transition probabilities between
the electron initial and final states. Most all linear accalerators
possass “thick" targets oecmusa of the substantially larger photon flu-
ences attainable, A thick target is a radiator of thickness such that
many electron intera;tions occur. Such interactions include collisional
as well as radiational intaractions. The radiated photons can also inter-
act within the target. Thus, in the thick-target situation, tha shape of
the bremsstrahlung spectrum additionally reflects the daformation of the
thin-target spectrum due to tha interactions in tha target of tha alec-
trons and photons, Tha difference in spectral shape between bremsstrah-

lung produced in thin targats in contrast to that produced in thick ter—

- gets 1m schematically represented in Figure 5. -

Thick-target bremsstrahlung spectra calculaticns in the enargy
ranga from about 1 MeV to about 50 MeV heva been performed by essentially
two methods: 1) by Monte Carlo calculations such as thoaa of Berger and
Seltzer (51), and 2) by numerical analysis methods such as those employed
by lLent and Dickinson (52) and by Ferdinande end co-workers (53). In the
present work, a numerical analysis method similar in many reepects to
thet of Ferdinande was uvsad to eetimate the bremsstrahlung epectra of tha
linear eccalerator which wes used. The approech is based on Hisdal's
(54) method of correcting intermediate target spactrs for the effects dua
to electron multiple scattering. Tha Moliére (55) multiple scettering
distribution is ase;med. The method is described in detall in tha Brems-

strahlung Spectrum section of Chapter III - Materials and Methods.
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Figure 5. Bremsstrahlung spectra from thin and
thick targets. Curves have been normalized to

cqual areas.
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Measurement of Photonuclear Yield

The solution of the photonuclear yield function requires that
the reduced yield Yr(T), photonuclear reactions at a certain bremsstrah-
lung endpoint énergy T per target atom per cmz, be delermined, This 1is
accomplished by measuring the normalized yield Yn(T), the number of pho-
tcnuclear reactions per unit monitor response, multiplying the normalized
yield by the monitor response function of Eq. (13), F(T), and dividing
this product by LA the number of target atoms per cm2 in the sample.

The normalized yield Yn(r) is obtained experimentally., If photonuclear
reactions produced in a sample result in radioactive nuclei, then the
number of such reactions is simply a function of the radioactivity induced
in the sample. If a radiation monitor, such as an ionization chamber, is
irradiated simultaneously with the sample such that its response is
directly proportional to the bremsstrahlung beam energy flux, then the
normalized yield Yn(T) can be obtained from a measurement of the sample
activity and from the monitor response. This section deacribes the

meatnhodology by which the normalized yield is determined.

The normalized yield Yn(T) is the quotieat of two quantities

which are each determined experimentally.

Y (1) = ¥ (D/V (1) _ (a7

In Eq. (37), NO(T) is the total number of photonuclear reactions induced

in the sample at a given bremsstrahlung endpoint energy, and VO(T) is a

T

TR

radiation mcnitor response whicn is proportional to the bremsstrahlung
beam energy flux at a given endpoint energy. NO(T) is determined from

a measurement of the sample activity. vo(r) is determined from the
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response of a monitor system which will be described shortly.
The totzl number NO of photouuclear reactions induced may be
expressed as the product of the photonuclear reaction production rate P

N
and the irradiation time tr

N o= Bt . (38)

If the reactions result in radioactive nuclei of decay constant A, then
the number N(t) of radicactive nuclel present in the sample at any given

time t 1s related to the constant production rate PH through the expres-

sion
N(r) = 3 Byl1 - exp(-Ae)] . (39

The relationship of Eq. (39) is shown in Figure 6, The number of radio-
active nuclei "grows" with a l-exp(-it) dependence with PNIA as an upper

limit, Solving Eq. (39) for Py and substituting the resulting expression

in Eq. (38) results in the following equation for No(T) in terms of N(t)

FURLEA
L S R S

N (T) = N(t)At /{1 - exp(-it)] . 40)

W 5.

Pl

The number of radioactive nuclei at any given time, N(t), is
rather sensitive to fluctuations in the production rate, which may be
caused by variations in bremsstrahlung beam intensity. For this reasonm,

it 1s wesirable that the radiation monitor respond in time to the beam

e
l’:‘_’!

intensity in the same fashion as does N(t). To this purpose, the output

T
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of the bremsstrahlung monitor, an NBS type P2 ionization chamber (56),
i5 delivered to an FC electric circuit as shown in Figure 7 (57). The

response V(t) of a circuit of this type as a function of time is shown

3
;

3.
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Figure 7. RC circuit of radiation monitor system.
HV - High Veoltage. IC - Ionization Chamber.
R - Resiator. C - Capacitor. E - Electrometer.
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in Figure 8. Since both the sample and the monitor are exposed simultan-

eously to the same bremsstrahlung beam intensity, V(t) varies with time

as does N(t).
The total monitor response VO(T) is the product of the change in
potential Pv as seen by the electrometer and of the time the potential

undergoes change, the irradiation time t
v, =Rt . (41)

The rate of change of the potential across the RC circuit of Figure 7 can

be described by the differential equation

v

where V(t), R, and C are the circuit's voltage as a function of time and
the resistance and capacitance, respectively. Integration of Eq. (42)

over time yields the following expression for the voltage V(t)
V(t) = RCP_[1 - exp(-t/RO)] . (43)

Solving Eq. (43) for Pv and substituting ia Eq. (41) results in the

following expression for Vo

v, = V(E)E_/RCIL - exp(-t/RO)]. ' (44)

The normalized yield of Eq. (37) is now specified through Eqs.

(40) and (44), If the RC constant of the circuit is adjustable by means

-; of a variable resistance such that

% RC = 1/2 @5)
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Figure 8. CGrowth of potential across the capacitor C
of the RC circuit of Fig. 7.
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then Eq. (37) reduces to
Ty =
Y1) = N(ED/V(e) (46)

where N(tr) is the number of radioactive nuclei in the sample immediately
following an irradiation of duration tos and V(tr) is the integrated mon-
itor system voltage measured by the electrometer after the ionizatiom
chamber has been irradiated for a time period tr.

A sample containing N(tr) radiocactive nuclei of decay constant

A decays with an activity
A(r ) = N(t))A (4]

disintegrations per unit time. The sample activity is decreased during
the time the sample is transported from its irradiation location to its
appropriate position in the radicactivity counter., If this transit time
is denoted s the activity of thg sample at the start of the counting

period may be given by
A(tt) = A(tr)exp(-ltt). (48)

The sample activity at time t. from Eg, (47) is substituted in Eq. (48)
to yield an expression for the sample activity at time t 25 a function

of the number of radiocactive atoms in the sample at time t.
A(tt) = N(tr)lexp(-ltt). (49)

The sample activity is now measured using a gamma-ray pulse-—
height spectrometer system. Let C be the number of counts registered in

a pulse-height interval (or window) AEY centered at the photopeak of an

e e e T
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appropriate gamma-ray energy EY of the radiolsotope assayed. C is related
to the activity of the sample at the start of the count A(tt) and to the

counting time tc through the integral equation

t
c
C=K f A(tt)[exp(-x).:;?)]dt (50)
0 .

The term in brackets accounts for radicactive decay during the counting
period. The constant of proportionality K (counts per disintegration)
relates the total number of sample disintegrations integrated over time
tc to the net number of counts registered in the pulse-height window of
the counting system.

Integration of Eq. (50) produces
Cm X ACe, )1 - exp(-it )] (51)
A t ¢ T

1f the expression for A(tt) of Eq. (49) is now subscituted in Eq. (51)
and the resulting equation is solved for N(tr), the number of radioactive

nuclei in the sample at time t., one obtains

N(t_) = C/Kt (52)

where

T = exp(-ktt){l - exp(-ktc)]_ {52a)

The normalized yield Yn(T) of Eq. (46) is now completely specified. If
we now rename the quantity V(tr) of Eq. (46) as simply V and substitute

Eq. (52) into Eq. (46), the normalized yield btecomes

o e

P P T T W Ty




51
Y (T) = C/KV, (53)

This is the required normalized yield axpression [Eq. (37)] as

Pttt A
Pt

a function of experimentally determined quantities. Yn(T) is the nor-

‘.

k3

!
l‘
-3
[
P

L"

maiized yield, in number of photonuclear reactions per unit monitor
response, required for the solution of the photonuclear yield function.
C is the net number of counts in the gamma-ray spectrometer pulse-height

window., The proportionality constant K relates the total number of radio-

0 o | activa decay events of the sample to the racloactivity count C. The con-
'i_. stant K is a function of the counter efficiency for an emitter of the

3;4 specific gamma-ray energy counted, of the relative intensit& of the

i:; gamma ray, and of sample self-absorption. V is the output voltage signal

of the RC ecircuit of the radiation monitor system integrated ovar the
irradiation time t.. And v, defined by Eq. (52a), is simply a function
of tha radiocisotope decay constant X and of the sample transit and

counting times t and tc, respectively.

t

Photonuclear Ratios

In this section are derivad the formulae used to calculate pho-
tonuclaar ratios. Threa ;snumptians have been made in the derivatiom.
First, photonuclear reactions result in gamma-emitting radioactive nuclel
such that the photonuclear yleld may be determined by a.ganna—ray detac-
tion syatem. Second, the elements in which photonuclear reactions are
produced are contained in a single chemical compound. Third, the radio-
activity produced in each element can be datermined separately. The
formulae are derived in a manner analogous to the derivation of the equa-

tion for the calculation of normalized yleld.
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The number of photonuclear reactions induced in a sample irradi-

ated at zoustant intensity for a time tr may be given as

N' = Pet. (54)

where N' is the total number of photonuclear reactions produced in the
aample , PN is the constant photonuclear reaction production rate (reac-
tions per unit time), and t, is the irradiation time, If, as commonly
occurs, the photonuclear reactions result in radioactive nuclei, these

decay as they are produced. If the radicactive species decay with decay

constant A, then the sample's activity immediately following irradiation

E

Atr is

A, = Byl ~ &1 (55)

o

Solving BEq. (55) for Py and then substituting the resulting expression
in Eq. (54) yields

K=t /(1 -e ) (56)

1f the aample radicactivity is counted at a location different from ita

Fanns TR L ET T

irradiation position, the sample &acays during the time it ia transported
from its location in the irradiation room to the radicactivity counter.
-If this transit time is denoted tes then the activity of the sampie

after transit and at the onset of counting is

l.l.' A_.i_rl. A i

-At
A = A (e75E) )

vhere Att is the activity of the sample which remains after it has been

removed from its location in the irradiation room and has been placed in

B ]
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the counter, Solving Eq. (57) for Atr and substituting the resultant

expreasion in Eq. (56} yields the following expression for N':
=it -\t
LI - r t c
N'=A t/(1-e "F)e""t), (58)

At this point, the sample is counted in a gamma-ray spectrometer.
The total number of counts registered in a pulse-height interval, or win-
dow AEy, centered about the photcopeak of an appropriate gamma-ray energy
Ey' is integrated, The sample is counted for a time t. and the net number
of counts (after background subtraction) registered in the photopeak is
C. The number of net counts C is related to the sample's activity Att

at the starc of the count through the integral equation

tc
it
c Kfo A e Tdt (59)

where the exponential within the integral accounts for sample decay during
the counting period. The constant of proportionality K relates the dis~
integraticna of the aample to the counta registered in the spectrometer
pulse-height window. It is a function of the number of gamma rays per
decay n, the counting system photopeak efficiency € for gamma rays of
energy E._f from the sample if there were no self-absorption, and the sam-

ple ae¢lf-absorption factor a
K=né€a. (60)
Integration of Eq. (59) yields

K -Atc)

C= oy Att(l - e (61)
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Solving Eq. (61) for Att and substituting in Eq. (58) ylelds an expression

for N' in terms of the measured counts C
Cit
T

N'= . (62)
n€a(l - e ey (1 - e Atry(eAELy

In order to make N’, the number of photonuclear reactiomns which
are produced in the sample, independent of the sample mass, N' is divided
by o, the number of target nuclei in the sample. This quotient yields

N, the numb<r of photonuclear reactions induced in the sample per target

nucleus
N= N‘Ins {63)
where
NA ”
o, = 3 WP - (63a)

In Eq. (63a), NA is Avogadro's number, A is the atomic mass of the target
nucleus, m_1s the mass of the sample, y is the fractional nastural abun~
s

dance of the target isotope, and p is the fraction of the sample molecular

weight made up by the target element. Tae fraction p is

P = XAM, _ (63b)

vhere A is the atomic weight of the target element, Hw is the molecular
welight of the compound, and x is the number of atoms of the target ele-
ment per molecule of compound,

The final expression for the number of photonuclear reacticns

per target nucleus induced in the sample is

A m om - =
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Cit A
S 3

N = .-—.-—-—-———-—-' (66)
n e“NAFspYT

where
T = (1 -eMey(1 - e Ar) (e M0y . (64a)

K is the number of photonuclear reactions produéed in the sample per tar-
get nucleus, C 1s the number of ner photopeak counts integrated over the
count time, A is the decay constaut of the radiolaotope produced, A is

the atomic mass of the target element, n is the number of gamma rays of
interzst emitted by the radioisotope produced per disintcgration, € is

the counting-system efficiency without self-absorption for the;barticular
gamma ray in photopeak counts per disintegration, o is the self-absorption
factor of the samﬁla for the gamma ray, N, is Avogadro's number, L is

A
the sample mass, p is the fraction of the sample molecular weight made

i ]

up by the target element [as given by Eq. (630)], y is the natural abun-

dance of the target isotope, and tor C and t_ are the counting, irradia-

t

tion and transit times, respectively.

Equations (64) are similar to Bq. (1) in the paper of Nath and

-y
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Schulz on photoactivation ratios (9). Thelr photoactivation ratios are
expressed in terms of activity A that would be produced in the sample

by photonuclear reactions if it were irradiated 1ndefinite1y. For irradi-
ation timea much longer than the half-life of the radioisotope being
produced, the activity of the sample following irradiation [as given by I

Eq. (55)] becomes

m _aAEpy :
A, PN(l e ) Py (65)




o L

56

because e-ltr approaches zero when tr >> half-life of the radioisotope

produced, Substituting PN = A in Eq. (54) yields !

. | - .

. N = AL (66) __
where A, is the activity that would be induced in the sample following K

an indefinitely long irradiation (equilibrium activity). The value of
N' resulting from Eq. (66) is now substituted in Eq. (62) and the activity

A, is divided by the number of target nuclei n, to obtain

PR ICRPT-. 4 SR

P

A :

N

where R is the activity (in disintegrations per second) per target nucleus i
induced in the sample following an indefinitely long irradiation. The i
remaining variables have been previously defined. Equation (67) is iden- i

tical to Nath and Schulz's Eq. (1) if it is noted that for very ihin

foils of pure elements, which they used as samples in their experiment,
the sample self-absorption factor a and the fractiom p of the sample

molecular weight made up by the target elerent equal 1.0.

The samples used in this study coneisted of chemical compounds

containing the two elements in which the number of photonuclear reactions

induced were of interest. The parameter used to charucterize bremsstrah-
lung endpoint and spectral gquality is the ratio of the number of photo-
nuclear reactions per target nucleus induced in element 1 to the numbes

of photoruclear reactions per target nucleus in element 2. The photo-

) PO ,-“n. F; Fakd . ‘-‘:.’-

nuclear ratio PR is defined as

s

!
|
'.1.
?
|
5
:
aa

PR = N1/N2 (68)
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where Nl and N2 are the number of ghntonuclear reactions produced per
target nucleus in elements 1 and 2, respectively. The photonuclear ratio

PR, in terms of the numbers of counts C; and C, from the radioisotopes

produced in elements 1 and 2, is given by

PR =

CiMA /My €499P17T;
o (69)

Cor Ao/Mg € 200P5YoT, N,

- Equation (69) follows from the quotient of NIIN2 as given by Eqs. (64,

64a). The terms t NA' and m are constant and drop out of the ratio.
Equation (69) is of a very general nature and applies to photonuclear
ratio calculations in almost any experimental situstion.

Equation (69) can be simplified somewhat if, as occurs in this
experimental work, the energias E? of the gamma reys producing the counts
C1 and C2 are equal. Under this circumstance, the det._ctox affi:iency €
and the sample salf-ebsorption factor a, both of which are a function of
photon anergy, drop out of the retio. The photonuclear ratios of this

experiment were computed using the sizplified formula

C A /MR YT

CoAghy/NydaY,eTy

PR = (70}

Note that the photonuclear ratio given by Eq. (69) is aigebraicslly

equivelent to the retio l-'t‘i‘l'R2 given by Eq. (67).
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CHAPTER 111

MATERIALS AND METHODS

‘Materisls

Samples
Semples used for photomuclear ra.-.u datermination utilizing the !

method of induced activity should satisfy certain criteris:

1. Sanple elements in which photonuclear reactions are to be
studied must contain nuclides which produce radioactive iaotopas“upon !
irradiation. Tha radicactive specimen should Se a gamma-emitter of large
enough br‘nching ratic that an activity measurement can be appropriately
made by counting that particular gamma ray. '

2. Tha half-life of the resultant radioisotope should ba short

enough to allow a fair amount of radionuclide production upon irradiation

for a reasonabla amount of time. The radioisotope half-life, on the other
hand, should be long enough so that a sizable fractiocn of the radioacti-
E vity remains aftar the sample has been transferred from the irrsdistion X
E room to the counting system. !
. 3. The specific target isotope to be sciivsted should hsve a 1
high natural abundance, E
|

4, The sample material should be stable und prefersbly in solid

58
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form at room temperature, The sample material should be readily avail-
able and inexpensive.
In addition to the above criteria, the samples used in this study
met the following conditions:
l. The sample consisted of a chemical compound containing the
~ two elements for which the photonuclear ylelds were of interest. Because
of this, both elements in the compound were exposed to exactly the same
bremsstrahlung beam fluence, and measurement of the fluence to which the
sample 1s exposed was unnecessary.

2. The radioisotopes produced by photonuclear reactions 1n.éach
element emitted the same energy gamma ray. This condition madé-determina-
tion of the counting-system efficlency as a function of gamma-ray energy
unnecessary. The condition further restricted the half-lives of the
radioisotopes produced. The half-lives of the radioisotopes had to be !
sufficient]ly different so that the activity of each could be determined
by counting the sample at two different times. The procedure for doing
this is explained in detail in the Methods sectiom of this chapter.

3. The elements in the compound had to possess photonuclear
cross sections differing in threshold energy and giant resonance locatiom
such that the photonuclear yleld taken as a function of bremsstrahlung
endpoint energy in one element remained fairly constant‘whiie the yield

in the second element changed rapldly in the same energy range.

The primary aim of determining photonuclear ratios was to obtain
> an index of spectral quality for bremsstrahlung in the megavoltage region
and particularly in the energy range from 15 to 30 MeV, where such ratlos

are lacking. No one sample was found that was sultable for productlon of
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unique photonuclear ratios as a function of bremsstrahlung endpoint energy
encompassing the entire 15 to 30 MeV range. Therefore, the energy ranée
was divided and two sets of ratios were determined requiring two differ-
ent samples. In the lower half of this energy range (from approximately

- 15 to about 22 MeV), the sample of choice was potassium hexafluorosilicate
(K2SiF6)' The photonuclear reactions producing the ratios were the
39K(y,n)38K and the lgF(y,n)laF reactions. In the upper half of the
 range (approximately 23 to 30 MeV), the 12C(Y,n)nc and 19F(y,n)lBF
reactions in polytetrafluorcethylene (F2C=CF2), or "teflon," produced the
desired ratios. The relevant characteristics of these reactions are sum-

marized in Table 1.

The K251F6 samples consisted of approximately 30.7 g of 99%
purity K281F6 powder contained in a cylindrical aluminum can 3.2 cm in
diameter and 4.1 cm high. The activity induced in the aluminum.:as
extremely short-lived (6.34 sec) compared to the half-lives of the radio-
isotopes of interest (38K - 7.63 min, 18F - 109.8 min)}. The aluminum
activity was allowed to decay before the sample was counted. The mole-

c.lar weight of K2SiF6 is 220.25. The potassium (atomic weight 39.098)

fraction of the sample moleculiar ﬁeight is 0.355, The fluorine (atomic
weight 18,998) fraction of the sample molecular weight is 0.517. The

39 19

natural abundance of

K is 93.1%, that of ~°F is 1002:

The teflon samples consisted of 2.5-cm-long pieces of teflon rod
1.3 cm in diameter. The weight of each sample was approximately 7.0 g.
The molecular weight of teflon is 100.02. The carbon (atomic weight
12.011) fraction of the sample molecular weight is 0.24., The fluorine

fraction is 0.76. The natural abundance of 12C is 98.89%.

o v - "=
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Ipble 1

Photonuclear Reactions Used for Ratios

18 39 38
120(_ r’n)nc 19F( ¥,n) " F K(Y',n) K

Threshold
{MeV) 18.7 10.4 13.1

Half-1life of
Product (min) 20.3 109.8 7.63

Decay const.

(ain 1y .034 .0063 .091
Gamma Energy

(MeV) .511 .511 .511
Photons
per decay 1.98 1.94 ' 1.98

3
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The aluminum samples used to measure the 27A1(\_r,2p)25Na yield
curve consisted of aluminum shot (& 1.0 mm diameter) tightly encased in
aluminum.cans identical to those used for the K281F6 samples. The alumi-
nun was 99.95Z pure, The ﬁatural abundance of the 27A1 isotope is 100%.
The sample mass averaged 36.5 grams with a maximum deviation from the

mean of less than 0.1%. The characteristics of the 27A1(7,Zp)25Na reac-

tion are sumnarized in Table 2,

Sampla Holders
The precisé determination of ylelds required that samples bq
irradifated and counted in a very reproducible fashion. To satisfy this
requirement purpose, sample holders were designed and constructed (57).
The sample holder used for sample irradiation allowed rapid insertion and
removal, It hald the sample close to the bremsstrahlung target,. thus
increasing the photon beam fluence accordingly. Furthermore, it parmit-

ted very reproducible sasmple positioning. The sample holder used for

sample ccunting also permitted rapid sample insertion and removal, It
allowed reproducible positioning of the samples at any one of several
precisely measured distancas from tha detector., These holders are
describad in the following paragraphs,.

The sample holder assambly used for irradiation is shown in
Figura 9a. It containad a radial collimator constructed of poured cerro-

bend alloy (Lipowitz alloy, attenuation properties similar to lead). The

R - § FRTORICACION B AT

radial collimator was 7.6 cm in diameter and 13.3 cm long. The collimator

Ll

channel defined a truncated cone of entrance aperture 1.46 cm in diameter
and exit aperture 2.16 cm in diameter. Using a small aluminum collar,

5 the sample was positioned flush against the exit aperture of the collimator
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Table 2

27A1( ¥.2p) 23, Reaction

Threshold

(MeV) 25,2
25Na Half-
life (sec) 60.0
25Na Decay
Constant .01155
Gamma Ray

Energles (MeV)
and Intensi;ies

.975 (14.5%)
1.612 (9.5%)
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Figure 9. Sample holder assemblies,
(a) for irradiation, (b) for counting.
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-with its central exis coincident with that of the truncated cone defining
the collimator chanﬁel; The radial collimator and sample-bearing collar
were supported by means of an aluminum assembly as shown in Figure 9a.
The assembly was attached to a 0.5-in-thick aluminum plate. The entire
atructure was then secured to the linac collimator by fitting holes in
the plate over rods imbedded in the linac cpllimator housing. These roda
were tapped so that the plate was held firmly in place by nuts screwed
onto the rods. Whgn properly positioned, the entrance aperture of the
radial collimator was located 27.8 cm from the bremsstrahlung target.
When in place, the entrance face of the sample was 4l1.1 cm from the tar-
get, and its central axis was coincident with the central axis of the
bremsstrahlung beam.

Reproducible sample positioning for radicactivity counting was
alac imperative. This was accomplished by poaitioning the sampiZa in
another aample holder which was attached firmly to the detector as showm
in Figure 9b. This assembly, made of plexiglaas, was alotted sc that a
sample caddy could be iuserted into these slots at some well-known dia-
tance to the detector face. The sample was placed into the sample holder
so that the cylindricsl aample sxis was vertical and parallel to the front
face of the detector. Using this appsratus the reproducibility of the

sample location with respect to the detector was within less than 1 mm,

Linear Accelerator
The linear accelerator was the most important piece of equipment
used in this study. The linac was the acurce of the bremsstrahlung beams
used in this work., Operational principies of medical electron linear

acceleratora in general are discussed in Appendix C, This section

. e i -

o ag—




66

describes the particular accelerator used., Later, the experimental use
of the accelerator will be discussed, The linac operating parameters
which influence the kinetic emergy achieved by the accelerated electrons
are described and their appropriate values are defined.

The accelerator used to produce the bremsstrahlung beams of this
study was a Sagittaire/Thera§ 40 electron linear accelerafor manufactured
by CGR-MeV of France belonging to the Radiation Therapy Department of the
University of Oklshoma Health Sciences Center, In its clinical mode, the
Sagittaire can deliver electron beams at nominal energies of 7, 10, 13,
16, 19, 22, 25, 28, 32, and 40 MeV, A 25 MeV bremsstrahlung baam is also
available in the clirical mode. Sii dose rates at the isocenter can be
chosen for both the bremsstrahlung and electron beams: .5, 1, 2, 3, 4,
and 10 Gy per min,

The Sagittaire/Therac 40 linac is shown schemztically 1; Figure
Cl (Appendix C). It essentially consists of three major components: 1)
the microwave power supply saction, 2) the electron injector and accel-
erator system, and 3) the gantry and treatment head component. In tha
modulator room, microwave power was provided by a 3,000 MRz oscillator
and a klystron microwava amplifier. In the accelerator room, electrons
ara Injected into the acceleration guides by an electron gun. There,
the electrons ara accalerated by the amplified 3,000 MHz microwavas,
traveling through two iris-loaded cylindrical wave guides. The energy
gained by the electrons is controlled primarily by the degree of phase-
coupling between the traveling waves in sections 1 and 2. This task is
performed by a phase shifter consisting of a quartz rod which is inserted

into the rectangular wave guide feeding section 1 (see Appendix C).
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Accelerated electrons exit from the second accelerator section
and then enter the gantry of the accelerator which is located in the
treatment room. The electron beam direction is controlled by two magnet
. systems located in the gantry. The first magnet system analyzes the
electron beam energy by means of a bending electromagnet and an energy-
defining slit, The second system consists of two magnetic beam-bending
devices that redirect the electron beam to a direction perpendicular to
- the acceleration wave guides., The beam then enters the therapy head
where removable bremsstrahlung targets may be inserted into the electron
beam to produce x rays or may be removed to allow the electron beamlto
emerge, The radiation beam is finally collimated by a set of fixed and
variable collimators, and its intensity is monitored by a system of trans-
mission ion chambers which also serves to control the beam centering.
The accelerator could be operated in what is called the'experi- i
mental mode. Most of the bremsstrahlung beams used in this study were
produced in this mode. The beams produced in this mode are termed photon
II beams (in contrast to the clinical photon beam which is called photon |
I). Photon II beams differ from photon I beams only in the amount of
filtration after bremsstrahlung production., Both beams are produced in
identical 4-mm-thick tungsten targets although each has its own target. 1

The clinical photon I beam must traverse an approximately 2.8-cm-thick

(. ntral dimension) lead flatteaning filter. The photon II beams, on the

other hand, are filtered by a 2,7-mm-thick lead plate whose puipose is !
E? solely to increase the amount of signal available to the icnization cham-
%E bers for beam steering.
Ei A prominent parameter which describes the bremsstrahlung beam !
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of a linear accelerator is its endpoint energy. The bremsstrahlung end-
point energy is the maximum photon energy in the photon spectrum. It is

usually taken to correspond to the mean kinetic energy of the electrons

incident on the bremsstrahlung target. This section describes the accel- -

erator operating parameters which determine the final kinetic energy of
the electrons. Also discussed is the method employed in the accelerator
to define and control the kinetic energy of the electrons prior to radia-
tion, |

The resultant energy of the accelerated electrous is détermined
by a unique set of values of the following parameters (see Appendix C):
1) the magnitude (amplitude) of the axial electric field of thé radio-
frequency traveling waves, 2) the relative phase-~coupling between the
traveling waves in the first and second acceleration sections, and 3)
the field strength of the bending magnet which analyzes the ener;y of the
electron beam. The first parameter (a.:fial field amplitude) 1is controlled
by the amount of radiofrequency high voltage (RFHV) applied., The second
parameter (phase-coupling) is controlled by the relative position of the
quartz rod inserted in the wave guide that feeds section 1. The third
parameter, analyzing magnet field.strength, is controlled by the current
supplied to the energy-analyzing electromagnet.

The energy of the electron beam is ultimately &etermined by the
linac energy-analysis system, This system defines the electron energy
to *2X of the mean energy (94). The magnetic analyzer deflects the
accelerated electrons through angles determined by the electron kinetic
energy. Because of the major role played by the energy-analysie system,

the fundamental principles of this system require discussion.
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A charged particle of velocity v enteri;g a uniform wmagnetic
field of magnetic induction 3 experiences a force f perpendicular to the
direction of motion and to the magnetic induction. Because there is no
component of this force along the particle's direction of motion, the
particle sﬁeed is unchanged but the particle is forced to move in a cir-
cular path., If a particle is to move in a circular path at a constant
speed, it must be subjected to a centripetal force. Thus, we have ror

an electron of charge e, mass mé,'and velocity v in a magnetic induction

B (58,59)

Bev =-

(71)

where r is the radius of curvature of the circular path into which the
electron 1s forced to move, Rearranging Eq. (”l) and substituting an

alternate expression for the momentum p (60) yields

Berc = (12 + 2mc?1)% = pe (12)

where T is the electron kinetic energy and ¢ is the speed of light.
According to Eq. (72), for a giver constant magnetic induction
B, an electron will move in a circular path of radius r determived by the
electron energy T. In the energy—-analysis system of the accelerator,
shown schematically in Figure 10, the degree of deflection (which depends
upon r) of the electron produced by the bending-magnet induction depends
on the electron energy. Unly electrons of kinetic energy within 2X of
an appropriate mean energy will be deflected into a radius of curvature

such that they are allowed transmission by the energy-defining slit.
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The appropriate mean energy T is that which satisfies the relation of
Eq. (72). RF power is automatically changed 1f tLhe electron energy devi-

ates from the requested energy as determined by the magnetic induction

of the bending magnet,

Electron kinetic energy selection is made possible by virtue of
the fact that the degree of deflection of an electron of a certain energy
in the energy-analysis system depends upon the magnitude of the magnetic
induction of the bending magnet., This also follows from Eq. (72). The
magnetic induction is directly proportional to the amount of current I

supplied to the electromagnet. With this in mind, Eq. (72) thus can be

written in the form

Im K(T2 + ZmECZT)k (73)

where K is a function of e, r, ¢ and of the specifics of the maﬁaet sya-
tem, It is constant as long as saturation and residual magnetization
effects are negligible. The exact form of Eq. (73) can be found by
measuring t'e energy of electrons transmitted by the energy-analysis
system .3 a function of the current applied to the bending magnet. Once

known in its exact form, the equation can then be used to select certain

|
i
1

electron energies by choosing the appropriate current to the magnet of

the energy-defining systenm.

Measurements of the type described above have recently been per-

formed on the accelerator. The exact relationship between the electron 1
kinetic energy and the current to the energy-analyzing magnet was found

and published (6,57). The authors used three energy calibration pointa

bk
i

supplied by photonuclear reactions to relate magnet current to electrom
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63Cu('r,n)62Cu threshold, the 17,3 MeV break in the

energy: the 10,8 MeVv
160(y,0)1°0 yield curve and the 29.2 MeV 328(y,3p)2’Al threshold. They
found the deviation magnet current corresponding to each of the above

electron energies and a function of the form

I* = K.T? + K

1 9T (74)

K, and K, constants was fit to the experimental points by using a least-
squares procedure, Note that Eq., (74) can be obtained by squaring Eq.
(73) and redefining the constants. The resulting relation between magnet

current and electron kinetic energy was
1 = (37.71% + 90.31) ¢ (75)

From this rclation, shown in Figure 11, one can obtain the magnet current
which 1is necessary to produce an electron beam of a desired kinetic energy.

The current to the energy-defining electromagnet is monitored by
measuring the voltage drop across a sampling resistor, as shown in Figure
12, 1In this fashion, the reading of a digital voltmeter (DVM) serves as
an index of magnet current. In the accelerator experimental mode, the
current to the analyzing magnet is continuously adjustable by means of a
ten-turn helipot located at a convenient peint In an nlectronics rack
which in tum is located in the modulator room, In the clinical mode,
the current to the electromagnet is fixed at the value appropriate for
the clinical beam to be used. The position of the switch § of Figure 12
determines whether the linac fs operated in the experimental mode or in
the clinical mcde,

In the clinical mode, when one of the ten avallable energies is
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Figure 11. Relation between mean electron kinetic energy
and deviation current to the bending magnets of the energy -

analysis system of the Sagittaire accele_ator. From Ref. (57).
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selected, the phase-coupling and analyzing magnet current are set auto-
matically and the RFHV is controlled by a servo mechanism. In the experi-
mental mode, the energy selection switches are bypassed and the automatic
sexrvo mechanisms regulating the energy control parameters are disabled so
that the energy-defining magnet current, phase-shifter position, and

RFHV can be set and maintained manually. A bremsstrahlung beam of a
desiréd endpoint energy is obtained by first selecting the appropriate
energy—-analyzing magnet current (as measured by the DVM) corresponding

to the desired endpoint energy. The appropriate phase and RFHV values
are then set. The proper settings had been obtained earlier (57) by
keeping to a minimum the gun current required to keep the selected end-
point energy beam at a constant given intensity. The appropriate linear
accelerator operating parameters as a fuaction of bremsstrahlung beam

*”

endpoint energy are presented in Table 3.

Counting System

Sample activity was measured with a high-purity germanium (HPGe)
semiconductor detector gamma-ray spectroscopy system, These systems are
bust known for their excellent energy resolution. This resolutlon enables
the separation of interference peaks from the full energy (total absorp-
tion) peak, The system used in the present work for ac;ivity determina-
tion possessed an energy resolution of 0.3% FWHM at 1332.5 keV, A basic
deacription of the principles and characteristics of semiconductor spec-
trometer systems is provided in Appendix D. The present section is a
description of the particular system used in this etudy. Discussed are
the specifications of each component of the system and the system perfor-

mance,




Linear Accelerator Operating Parameters

76

Table 3

Tave(MEV) Iave(mv) Phaae Setting R.F.H.V,
b.V.M. D.V.M. . V.M.

12.0 80.7 0.172 470
12.5 83.8 0.177

13.0 86.9 0.182

13.5 89.9 0.188

14.0 93.0 0.194

14.5 96.1 0.199

15.0 99,2 0.205

15.5 102.3 0.211

16.0 105.3 0.218

16.5 108.4 0.224

17.0 111.5 0.230

17.5 114.6 0.236

18.0 117.6 0.243

18.5 120.7 0.250

19.0 123.8 0.256

19.5 126.9 0.263

20.0 129.9 0.271

20.5 133.0 0.279

21.0 136.1 0.287

21.5 139.2 0.296

22,0 142,2 0.304

22.5 145.3 0.314

23.0 148.4 0.324 v
Ak Rk Akk
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Table 3 {(Continued)

Linear Accelerator Operating Parameters

Tave(MEV) Iave(mv) Phase Setting R.F.H.V.
D.V.M. D.V.M. D.V.M.
23.5 151.5 0.452 446
24.0 154.5 0.446 449
24.5 157.6 0.440 452
25.0 160.7 0.434 455
25.5 163.8 0.428 .459
26.0 166.8 0.423 462
26.5 169.9 0.418 465
27.0 173.0 0.412 468
27.5 176.1 0.407 471
28.0 179.1 0.402 473
28.5 182.2 0.396 .476
29.0 185.3 0.392 479
29.5 188.3 0.388 .48
30.0 191.4 0.384 .483
30.5 194.5 0.380 485
31.0 197.6 0.376 .488
31.5 200.7 0.374 .490
32.0 203.7 0.372 .492
32.5 206.8 0.370 494
33.0 209.8 0.370 495
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The detector was a closed-end coaxial type high-purity germanium
detector manufactured by Princeton Gamma-Tech (PGT). It was a cylinder
4.0 cm long and 4.3 cm diameter with an entrance window of sluminum 0.1
cm thick (61). The detector was used with a 2100-volt positive bias from
a high-voltage power supply and was cooled to 77°K. A copper cold finger,
one end touching the detector and the other immersed in liquid nitrogen,
provided the conduction path for heat flow; Detector cooling waa neces-
sary to reduce thermal noise, The detector was shielded with 10.2 cm
lead to reduce the background radiation contribution.

The detector output charge pulse, which is propcrtional to the
number of electron-hole pairs produced by a photon interaction in the
detector, was fed into a PGT model RG-11 preamplifier. The preamplifier
was located directly adjacent to the germanium detector to minimize
pilck-up of stray fields. The preamplifier amplified the charge ;ulae
amplitude by a factor of 25,000, The output voltage-pulse of the pream-
plifier was shaped to have an approximately 10 naec rise time and 50 usec
decay time (61).

The preamplifier output pulse was processed by a Canberra Model
1413 amplifier, This amplifier not only increased the amplitude of the
signal pulse but also modified the pulse to a Gaussian shape, thereby
increasing the signal-to-noise ratio and making the outi:ut pulse compat-
ible with the snalog-to-digital converter (ADC) of the multichannel
analyzer. The spectroscopic amplifier also had baseline-restorer circuita
to minimize the effects of baseline fluctuations.

The amplitude of the pulse from the amplifier, which was propor-

ticnal to the amplitude of the detector original charge pulse, was digi-
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tized by the ADC of a Canberra Model 4100 multichannel analyzer (MCA).

The 50 MHz digitizing rate was under crystal clock control. The digitized

value of the pulse amplitude determined the location of the analyzer
memory to be incremented. Thus, the address of the channel in the array
of the MCA memory locations was directly proportional to the radiation
energy absorbed in the detector (see Appendix D).

The relationship between the channel number, which corresponds
to a given pulse-height interval, and the energy deposited in the detec-
tor by a photon interaction event was found by energy-calibrating the
pulse-height scale with 11 gamma-ray emitters having a total of 24 gamma
rays of known energies (Table 4). The energy calibration was performed
8o that a 2.5 MeV energy range spanned the MCA's 1024 channels. A
straight line was fit to the data of Table 4 using linear regresﬁion to

ksl

obtain the relation between photon energy and channel number.
E= (2.47)C+ 9.74 (76)

where E is the photon energy in keV anc C is the channel number. The
energy-channel relation was indeed linear with a coefficient of correla-
tion of r2 = 1.00.

The counting-system efficiency as a function of photon znergy
was investigated using gamma-ray emitters calibrated by the National
Bureau of Standards (NBS). The NBS-calibrated sources effectively were
point sources (minute quantities of isotope deposited on thin plastic
tape). The characteristics of these NBS-calibrated sources are presented
in Table 5. Intensities shown in the table are source intensities at the

time of calibration,
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Table 4

¢ Sources Gamma ray Channel
Energy (keV) Rumber
Eu-152 121.8 46
344.3 135
7178.9 311
964.0 386
1112.1 &46
1408.0 566
Ba~133 276.4 108
302.8 118
356.0 141
383.8 151
Hg-203 279.2 109
Sb-125 427.0 169
463.0 184
599.0 239
Cs-137 661.6 264
Kr-85 514.0 204
Bi-~207 569.6 227
1063.4 427
1769.7 713
Co-~58 810.7 324
Mn-54 834.8 33
Co-60 1173.2 471
1332.5 536
Na-22 1274.6 512

i ST

.
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Table 5

NBS Sources used in Counting System Efficiency Calibration

Point Gamma ray Intensity
Sources Energy (keV) (*'s per sec)
Bi-207 569.6 (7.786) 10°
1063.4 (5.992) 10°
1769.7 (5.642) 10°
Kr-85 514.0 (4.381) 10
Ba-133 276.4 (1.106) 10”
’ 302.9 (2.985) 10°
356.0 (1.014) 10°
383.9 (1.503) 10°
Co-60 / Cs-137 661.6 (3.429) 10°
1173.2 (5.356) 10°
1332.5 (5.361) 10°

- 1 —— -y — - — - me = —
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The point sources of Tsble 5 were counted st 2.1 ¢m and 8.2 cm
from the detector face. The photopeak efficiency as a function of gamma-
ray energy was calculsted by dividing the net photopeak count rate (in
counts per aec) by the rate of gamma rays of sppropriste energy emitted
by the source (in gamma rsys per sec). Net photopeak counts were obtained
by adding the total number of counts in the pulse-height analyzer channels
encompasaing the entire photopeak and then subtracting the background
contribution. Background counts were determined by first averaging the
counts in the channels where the photopeak blends into the background
continuum and then multiplying the resultant average background counég
per channel times the total number of channels in the photopeai.. The
gamma-ray emission rates of the sources were computed from the source
activities as given by the NBS certificstes of calibration. Bsrium-133
gamma-ray intensities were corrected for coincidence-summing effects (62).

The couating-system point-source efficiencies, at 2.1 and 8.2
cm, are presented in Table 6 and Figure 13 as a function of photon energy.
Efficiency has been defined as the ratio of the net total photopeak count
rate to the gamma-ray emission rate. The efficiency, hence, 1s in units
of counts per second per gamma ray emitted per sec.

The smooth curves of Figure 13 were hand-drawn through the exper-

imental points. The curve shapes are in good agreement with typical effi-

ciency curves for thia type detector (63).

Timing Control Apparatus
The amount of radioactiviiy produced by photonuclear reactions
in the sample and aubsequently measured in the counting system depended

very critically on three separate time intervals which had to be fixed

& _’*J“‘ HPPSPY PN DAL

FETPN PRSP RS i




83

e

Table 6

+
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Counting System Photopeak Efficiency

!

Energy Source * Photopeak Efficiency (x153) :

(keV) at 2.1 ¢m at 8.2 cm j

{

276.4 Ba-133 23.7 4.48 :

302.9 Ba-133 20.6 3.92 }

5 356.0 Ba-133 16.9 3.22 1

383.9 Ba-133 15.6 2.82 . r
- 514.0 Kr-85 11.2 2.08
569.6 Bi-207 10.6 1.89
. 661.6 Cs-137 9.2 1.67
h 1063.4 B1-207 5.0 0.98
1173.2 Co-60 4.9 0.94
& 1332.5 Co-60 4.3 0.82
o 1769.7 B1-207 ' 3.0 0.55

o ;

- * Photopeak efficiency is defined here as net total phdtopeak count ;

éi rate (cps) per gamma ray emission rate ( ¥'s ps) a
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precisely. These were the irradiation time, the time required for the
transfer of the sample from the linear accelerator to the counter, and
the counting time. The counting time was controlled by the present live-
time couater in the multichannel analyzer. The irradiation and transferx
times were controlled by a timing control apparatus described in the next
paragraph.

The timing control apparatus consisted of a module containing
two precision electrical clocks which could be preset. The timer module
was interfaced with the linac controls and with a start-count gate on the
MCA. The irradiation time was set on timer 1 and the sample transfer
time was set on timer 2. When the linac was turned on, timer 1 was acti-
vated and the irradiation commenced. When the time set on clock 1 ran
out, the linac was automatically shut off and a relay started timer 2
which ran while the sample was transferred from the linac to the detector.
When timer 2 shut off, a signal pulse was sent to the MCA which started
the counting period. This continued until the MCA live-time indicator
reached the preset value. With these time-controlling devices, all times
were set prior to irradiation and all phases of the experiment advanced

automatically,

P-2 Ionization Chamber
Normalized yield determination required measurements of the
energy fluence of the bremsstrahlung beam traversing the sample. This
was accomplished with an NRS type P-2 ionization chamber, described in
detail elsewhere (56), which was located approximately 2.4 meters from
the sample. The activity induced in the sample was divided by the response

of this ionfization chamber to compute the normalized yield.
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The experimental arrangement cf the ionizaticn chamber and its
associated components is shown schematically inm Figure 14, The ionizatien
chamber (I) collecting potential was 1200 volts and was supplied by a DC
high-voltage power supply (HV). The output current of the chamber was
integrated on a high—quality 10.096 QF polystyrene capacitor (C). A var-
iable resistor (R) was introduced in the circuit so that the RC constant
was inversely proportional to the decay constant of the radiocactive
species being produced (see Measurement of Yield section in Chapter II).
The potential across the capacitor was measured with a Cary model 401
vibrating reed electrometer (E), which was located in the modulator room
of the accelerator, A Varian model 401 preamplifier (P) providéd initial
amplification and impedance-matching,

The response of the ionization chember to bremsstrahlung energy
fluence was neerly independent of bremsstrahlung endpoint energyt Celi~
bration of the chamber showed a response of approximately 2.4 micro-cou-
lombs per joule of incident energy of $0.9% from 15 to 35 Mev (56). The
measurement system was checked for leakage current, possible recombination
losees, and contributions to the ionizetion current from scettered radia-
tion (57). All effects were found to be negligible under the uxperimentsl
conditions of this work. System reproducibility was checked at the begin-
ning of each data-collection session by measuring the churge collected
vhen a 30 mg 22651 source was placed et e specific location on the P=2
chamber, These measurements showed e veriebility of ebout 1.2% (standard
error) over the course of the entire experiment thus indicating good

stab ility .
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[

Figure l4. Rad;htion monitor system arrangement.
1 -~ Ionization Chamber. HV - High Voltage Supply.
C - Capacitor. R - Resistor. P - Preamplifier.
€ ~ Electrometer.
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Methods

Photonuclear Ratios

This section describes the procedures followed to acquire and
analyze the experimental data used to determine the photonuclear ratios.
In general the experimental method consisted of irradiating the K231F6
and teflon samples previously described with bremsstrahlung of a certain
endpoint energy, counting the samples, and then computing the ratios as
a function of endpoint energy. This procedure was repeated several times
so that a mean ratio with a minimm amount of uncertainty at each endpoint
energy could be reported. Because two sets of ratios were determined
using two different sample types, the eiperiunntal zethod for each dif-
fere ! slightly. Each method 1s described separately in the following
after a genaral description oi the irradiation and tha radiocactivity
determination procedures which were common to both sets.

The samples were irradiated, in the geometry shown in Figure 15,
with the Sagittaire linear accelerator operating in the photen II, or
experimental mode, The operation and characteristics of the linac exper-
imental wode have been set forth in the description of tha Sagittaire in
the Materials section of this chapter. The !251F6 samples were exposed
to bremsstrahlung of endpoint energles from 13 to 23 MeV at integral MeV
intexvals., The teflon samples were exposed to x-ray beams of endpoint
energies ranging from 20 to 32 MeV, also at integral-MeV intervals.

Prior to sample irradiation, the bremsstrahlung beam endpoint
anergy was chosen at random. Continuous selection of endpoint energies
wvas made possible by the linac modification previously described. The

deviation magnet current corresponding to the chosen endpoint energy was
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TARGET
== SAMPLE
=#——— X-RAY BEAM
‘ -— P2 ION
3| CHAMBER
Figure 15. Sample irradiation geometry.
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set, This setting established the accelerated electron beam enmergy. The
optimum phase-shifter position, gun current and RF high voltage (RFHV)
.corresponding to the chosen endpoint energy (Table 3) were also set. In
addition, the irradiation snd transfer times were set on the timing con-
trol module, The szmple was then inserted in the linac sample holder,
The linac was started snd irradiation commenced.

At the end of the irradiation, the momitor units utilized were
noted and recorded, The sample was then transferred to the counting room
and was inserted in the sample holder near the germanium detector. After
expiration of the transfer, or transit, time which was set on timer i'Bf
the timing control module, the sample was counted. The backgrbun&-correc-

ted counts were then used to compute the photonuclear ratio at the selac-
ted endpoint energy.

The photonuclear ratio (FR) has been defined as the number of
photonuclear reactions per target nucleus induced in element 1 of the
eample compound divided by the number of photonuclear reactions per tar~
get nucleus inducad in element 2 of the compound. To determine tha ﬁu-ber
of photonuclear reactions, the activity of the samples was measured.

In both target elemente 6f both samplee, the radioisotopee of
interest dacayed by positron amiseion with the subsequent emission of
0.511 MeV sannihilation gamma rays. It was the 0,511 He.V ganma raye that
were countad to detarmina the smount of radioisotope voduced., Since the
half-livas of both of the radioisotopes produced in the compound diffared
significantly (7.63 min K ve. 109.8 min °F 1n K,S1F, nd 20.3 mta Mc

6
18

vs. 109.8 min T F in teflon), the sample was counted twice to enadble

determination of the activity of each radioisotope.
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The first count contained contributions from both the short-lived
and the long-lived radioisotopes, The second count was delayed in time
until tha shorter-lived radioisotope had decayed very nearly complately
(ten half-lives of the shorter-lived isotope). The second count, there~
fore, was due almost exclusively to the longer-lived radioiactope. Based
on tha second count, utilizing appropriate decay factors, the contribution
of the longer-lived isotope to the first count was calculated. This valua

- vas then subtracted from the number of counts measured in the first count
to obtain the contribution due to the decay of the shortar-lived isotopa.

The procedure described above for determining the activity of
each isotopa of interest in the sample was follawed with both the KISiPC
and the teflon samples. In the Kzs;Fg experiment the first count was due

to the sctivity of both 381 and 18?. and tha second count, obtained after

18? activity. In the taflon

3ak decay, vss due almost entirely to the
expariment, the first measured count contained contributions from both
the 11c and 18? activities while the second count, obtained sfter the 11c
had decayed, was due almost entirely to the 18? activity.

The counts mentioned in tha foregoing were obtsined from the
tntal absorption peak or photopeai. The gross counts in the photopeak
were corrected for background to yield net photopeak counts in z manner
outlined below. The number of counts in all channels encompassing the
photopeak were summed. Background counts were determined by first noting
the number of counts in the channels borderiag the photopeak whare the
peak blended into the bsckground continuum. The counts in these channels

wvere then aversged and multiplied by the number ¢f channels in the photo-

pcak to yield the background count. The background count was then sub-
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tracted from the sum of the totel photopeak counts to yield the net photo-

peak counts.

2
energy rangiag from 13 to 23 MeV, One by one, eech semple wes positioned

The K 51F6 samples were irrediated to bremsstrahlung of eadpoint

in the linac sample holder and wes irredieted, as described previously,
for 2 minutes at a certein endpoint energy. The sample was then trans-
ferred to the counting system and allowed to stand for 10 minutes. The

delay provided for the decay of any interfering short-lived positron acti-

26 27

vity such as 6.34 sec Si, .93 sec So% . The 10-min wait

Al, 4.14 sec
also served to reduce the amount of detector deea time, After the 10-min
vait the sample was counted for 1 minute. The counts : . thc 0.511 MeV
photopeak, due to the activity of both 38K and IBF, were then recorded.
The sample was then recounted for 1 min 90 miautes after the conclusion
of ita irradiation and sgsin the 0.511 MeV photopeak counts were recorded.
It wvas asaumed that the 90-min delayed count contained only 18? counts
since 11.8 5K half-lives had passed leaving only .03% of the original
activity. The sntire procedure, which constitutes vhat is termed a& "run,”
wvas then repaated for another sample at another endpoint ensrgy.

The K,51F, photonuclear ratioc at a given endpoint energy obtained

in a given run is calculated as dascribed bulow, The net 18

F ccunt 10
minutes after irradiation is calculated from the 90-min count through the

relation
‘°1o - rcgoe-A(IO),e-A(BO) an

vhere FC,, and FCyy are the 10-ain and 90-min counts corresponding to the

18

18? activity at 10 min and 90 min respectively. ) is the “°F decay con-
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stant (.00631 min-l). ‘The net 10-min 381( count is obtained by subtracting

the net 18? count at 10 min from tha measured (381( plus 18}‘) 10-min count,
The net 381( and net 18? counts are then substituted into Eq. (70) to
obtain tha appropriate photonuclear ratio,
The teflon samples wera irradiated with bremsstrshlung of andpoint
. energy ranging from 20 MeV to 32 MeV.' Each sampla was positioned, ona by
one, in the linac sample holder and was i{rradiated for 3 min at a selected
endpoint energy. The sample was then transferred to the counting system
and allowed to stand for 10 min to reduce the amount of detector dead
time. Aftar the 10-min wait the sampla was counted for 1.67 min (100
sec). The counts in the 0.511 MeV photopeak: due to the decay -of both
uc and 18?, were then recorded. The sample was recounted for 100 sec

200 minutes aftar the conclusion of its irradiation and again the 0.511

MeV photopeak counts were recorded, The 200-min count contained almost

exclusively 1 F counts since 9.85 1lc half-lives had transpired leaving

only .11X of the original activity. The entire procedura, or run, was
" then repeated for another eampla at anothe: endpoint energy.
For a given run, the teflon photonuclaar ratio et a given end-

point energy was calculated in a fashion eimilar to that used to calcnlate

18

the 125136 ratios. The nat F count 10 min after irradiation was calcu-

lated from the 200-min count by

(78)

vhere n:m and FC are the 10-win and 200-min counts due %o IBF activity

200
at 10 min and 200 min respectively. Agein ) is the 18, decay constant

(.00631 l:l.n-l). The nat uC 10-min count is obtained by subtracting the
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18
net F 10-min count from the measured (110 plus 18?) 10-nin count. The

net 110 and net 18? counts are then substituted into Eq. {(70) to obtain

the appropriate photonuclear ratio.

The Bremsstrahlung Spectrum

This section describes the numerical analysis method which was
used to obtain a functional form for the bremsstrahlung spectra produced
by the Sagittaire accelerator. Th: computational procedura consistad
essentially of tha following (refar to Fig. 16): 1) the targat (thick-
ness D) was divided into n slabs of thickness Ad; 2} an intrinsic spac-
trum was assumed for eaci 2lat; 3) the photons radiated were attenuated
by remaining slabs; 4) the slectron anergy in tha ith slab, T, was
degraded by interactions in preceding slabs; 5) the number of elactrons
reaching subsaquent slabs was decreased; 6) contridbutions from éach slab
wera added to form a composite spectrum,

The Sagittaire accélarator target, 7.72 glclz of tungsten, was
divided into 200 slabs, each of thickness 0.0386 g/cm® (approximataly
0.006 radiation langths). The tremsstrahlung cross section used to com-
puta the intrinsic spectrum from each slasb wvas Schiff'a cross section
diffarential in photon emission ungle and energy [Eq. (36)}. The formula
employad was in the notation of Hisdal (54) in the rewritten form of Lent
snd Dickinson (52). For aach slsb, the intrinsic spectrum was intagrated
ovar photon emission angles up to that determined by electron multiple
scattaring in the slab (54).

The reason for choosing this form of intrinsic spectrum had to

do with the chosen slab thickness in combination with the solid angle
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subtended by the sample irradiated. The slab thickness had been chosen
such that tne electron was multiple-scattered prior to radiation. The
solid angle subtended by the sample was such that the actual spectrum

seen by the sample contained photons emitted at angles up to those deter-

spectrum integrated over photon emission angles up to the multiple-

scattering angle representad an appropriata approximation to the actual

spectrum to which the sampla was eiposed (19,54,64,65).
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The radiated photons were attenuatad by remaining slebs. A

Ch ot b
2

factor of the form

PR
*

2, () = exp[-u, () (D - d))] (79)

was ussd for this purpose. In Eq. (79), ni(hv) is ths photon attenuation
factor as & function of photon snargy for slab i, D is the total target
thickness and d1 i3 the depth of tha present slab. ui(hv), tha total
attenuation coefficient of tungsten as a function of photon energy hv,
was obtainad ty fitting simple quadratic expressions to tha total atten-
uvation coefficient for tungsten given by Storm aud Israel (66).

Tha average elsctron kinetic snargy in sach slab Ti was deter-

mined by enargy lossss in previous slabs

afer
T:L - '1'0 - T(ﬁ:), ;1i=1 (80a)
P'i -0
e 84 [ar
e 11'71-1‘2533.(!3‘ ¢ T h 3. =2
i \ /1
s

In Eqs. (80), T, is the average electroa kinetic energy in the present

r
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mined by multiple-scattaring. Undar thase circumstances, the diffarential
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slab, Ti-l is the electron kinetic energy in the previous slab, Ty is the
incident electron kinetic energy (endpoint energy), Ad is the slab thick-
ness, and dT/ds is the total mass stopping power of electrons in tungsten.
The totel mass stopping power was obtained by fitting simple quadratic
expreesions to the mass stopping power data of Berger and Seltzer (67).
The angle © is the r.m.e. angle of multiple-scattering according to the
Mcliere theory (55). 7Tue angle of multiple-s:attering was calculated
using Bichsel's expreesion (68)

5.2 o LIN(E +2)(B - 5.0
1 AT, % + 2m c“Ty)

(8la)

In Eqs. {81), Z and A ere the atomic number end atomic mass of the terget,

respectively, Ti is the electxon kinetic energy in the 1th

elab (Eqs. 80},
L is the reet energv of the electron in MeV, Ad is the eladb thisknees,
and B is tha Moliere B (68). The value of 5,01 was determined in sn
experiment (deecribed leter in this chapter) in which the engular distri-
bution of the bremsetrahlung beam of the Sagitteire was investigeted to
eetimate the elactron multiple-scettering dietribution in the tarxget.

In a elab, the zitual angle into vhich an electron is wmultiple-
ecettersd depends also on the -u1£1ple-ccettering angle of the previous
elad £53). Thus, for e elab i, the angle of multiple-scettering & was

obtained from the reletion

2 _ 2 2
o -0 +0 (81b)

vhere Oi is given by Eq. (8la) and ei_l ie the square of the angle of
multiple-scettering of the previous eleb. The anglee were eumsed in

quadreture because they eesentially repreeent meesuree of dispersion.

- - -—-_-n..l - l - © o - - -— s e - -
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In latter slabs of the target, the electrons undergo a diffusion process
in which the electron angular disiributicn rcmains approximately cosze
for which 9-2 = (,5388 radians (69). ‘In these slabs, & [as given hy Eq.
p (81b)] was limited to 0.734 radians (53).
- The fraction of the incident electron flux which reached the ith

slab was calculated with the following formulas due to Ebert (70).

v, = expl-a(Ad/R)°] | (82)

e= -1/t (82a)

b = [3871,/1.00007521 %} % (82b)

R .565 (z—}_zsm) Ty - 423 -z—}li-a) : _(820)

In Eqs. (82), T N is the frection of the incident electron flux that

reaches the it"‘

" slsb and R is the extrapoleted range. Alil remaining
varigzbles have been defined previously. These equations resulted frma
curves fit to experimental deta for monoenergetic clectrons up to 12 MeV
in foils of select elemants up to uranium (70). The assumption was made

here that these relations hold up tc about 30 MeV,

The final photon spectrum was obtained by lming the photon con-
tributions from each slab.

L!

N(hy) = L, N, (), (83)
i=]

WAL T,

In Eq. (83), K(hv) is the total number of photons of energy hv in the

e v e W-c—,m‘-uocoﬂ-a——} [ !‘.- . .y .. 4 . . —_
LN A s s AT N R L e T L e e T e ey T L ) 3
PR IS O = G I N T T R N e D D W T -
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apectrum, The summation is over all slgbs. Ty 18 the transmission factor

of the ith slab [Eqs. (82)], and Nifhv) is the number of photons of en_'gy
by contributed by the 1M glab
ligﬁv) - da(hv)niai(hv) . {83a)

In Eq. (83a), do(hv) is the bremsstrahlung cross section in cmzw[Eqs.
(36)], aifhy) 18 che photon attenuation factor as a function of photon
anergy for the 1t g1ab (Eq. (79)], and n, is the number of target nuclei

per cm” in the 1 slab

) Ad
"TT P Tose, (80

vhare NA is Avogadro's number, A is the stomic mass of the target, o is

the density of the target, Ad is the slab thicknass, and 01 is the r.m.a.
angle of multiple-scattering [Eqs. (81)].

In most linear accelerators, the electrons producing bremsstrah-
lung possess a finite distribution of energies centered sbout a mean elsc-

tron anargy. In the case of the Sagittaire accelerator, electrons of

energies within +2X of a mesn electron energy are transmitted by the

energy-defining siit (94). The bremsstrahlung computer program was modi-

fiad to account for this fact. At any given endpoint eunergy To’ the

: B
+ -

spectrum was assumed to consist of photons produced by electrons of ini-

Ry

tial energy To' To - ZITO, and To + ZZTO. Tha andpoint energy distribu-
tion was assumed to be s Gaussian of 42T° full-width-half-maximum. Rele-
tive weights of .25, .50, and .25 thus were given to the spectra produced

by slectrons of energy To - 2%, To' and To + 2X, respectively.

B e Rt i T el st . L . ., - L L
N . . -
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A computer program, written in Fortran and incorporsting the
above expressions, was used to produce the bremsstrahlung spectra approxi-

mations required for this study. A listing of this ~rogram is provided
in Appendix E.

Electron Multiple-Scsttering
High-energy bremsstrahlung is emitted at small angles with
respect to the direction of the incident electron. 4n order of magnitude

estimate of this angle is (19)
$ - u]Eo radians (84)

where ¢ is the angle between the direction of the radiation photon and the

initial direction of the radiating electron, u is the rest energy of the

electron, and Eo is the total electron energy. For a bremsstrahlung beam

of 25 MeV endpoint, ¢ is of the order of 0.02 rsdians. In an experiment
where the angular distribution of high-energy bremsstrahlung intemsity is
messured, the electron multiple-scatteving distribution csn be estimated
if the assumption is made that bremsstrahlung is emitted st angles small
compared to the angles of electron scattering., Such an experiment was
performed to examine the ability of Eqs. (8l) of appropriately estimating
the angle of multiple-scattering.

Eleven teflon samples were placed in a strsight line on a plane
parallel to and 75 cm from the bremsstrahlung target. The samples were
spaced 2 cm apart with the central sample located on the centrsl aris of
the bremsstrahluny L2am., The samples were exposed to a 25 MeV photon II
beam for 5 min and were counted for 60 sec with the germanium detector.

The same procedure used in the photonuclesr ratios experimeut for esti-
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mating ths 11C activity was followed., The llC decay factor was s lled

to each count to calculate the 110 activicy of each sample at the time

the irradiation stopped. The activity of each sample was divided by the
sample weight to yield a "specific activity" for each, This activ.ty wa3
then plotted as a function of the sample relative position during irradi-
ation and a Gaussian curve was fitted to the plot using a non-<linear
regression technique (71), Thus, a discribution of the intensity of
photons possessing energies between 18.7 MeV [lzc(y,n)llc reaction thresh-
0ld] and 25 MeV as a function of distance from central axis (and hence
angle from the initiﬁl electron direction) was obtained, _

A weighted effective angle of multiple-scattzring was calculaced
from the bremsstrahlung computer program for the target slabs contributing
photons of energy greater than 18.7 MeV, The weights were obtaiged from
the electron energy in the slab [Eqs. (80)] and from the relative 11C
yield as a function of energy measured in the photonuclear ratio experi-
ment. This weighted effective angle was then compared to the standard

deviation of the Gaussian distribution obtained from the regression fit

and a normalization factor Fn was calculated

o
eff
F &= c— (85)
n eﬁeas .

where e;f is the weighted effective angle of multiple-scattering (l/e

f
width of the distribution) and eieas is the standard deviation of the

Gaussian fic. The (B - X) factor of Eq. (8la) was then modified in a

manner similar to that of Hanson (72).
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2

The 7A1(7,2p)25Na Cross Section

The aluminum samples described in the Materials section of this

27A1(Y,2P)25Na yields as a function of

chapter were used to obcain the
bremsstrshlung endpoint energy. Yields were measured at endpoint energies
from 25 to 33 MeV in 0.25 MeV increments., Thus, a yield curve consisted
of 33 yield points, A total of five yield curves was obtained and mean
yields were computéd. This section describes the experimental procedure
followed to obtain the 27A1(y,2p)25Na yield curve and the method of deter-
mining the reaction cross sectionm,

Prior to the start of this experiment, the resistance value-of
the variable resistor of the RC circuit of the radiation monitor system
was set such that the time constant (RC) was inversely proportional to
the zsNa dccay constant., For a capacitance of 10.096 uF and a decay con-
stant of 0,01155 sec"l, the required resistance was 8,57 M}. The behavior
of the RC system was checked initially and a- the beginning of each exper—
imental session, The capacitor was charged to a certain value and the
decay of charge was observed as a function of time to determine whether
the potential was decreasing with rate constant RC = 1/, The potential
drop half-time was measured with a stopwatch. After the initial setting
of the resistance value, no further adjustments were required as the
measured potential drop half-times were consistently reéroducible to
within 1X.

Before the irradiation of the aluminum samples, the capacitor of
the radiation monitor system was shorted to remove any potential. The

samples were irradiated in the irradiation geometry shown in Figure 15.

The bremsstrahlung endpoint eunergy was chosen at random and the approp-




103

riate irradiation parameters (Table 3) were set on the linac. Sample
irradiation time was 2 min. Immediately following frradfation, the vol-
tage reading on the electrometer was noted and recorded and the sample

3 was retrieved from the irradiation room. After a dalay of 55 sec, the
samples wera counted for 195 sec with the germanium detector spactrometar

_ system, The counts in the photopaaks corresponding to the 0,975 and
1.612 MeV gamma rays were computed as described in the Photonuclear Ratios
section of this chaptar. Another endpoint energy was chosen and the pro-

cedure was rapeated until a complete yield curve was obtained. Five

yileld curves wera measured in this manner,

At each endpoint anergy in a yield curve, a normalized yield

(number of reactions per volt) was calculated using Eq. (53). The con-

A8t s Apnt et

stant K of Eq. (53) was obtained from the calibration of the getmanium
detector, from the decay characteristics of 25Na, and from an e""‘l (r =
sample radius) estimate of sampla self-absorption. C is the net number
of photopeak counts due to a particular gamma ray. A mean Yn(‘l') wvas cal-
culated based on tha two estimatas of yield made corrasponding to each of
the gamma rays counted.

A total yield in the entire energy range of each yield curve was

determined by summing the individual normalized yields

|‘;-:i.l- '..-l.n 'a.t;'.-‘..l‘q.l) s

n

5 e LY () (86)

u i=]1

P;:

T

E‘.i where Y, is the total yield, Y (T,) is the normalized yield at endpoint
Lo

L energy 1‘1. and n is tha number of points on the yleld curve. PFor each of
F: the five yield curves, a total yield Y‘l‘ was obtained. A mean total yield,
"a

2
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T&, was then calculated from all the yield curves

a
Y v (87)
g1 d

Bl"‘

where YTj is total yield of the jth yleld curve and m is the total number
of yleld curves, A norvalization factor, Yf, was calculated for each

yield curve by dividing its total yield into the mean total yield

Yo, = Vo /Y,

5, 88)

3

where ij and YTj are the normalization factor and total yield, respec-

tively, of the jth yield curve, Each normalized yield point of a given

yield curve was then multiplied by its corresponding normalization factor

Y ('r i) Y, an 5 (T 1) (89)

vhere Y j(T ) is the corrected normalized yield point at endpoint energy

""1 in the yield curve j, ij

curve j, and Y j(Ti) is the uncorrected yield point at endpoint energy "1

in the yield curve j. Note that this normalization procedure preserves

is the normalization factor of the yield

the shape of the yleld curve while correcting it for any possible varia-
tions in experimental conditions from one experiment session to the next.
The final yield curve was obtained by averaging the corrected yields at
each endpoint energy over all yield curves

a
- 1l
Tay-1 ); ) (90)

113

vhere ?;(Ti) is the mean normalized yield at endpoint energy Ti'
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In order to determine the cross section of the 27A1(1,2p)25Na
reaction, reduced ylelds were calculated from the mean normalized yields.
5 These reduced ylelds were calculated using Eqs. (13) and (15). The total
energy in the bremsstrahlung spectrum E(T) was obtained from the brems-
strahlung computer program. The sample transmission factor ft(T) was
% , experimentally determined and the monitor response R(T) was obtained from
; Reference 56. The 27A1(7,2p)25Na reaction cross section was obtained with
the Cook (34) Least Structure computer program from the calculated reduced
yields and from the bremsstrahlung spectra obtained with the bremsstrah-

lung comnuter program (Appendix E).

-ty




CHAPTER IV

RESULTS

‘Photonuclear Ratios

The production of unique photonuclear yield ratios as a function
of bremsstrshlung endpoint erergy in a simple manner required that the
yield of photonuclear reactions induced in element 1 of the sar-)~ remain
fairly constant over a certain energy range while the yield of photonuc-
lear reactions induced in element 2 of the sample increase over the same
energy range. This requirement was fuifilled by the KzsiF6 and teflon
sawples as shown in Figure 17. The yield curves of the figure have been
acrmalized so that all could be presented on the same graph. As seen in
Tisure 17, the IaF(y,n)lar reaction yield remains fairly constant while
the 39K(y,n)”l( and 12C(-r,n)uc reaction yields increase. The shape of
the yield curves and their relatiQe placement on the endpoint energy axis
follows from shape and location on the photon energy axis of the cross

. sections for the photonuclear reactions contributing to the ratios. These
are shown in Figure 18 (40,73-77). The lgF(y,n)lsF reaction threshold 1is
10.4 MeV (78); the cross section peaks at approximately & mb at about 12
MaV (73). The 39&(y,n)3ak reaction threshold is 13.1 MeV (78); the cross
section ;eaks at about 10 mb around 20 MeV (74-76)., The 12C(y,n)uc
reaction threshold is 18.7 MeV (78); the cross section peaks at about 9 mb
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YIELD (relative units)
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Figure 17. Relative yields of the (¥,n) reaction

in the 19?. 39!. and 12c isotopes.
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around 24 MeV (40,77).

Photonucleer yield retios were computed using Eq. (70). Potes-
sium and fluorine counts used to compute the K281F6 ratios typically
ranged from ebout 4,000 to 11,000 counts. Figure 19 shows the decsy over
time of e K251F6 sample exposed to 20 MeV bremsstrahlung. The presence

of the shorter-lived 3BK redioisotope and the longer-lived 18

F redioiso-
tope is evident. Carbon and fluorine counts used to compute the teflon
retios typically ranged from ebout 15,000 to 30,000 counts. The decey
over time of a teflon sample exposed to 25 MeV bremsstrahlung is shown in

Figure 20. The presence of the shorter-lived 11C and the longer-lived

18? is also apperent,

Mean photcnucleer yield ratios.were computed by averaging the
retios obteined in experimentel runs performed at the same endpoint energy.
Table 7 shows a breakdown of the number of runs contributing to the mean
ratio et each endpoint energy. Runs were repeated a greater number of
times at endpoint ene-gies in the region where the ratios were changing
most rapidly. Fewer runs were performed at energies where the ratioa
were slowly changing.

The photonuclear yield ratios obtained as a function of brems-
strahlung endpoint energy are preasented in Tables 8 and 9 and are showm
graphically in Figurea 21 and 22, Evident in Figures 21 and 22 is the
sensitivity (percent change of ratio per MeV) of the photonuclear yield
ratios to endpoint energy change. The maximum senaitivity of the K251r6
ratios is 437 per MeV at 19 MeV, The maximum sensitivity of the tefloa

ratioa is 41X per MeV at 24 MeV, Thus, for a given accelerator target

and amount of filtretionm, the photonuclear yield ratios are quite good
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Table 7
a Experimental runs used to compute photonuclear ratios
) KZS:IJ?6 Ratios Teflon Ratios
Energy (MeV) # Runs Energy (MeV) # Runs

13 1 20 2
14 5 21 k)
5 5 22 3
16 5 23 4

17 7 24 [ '
18 6 25 4
19 6 26 3
20 5 27 5
21 5 28 4
22 4 29 3
23 3 30 4
3 3
32 3

e e e e et
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Table 8

K,SiF_. Ratios

2°""6

Endpoint Photon II
(HeV) Ratio
13 0
14 .029 (.019)
15 .074  (.006)
16 .093 (.010)
17 151 (.016)
18 .235 (.016)
19 .306 (.029)
20 .438 (.013)
21 .515 (.016)
22 .641 (.032)
23 .641 (.016)

#Ratios are mean values, numbers in parentheses are standard

errors of the means.




114

Table 9

Teflon Ratios

&

Endpoint Photon II

(MeV) Ratio

20

21 .002 (.002)
22 .032  (.004)
23 .093 (.006)
24 172 (.006)
25 .243 (.004)
26 .302 (.002)
27 354 (.006)
28 .393 (.008)
29 .460 (.004)
30 484 (.006)
31 .514 (.008)
32 .516 (.010)

errors c¢f the means.

*Ratios are mean values, numbers in parentheses are standard
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PHOTONUCLEAR BATIO
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Figure 21. KZSIF6 photonuclear ratios.
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Figure 22. Teflon photonuclear ratios.
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indicators of bremsstrahlung endpoint and hence accelerator energy.

The photonuclear yield ratios were found to be sensitive to the
amount of filtration in the bremsstrahlung beam, When the lead flattening
filter (2.8 cm thick at center) was inserted in the beam, the ratios were
found to decrease as shown in Table 10, As seen in this table, the per-
cent reduztion increases with increasing eadpoint energy. This phenomenon
has to do with the relative proportion of higher- and lower—energy photons
in the bremsstrahlung spectrum. It is a well-known fact that lesd filtrs-
tion softens high-energy x-ray beams (14). The increase in the relative
number of lower-energy photons increases the relative lsF yleld. The

decreased number of higher-energy photons decreases the relative 38& and

11C yields. These result in decreased rstios, In the lower portion of

the energy range of the K281F6 and teflon ratio curves, ratios are prac-

" tically unaffected by the addition of the flattening filter. This may

follow from the fact that in the lower energy range there is very little
contribution from the relative 38! and 110 yields. This would seem to
indicate that the decrease of rctios with increasing filtretion is due
more to the decrease of higher-epergy photon availsbility than to the
relative increase of lower-energy photons. This can be substantieted
since the fluorine threshold is well above the energy for the minimum u
for Pb.

The influence of sample size on the teflon photonuclear retio was
also investigated. Samples of teflon rod 0.5, 0,75, and 1.0 inch in die~
meter were exposed to 25 MeV bremsstrahlung and ratios were computed. The

resultant retios vere not statistically different (standard deviatiouns

overlapped) although the larger (1.0-inch-diameter) sample exhibited s

Bl LR PSP S |
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Table 10

Effect of Filtration

on Photonuclear Ratios

I

Endpoint Reduction of Reduction of
Energy K281P6 ratio- teflon ratio

17 2%

19 5.6%

21 9.6%

23 10.7%

25 14.0%

27 15.3%

29 15.4%
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slightly lower (by 4X) ratio, It is very possible that larger sample
sizes may in fact result in different ratios. Thick-target bremsstrahlung
beams contain relatively fewer high-energy photons at larger angles from
the incident electron direction (51)., The limited increased angle sampled
in this experiment by the larger teflon rod was not sufficient to estab-
1lish this possible cause, however.

The presence of possible interference peaks in the vicinity of
the 0.511 MeV photopeaks used for ratio determination was not observed.
Thus, photonuclear ratios could be measured with confidence using a NaI(Tl)
detector. Possible interference from the B+ decay of 62Cu and 6I'Cu which
may be produced in the copper present in the aluminum can of the K251F6

samples was not noted, The 1,173 and 1.346 MeV gamma rays of 626u and

6['l'.:u, respectively, could not be seen in the spectra,

The Bremsstrahlung Spectrum

The accuracy of the thick-target bremsstrahlung calculation in
predicting spectral shape is best illustrated by comparing the results of
the calculation to experimentally-measured spectra. Unfortunately, very
few experimental determinations of bremsstrahlung spectra produced by
electrons of energies from about 20 to 35 MeV have been reported in the
literature. The calculations performed in this work were compared to the
21 MeV thick-target spectrum measured by 0’Dell (79). The present calcu-
lations also are compared to other calculations (51,53) which attempted
to simulate the O0'Dell spectrum., 0'Dell measured the spectra produced in
a composite 0.490 glcm2 tungsten - 0,245 g/cm? gold radiator by electrons

with energies between 5 and 21 MeV, His experimentsl method consisted of

measuring the time of flight of neutrons produced by the zu(y,n)lﬁ reaction
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in e heevy-water terget (79). The highest-energy spectrum was chosen for
comperison purposes beceuse it was closest to the bremsstrahlung endpoint
energies of interest in this work.

Figure 23 comperes the result of the monoenergetic endpgint cal-
culetions of this work, indicated by the solid line, to thet of Berger
and Seltzer (51), indiceted by the squares. The egreement is quite good
although the computetional procedure of Berger and Seltzer is quite dif-
ferent from the calculation performed here. Berger and Seltzer's compu-~
tation was besically e Monte Cerlo simuletion. They used the intrinsic
bremsstrahlung cross section of Olsen and Maximon et small values of
screening perameter and the cross section of Seuter et lerge values of
screening perameter (51; see also 46)., The computetion of this work was
e numerical anelysis calculetion; the Schiff cross section, differential
in photon emission angle and energy (20), was used regardleee c¢f the value
of screening parameter (the Schiff cross section assumes full screening).

Figure 24 comparee the monoenergetic endpoint celculation per-
formed here (solid line) to the celculetion of Ferdinande (53), ehown by
the circles. Agreement is good except at the epsctrum tip. Ferdinande's
intrinsic cross section was the extreme reletivistic Bethe-Heitler croes
section integrated over photon emission angle, He epproximated the angle
of photon cmission with e Gaussian fit to the calculation of bremsstrah-
lung mean square angles performed by Steerns {20). The increesed number
of photons in the tip of the Ferdinande spectrum may be due to his choice
of intrinsic cross section. The extreme relativietic Bethe-Heitler croee
eection, with screening and Coulomb corrections, conteins a lerger aumber

of photons in the tip than does the Schiff croass section (8l1). 1In the
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RELATIVE PHOTON NUMBER
Ll

PHOTON ENERGY (MeV)

Figure 23. Compsrison of the 0'Dell spectrum
calculated in this work (solid line) with the spectrum
of Berger and Seltzer (51). Spectra have been normalized
at mid-spectrum.
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Figure 24. Comparison of the 0'Dell spectru=m
calculated in this work (solid line) with the spectrum
of Ferdinande (53). Spectra have been normalized at
nid-spectrum,
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case of Ferdinande’s work it is not clesr, however, why an extreme rela-
tivistic cross saction, assumed valid at very large endpoint energiles,
would ba used in the energy range from 5 to 21 MeV, Also unclear is the
reason for using an integrated-over-angle cross section and an spproxi-
mated angle of photon emission bssed on calculations performad for 50 to
300 MeV bremsstrshlung (the Stearns' caleculations).

The spectrum resulting from the calculations performed in this
work are, finally, compared to tha experimental data of 0'Dell (79) in
Figure 25. The solid line represents the monoenergetic endpoint calcula-
tion, the dotted line represents the calculation with a 132 energy spread
(79), and the triangles represent the exparimental data of O’Dell. Tha
points were obtained at integral MaV photon energles from the smooth
curve drmm by the zuthors through their experimental points. The error
bars shown on salected points were obtained from the same curvn." Although
the present calculation appeara to underestimate the mean number of pho-
tons in the tip, cthe calculated spectrum is within the error bsrs of tha
experimental points. The 13X correction shows a marked improvement over
the uncorrected calculation. It should be noted that Ferdinande's calcu-
lation comes closest to eatimating the shape of O0'Dell’s experimental
spectrum. However, recall thst Ferdinande assumes an ¢xtreme relativistic
cross asection containing more photons in the tip than does the Schiff
croaa section, used here.

FPigure 26 shows the shapes of the flattened (photon I) and unflat-
ter.ed (photon II) 25 MeV bremsstrahlung beams of the Sagittaire linear
sccelerator as predicted by the thick-target tremsatrahluag calculations

of this work, The effect of the lead flattening filter (photon I) 1is
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RELATIVE FHOTON NUMBER
|-

v
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FHOTON ENERGY (MeV)

Figure 25. Comparison of the 0'Dell spectrum
calculated in this work (solid line) with the
experimental data of 0'Dell (79). Spectra have
been normalized at mid-spectrum. The do:ted line
shous the effect of electron-energy spread.
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ZELATIVE PHOTON NUMBER

LI
5 10 15 20 25
PHOTON ENERGY (MeV)

Figure 26. Sagittaire - photon I (flattened) and photon II-

25 MeV spectra {rormalized at mid-gpestruz).
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clearly shown. Th¢ flattened beam has a lower relative number of high-
energy photons and a higher relative number of lower-energy photons than
does the unflattened beam. It is this "beam softening" effect that is
the suggested cause of the reduction of photonuclear ratios discussed in
the previous section.

Appendix F contains selected calculations of thick-target brems-
strahlung spectra. The endpoint energies for which the calculated photon
and energy fluences are shown correspond to the nominal energles of com-
mercially available high-energy accelerators. These energies are 25, 24,

22, 20, 18, and 15 MeV. For each energy, both a "monoenergetic endpoint

pectrum®

L

and a spectrum produced by electrons having a *2X energy spread

are shown,

Electron Multiple-Scattering

The caiculation of thick-targct bremsstrahlung spectra required
prior knowledge of the angular distribution of electrons scattered by
mueltiple collisions in the slabs of the target. A frequently used approxi-
mation to the electron multiple-scattering distribution is obtained from
the theory of Molidre (55). The firat term of Molidre's formulation 1is a
Gaussian function for which the RMS angle of multiple-scattering is given
by Eq. (8la). Hanson (72) measured the angular distr : :tiom of ¢'ectroans
scattered in thin foils and found that a renormalization of Molidre's
first term resulting in a Gaussian with reduced width rcpresented a better
approximation to his experimental data. Hanson's renormalization consisted
of subtracting the number 1.2 from the Moli2re parameter "B" [see Eq.
(8la)]. Similar renormalizations have been performed (82). The results

of the meas'rement of the angular distribution of electron muitiple scat-
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tering in the target of the Sagittalre accelerator demonstrated that
renormalization of Moli2re's first term into a Gaussian with reduced width
also was required in this experiment.

The results of the investigation into the multiple-scattering
distribution of electrons in the Sagittaire target are shown in Figure 27.
The open triangles represent relative number of 116 counis as a function
of angle from the bremsstrahlung beam central axis. The smooth curve is
the Gaussian fit to the experimental points. The standard deviation of

the Gaussian curve [eheas of Eq. (85)] was 4.27 degrees. The effective

angle of multiple-scattering obtained from the bremsstrahlung computer

program [Géff of Eq. (85)] was 7.57 degrees resulting in a normalization
factor F of 1.773.

The Molidre B is a function of slab thickness. For a slab thick-
ness of .0386 glcm2 (slab thickness used in the computer programs, B=
7.35 (67). The RMS angle of multiple-scattering is a function of the
square root of E. Because the normalization factor was obtained from a
measurement of angle, it was squared first and then divided into B = 7.35
to yleld a corrected (rénormalized) B of 2.34. Thus B was decreased by
subtracting 5.01 from the tabulated value (67). It should be pointed out
that, although this renormalization amounts to a substantial correction
to the Molidre B factor, the renormalization procedure ﬁus found to ‘have
a practically negligible effect on the shape of the bremsstrahlung spectra
produced in the computer program. The correction was still incorporated,
however, for the sake of simulating actual experimental conlitions as

closely as possible,
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Figure 27. Gauesian fit to the experimental points of the

measurement of electron multiple scattering wngle.
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2 2
The 7Al("r,‘Zp) 5Na Cross Section

The measured normalized yield of 27Al(y,Zp)zsNa reactions as a
function of bremsstrahlung endpoint energy from 25 to 33 MeV is showm in
Figure 28, The units on the ordinate are number of reactions per unit
response of the radiation monitor system in volts. The standard errors
of the data points are less than the size of the points. The data below

25Na counts in

27 MeV show significant scatter because of the absence of
.:hat region resulting in poor counting statistics. Above 27 MeV the yield
ilacreases continuously. Several "breaks," changes in the rate of climb

of yield as a function of increasing endpoint energy, are apparent in‘the
yleld curve between 27 and about 31 MeV, These breaks occur aghapproxi—
mately 27.3 and 30.3 MeV, Some of these breaks have been observed previ-
ously (7,57), but a determination of cross section has never been made to
verify if in fact the breaks corresponded to resonances in the cross sec—
tion.

In order to determine the cross section of the 27A1(y,2p)25Na
reaction, the normalized yield data of Figure 28 weres converted to reduced
yield (number of reactions per target nucleus per cm2 of sample). This
was accomplished using Eq. (15). .The factor E(T) of Eq. (13) is the total
energy in the bremsstrahlung spectrum as a function of endpoint energy.
Becsuse, for comparison purposes, the reaction cross se;:tion was obtained
using both Schiff integrated-over-angle and thick-target bremsstrahlung
spectra, both spectra were integrated as s function of endpoint energy
and simple analytical expressions were fit to the integration results.

The total energy curves for Schiff and thick-target spectra as a2 function

of endpoint energy between 15 and 35 MeV are shown in Figure 29. The
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Figure 29. Comparison of the total energy in
Schiff and thick-target spectra.

1,._-., -..x- e e m mow —— e - B A R e S S A

I e, P (L I

T T T A
PR U R TN T ST Uty NN W e AT ) TUN R W T W T T U W G W S g




132

curves were normalized at 25 MeV, As expected, because of the greater
number of lower-energy photons in the thick-target spectra and their rela-
tively large contribution to the total spectrai energy, the thick-target
total energy curve increases more rapidly with increasing endpoint energy
than does the Schiff total energy curve. The reduced yleld curve obtained
using thick-target total energy thus increased more rapidly with increas-
ing endpoint energy than did the reduced yleld curve obtained witi: Schiff
opectral total energy. This is shown in Figure 30 where the Schiff
reduced yield 1s represented by circles and the thick-target reduced
tyield is represented by triangles. The reduced yields of Figure 30 were
normalized at 29 MeV. Only data points at half-MeV intervals ;;e shown.
The 27Al(y,Zp)ZSNa cross section as a function of endpoint energy
obtained with the Lesst Structure computer program (36) using thick-target
bremsstrahlung spectra corrected for the 2% endpoint energy spread is
shown in Figure 31, The xz (amount ‘of smoothing) applied to the cross
section from 27 to 33 MeV was 99 when the Lagrangian multiplier (i) was
(1.0)10—a (see the Analysis ard Solution of Photonuclear Yields section
of Chapter II). Evident from Figure 31 is the structure in the cross sec-
tion expected from the bresks seen in the normalized yield curve (Fig.
28) . Figure 31 shows cross section resonances st about 27.3 and 30.3 MeV,
Relative resonance magnitudes are directly related to rélative changes in
slope of the yield curve. The undershoot below 27.0 MeV is due most prob-
ably to statistical fluctuations produced by the scatter of measured
yields in that energy range.

The absolute magnitude of the cross section was obtained by nor-

malizing the integrated cross section to thst of Aull and Whitehead (21).
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The integrated cross section reported by the above authors agreed with
previous measurements (83), After normalization, the integrated cross
section from 25 to 32 MeV was 1.6 MeV-mb, and the peak cross section was

.35 mb at 27.3 MeV. The magnitude of the cross section resonance at 30.3

e Tt el
L T L
2 Pegd B8 A

MeV was .31 mb.

27Al(v,2p)25Na cross sectiom

There are d'fferences between the
obtained here using thick-target bremsstrahlung spectra and the published
27A1(y,2p)25Na cross section of Aull and Whitehead (21), which is shown
in Figure 32, One difference is the lack of structure in the Aull and
Whitehead cross section. The above authors made measurements qf yield in
1.0 MeV intervals from 25 to 36 MeV and in 2.0 MeV intervals from 36 to
65 MeV, In addition, they smoothed the yleld curve before analyzing it
for cross section determination. Finally, the cross section itsglf was
spoothed, as illustrsted in Figure 32 by the difference between-the smooth
curve and the points, The smoothing procedures, in combinstion with the
lack of resolution resulting from yield measurements at only integral MeV
values from 25 to 36 MeV, may account for the lack of structure in that
energy range. In the present work, yleld measurements were made in 0.25
MeV increments and no smoothing was applied to the yleld curve. The

increased resolution of the present measurements and the use of Least

Structure to analyze the data (requiring no yield smoothing) permitted a
more detalled examination of possible structure in the cross section.

Other differences between the cross section reported here and
that of Aull and Whitehead are the location of the peak cross section and
the cross section trend with increasing endpoint encrgy. The above

authors’ cross section increased constantly with increasing endpoint
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energy and peaked at 32.0 MeV (21). The cross section reported here peaked
at about 27.3 MeV, contained a resonance at 30,3 MeV, and thereon had an
essentially downward trend with increasing endpoint energy. It is suspec-
ted that the difference in peak cross section location is due to the dif-
ferent bremsstrahlung spectra uséd for cross section determination. Aull
and Whitehead analyzed their data using Penfold and Leiss matrices (34)
which were obtained from thin-target (Schiff) bremsatrahlung apectra even
though they report a target thickness of .58 glcm2 tungsten. The croas
section reported hare was obtained using thick-target bremsatrahlung

. spectra. The 27A1(7,2p)2sﬂa yield curve measured in this work was also
analyzed using Schiff spectrs to demonstrate tha dramatic effect of brems-
atrahlung spectral shape on tha resultant crosa section,

The cross section as a funccion of endpoint energy obtained by
analvzing the 27Al(7,2p)25Na yield curve measured in this study ;tilizing
Schiff spectra is shown in Figure 33, The xz applied to the cross section
from 27 to 33 MeV was 58 when )\ = (1.0)10-12. The cross section now peaked
around 32.5 MeV. This result is in agreement with that of Aull and White-
head (21), who obtainecd a pesk cross section at 32.0 MeV, The differences

in the two cross sections obtained from the same yield data uaing both

thin- and thick-target bremsstrahlung spectra can be due only to differ-
ences in thin- and thick-target spectral shapes.
Figure 34 shows the Schiff and thick-target 30 MeV spectra used

in the Least Structure program to produce the 27A1(Y.2p)25Na thin- (Schiff)

= and thick-target cross sections. The curves have been normalized at 27.375

MeV. Note the much largar proportion of lower-energy photons in the thick-

b e
e o4

target spectrum as compared to the relatively constant number of low-energy
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' Figure 34. 30 MeV Schiff and thick-target spectra
H usad in the cross section analyses.

PRI e Ay P W A T UL Loy Sy SR i S T rr e Wity BN Ty Dyt B! S s P B




140

photons in the Schiff spectrum. In an analysis of photonuclear yield to
produce a cross section, this characteristic shape of the thick-target
spectrum will have a profound effedt on the resultant cross section. At
a given endpoint energy, the numbar of photonuclear reactions induced in
a aample are produced by all phofons in the spectrum of energy exceeding
the threshold energy of the reaction. In ithe case of thick-target brems-
atrahlung, because of the large proportion of lower-erergy photons, more
reactions are produced by photons in the lower enmergy rang: than are pro-
duced by photons near the tip of the spectrim (assuming tha cross aection
does uot change appreciably over the same energy range). This fact was
verified by examining the resolution function of the thick-target
27Al(Y,Zp)zsNa crosa section and noting the influence of lower energlea
on crosa aections at higher energies., Thus, for a given photonuclear
reaction, yields produced by thick-target bremsstrahlung increas; more
rapidly with increasing endpoint energy than will yields produced by thin-
target (Schiff) bremsstrahlung. If a yleld curve produced with thick-
target bremsstrahlung is analyzed for cross section using Schiff apectra,
the resultant cross section will show a continuous increase with increas-
ing endpoint erergy. Thia ia due to the combined effect of: 1) an
increased availability of photons possesaing energies that exceed the
threshold energy of the reaction thus resulting in a more rapidly increas-
ing yield, and 2) the lack of a proportionately larger number of low-
energy photons in the bremsstrahlung spectrum used to analyze the yield.
The aforementioned effect ia responsible for the cross section

shown in Figure 33. The cross section continuously increases because of

the increased yilelds produced by lower-energy photons in the thick-target
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bremsstrahlung used to produce the yields. The good agreement between
the thin-target cross section obtained here and the Aull and Whitehead
cross section seems to suggest that the above authors may have made &n
unfortunate choice of bremsstrahlung spectrum in their analysis. Aull
and Whitehead irradiated their aiuminum samples with bremsstrahlung pro-
duced in a 0,98 glcm2 tungsten target (21) and analyzed their yield curve
using Schiff spectra. The choice seems inappropriate, particularly in
view of the relatively good agreement of the thick-target calculations
performed in this work with the data of 0'Dell (79) which was obtained

th a target of less thickness (0.735 g/cmz).
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CHAPTER V

CONCLUSIONS

‘Photonuclear Ratios

Photonuclear reactions are particularly well-suited for the study
of high-energy bremsstrahlung spectra. Their aptness as a research tool
for this type investigation is afforded by virtue of tha dependance of
photonuclear-reaction cross sections on photon energy. Photonuclear-reac-
tion thresholds and cross-section resonances have been used in the energy
calibration of linear sccelarators (6-8) and in the determination of thin-
target x-ray spectra (5). Rat!os of photonuclear yialds in salect mater-
ials have been used as indices of thin-target x-rsy quality (9,10). The

research reported hare utilized photonuclear reactions to study the dis-

J

tribution in energy of photons in thick-target x-ray spectra and the effact

3

of spectral shape on photonuclear yield measurements and cross saction

LIS P L

determinations,

Photonuclear yield ratios in K,SiF, and in teflon hava been

27776
obtained which serve as indices of thick-targat bremsstrahlung quality in

¥ =TS

kE LT

the ensrgy ranga from about 14 to 30 MeV, Many commercially available
linear accelerators possess nominal energies in this range, with endpoint

energies of 15, 18, 20, 22, 24, and 25 MeV being most common., Photonuclear
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ratios published previously (9,10) were obtained from essentially thin-

i target x rays and failed to provide unique indices from 15 to 25 MeV.
:: Ratios in K251F6 demonstrated a sensitivity (percent change of ratio per
ﬂé MeV) of about 26X at 15, 31% at 18, and 17% at 20 MeV. Ratios in teflon

had sensitivities of sbout 75X at 22, 41X at 24, and 27X at 25 MeV.

. The ratios obtained here, and hence the reported sensitivities

v

, .
talelola n’a

as a function of endpoint emergy changs, apply in a strict sense only to

e, ey

lightly-filtered (2.7 mm Pb) thick-target (4 mm W) bremsstrahlung produced

Lt e

by electrons posssssing an energy spread of *2X of the mean kinetic ensrgy.

The insertion of a thicker flattening filter (2.8 cm Pb), on the other

AeLini

hand, reduced the ratios by only approximately 15% in the worst case (29

MeV teflon ratio). The effect of different targst thicknesses on ratio

P I e |

CE I XV e |

senaitivity could not be invezatigated., Nath and Schulz (9), however,
65

U]
Lalea

}eport only a 10 decreaae of their CulagY ratio at 30 MeV when the

target thickness was increased from about ,35 to 2.2 radiation lengths.

ol 3
L

cave

Different initial electron-energy distributions also could affect ths
reported magnitudes and ssnsitivities of the ratios. The result of elec-
2 tron-energy spread on the bremsstrahlung spectrum aeems to be & net
increase in the number of photons comprising the apectrum tip. Thus, it
ia susp:cted that an increased electron-energy sprsad may increase the
magnitude of the ratio at the mean endpoint energy. On the other hand,
ratio senaitivity should not be appreciably affected.

Because ratios in K251F6 and teflon are independent of the masa

of the sample, the flux of photons and the efficiency of the counting

WYV RYER

asystem, they should be c«tremely useful to medical phyaicists seeking to

augment their accelerator quality control proyram with a simple yet sen=-
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sitive index of x-ray quality. The absence of strong lines in the vici-
nity of the .511 MeV photopeak auggests that a NaI(Tl) counting system
could be used in lieu of a semlcondu~ttor system, provided that background

corrections are made in a careful and reproducible manner,

‘The Bremsstrahlung Spectrum

The review of the photouuélear literature which was conducted in
preparation for this work conveyed the fact that thick-target bremsstrsh-
iung speccra.had never before been utilized in the analysis of photonucléax
ylelds for cross-section determination. To this purpose a computer program
was developed which consisted of a numerical-analysis c¢: ‘culation of thick-
target bremsstrahlung spectra. The -~omputer program was capable of calcu-

lating spectra at any endpoint energy from 10 to 35 MeV from targets of

~ essentially any thickness and atomic number. Provisions were made to

include the effects of endpoint-energy spread. Electron-energy spread has
never been incorporated before into calculations of this type. The program
was checked by comparing the results of a simulation made of the 21 MeV
thick-target spectrum of 0'Dell (79) with his experimental measurements

and with the results of other cal9ulations (51,53). 1In general, the
results of the simulation compared quite favorably with the published
measurements and calculations, particularly when electrgn-energy spread

was considered. The largest discrepancies occurred at the high-energy end
(tip) of the spectrum. The reasons for the discrepancies are: the inabil-
ity of Born approximation calculations to characterize the spectrum tip,
the unavailability of calculations appropriate for spectra of energiles

less than about 30-50 MeV that do not incorporate the Borm approximation,

and the extreme experimental difficulties of measuring preciaely the tip
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of bremsstrahlung spectra. Even to this day, further theoretical and

experimental research is needed badly in this area.

The 27Al(y,2p)25Na Cross Section

The 27Al(Y,2p)25Na cross section reported here was obtainad from

measurenents of yield made at 0.25 MeV increments from 25 to 33 MeV. This
cross section had never been calculated with such energy resolution, The
increased resolution of this experiment allowed inspection of possible
structure in the cross section. The cross section of Figure 31 shows tw;
resonances, one at 27.3 MeV and one at 30,3 MeV. This structure is unique
possibly indicating the existence of states at these high energies,
Absorption by 2 %fiw single-particle-like transitions from deep~lying shells
may be responsible for the cross section at these energies (43), Transi-
tions from lp and ls shell states may be important in the absorptiom of

photons above 20 MeV in nuclel such as 27A1.

.......
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APPENDIX A

The Shell Model of Nuclear Structure
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The starting point in the understanding of nuclear structure is

the Schrodinger equation which is (84,85)

a2 2 5y

where

X =h/2r ; h = Planck's constant

m = rest mass of particle

S R L 1
Ix< ay“ 9z

¥ = wave function of particle

v

V = potential energy of particle

i= (--1)li .

I1f the potential energy is independent of time, we cen separate space and
time veriables (a tachnique for solving certain diffe_=ntiel eqd;tions

which is used frequently) by setting
Y = y(x,y,z,)c(t) (42)

vhere y(x,y,z) and (t) are functions exclusively of space snd of time

veriables, respectively. Substituting Eq. (A2) into Eq. (Al) and dividing

by V¢ yields
7 EE!.+ vaBde (A3)
= v g dt

Since the left-hand side of this equation depends only on space variables
and the right-hand side oaly on time, the equetion cannot be satisfied
for all pointa in space at ell ¢times unless each side is equal to the

same constant, Call this "separetion constant" the total energy of the
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system, E. The right-hand side of Eq. (A3) is readily solvable yielding

solutions
;= exp[-1(EM)t] (Ad4)

where, for convenience, the constant of integration has been set equal to
unity. The left-hand side of Eq. (A3) can be written (after rearranging)

as

o

This equation is the time-independent Schrodinger equation, an equation
which will be rgferred to often in this =~-tion.

The basic assumption for any shel) model is that despite the
strong overall interaction between nucleons which provides the binding
‘energy of the nucleus, the motion of each nucleon is practically indepen-
dent of that of any other nucleon. Each nucleon is then assumed to move
in and under the influence of the same potential. Under this assumption,
the model is known as the single-particle or independent-particle shell
model. In the simplest case, the potential is assumed to be spherically
symmetric in nature. Under this condition, Schrodinger's time-indepen-
dent equation, Eq. (A5), may be expressed in spherical coordinates (Fig.

Al) r, 8, ¢, as (86,87)

1 %y

t oy st g (B - V) =0 (A6)

vhere now § = §(r,8,¢) and the potential V(r) is a function of r exclu-

sively.
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Figure Al. Spherical coordinates.
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Equation (A6) may be readily separated into three independent

equations, each involving only onme coordinate

¥(r,8,9) = R(r)e()(9) (A7)

where 'R, %, and ¢ depend only on r, &, and ¢ respectively, Carrying out
the separation and defining separation constants m 2, £4(L + 1), where
m, and £ are to be defined shortly, yields three differential equatioms

each a function of a single variable (87)

2

gﬁ + mfe -0 (A8)
2
L£(441) - m
1 d (sin & . ) 4 -
sinG do 35) + sin%e e=0 (49)
. 2 -
L4 [Bavo 2)ae

The solution of Eq. (A8) along with the condition that ¢ must be
single-valued at a given point in space results in the condition that m,
he either O or a negative or positive integer. Equation (A9) has a
rather complicated solution in terms of associated Legendre functions
which exist only when the constant £ is an integer equal to or greater
than the absolute value of m,. The above requirements can be expressed

as conditions on mL such that

my= -8, -L+1, .o, 0, iy 21,2 (ALL)
and on £ such that

L=0,1,2,3, ... . (A12)

A = g T T g s T
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The constants ml and £ are known as the magnetic quantum number
and the orbital quantum number, respectively. Quantum numbers describe
the "state" of a nucleon, Similarly to atomic physics, for £ = 0, 1, 2,
3, 4, 5 the spectroscopic notation s, p, d, £, g, h is used. From Eq.
(All) it is evident that for a given orbital quantum number £, the mag-
netic quantum number, m,, may take on one of the 2£ + 1 values, These
values correspond to the 2 + 1 possible orientations of the angular
momentum vector of a nucleon when in the presence of a magnetic field.,

A p-state (£ = 1) nucleon, for example, may have any one of three magnetic
sublevels: m, = <1, 0, or 1. A third quantum number, commonly denoted
by m  or s, has been called the intrinsic spin., It describes the direc-
tion of the nucleon's spin and may take on the values m, = % or m = .

The radial wave equation, Eq. (Al0), can be transformed into a
}orm which is analogous to a simple one-dimensional wave equati;; (86).
To accomplish this, the so-called modified radial wave funmction, x(r),

defined by

x{r) = rR(r) (A13)

is substituted into Bq. (Al0). The radial wave equation then becomes

simply (after rearrarging)

THET

ip_
53 2 .2 2 ’

Solution of this equation requires knowledge of the exact shape of the
potential function V(r).
The radial shape of the nuclear field is well-known from scat-

tering experiments, but its use in Eq. (Al4) makes the solution of the
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Schrodinger wave equation extremely complicated. Therefore, simpler forms
of the potential, V(r), commonly are used. The choice of the potential
form is restricted by two rather stringent conditions (88):

1. Since V(r) represents the actions of the other nucleons and
the nucleon density at the point r = 0 is not essentially different from
that at any other place inside the nucleus, V(r) at r = 0 is not expected

to be singular., Furthermore, since V(r) is spherically symmetric,

[dg L1 (A15)
r
r=0

2. The potential must ko to zero rather abruptly at the nuclear

surfsce, that is when r approaches the nuclear radius

[é.}g_).] > 1Y for xR - (a16)

There are two well-known potentials that satisfy those condizions: the
square well and the harmonic oscillator potentials.

The square well potential has the fomm
v(r) = (A17)

The shape of the square well potential is presented in Figure A2a. A

solution to Eq. (Al4) when V(r) is given by Eq. (Al7) is sought; that is,

2 .2 2

vhen £ = 0 (s states), the problem reduces to that of a& particle in a box
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(a)

(b)
v .
r
!
!
!
1
[
[
T
Vol
.- Figure A2. The aquare well (a)
and harmonic oscillator (b) potentiala.
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of sides R and potential within of Vo The energy eigenvalues which
result are given by
d 242
- n'r
Bao = Vot TmRT w9
where n, the radial quantum numbsr, is the number of nodes of Eq. (Al3).

When £ > 0, the situation is more complicated. Solutions are given by a

set of functions known as spherical Bessel functions of order £ (89,90)

L L
Lyrr 1 4d sin kr
Jp(kr) = (-1) (E) T dr) T2 (A20)

where the Jz(kr) are the spherical Bessel functions of order £ and the

constant k is given by

K2 = 2nEm2 . (A21)

The energy levels resulting from Eqs. (Al19-A21) are shown in
Figure A3a. Each level is 2(2L + 1) orientationally degenerate. The
numbers in parentheses above each energy level of Figure A3a correspond

to the accumulated total of nucleons resulting in subshell closures up

LR
A
Pasts tene Tay

to that level., These are 2, 8, 18, 20, 34, 40, 58, etc. and, with the
exception of 2, 8, and 20, do not correspond to the experimentally
. obtained "magic numbers” 2, 8, 20, 28, 50, 82, and 126, corresponding to
the number of protons or neutrons in the nuclei of particularly stable
elements.
The harmonic oscillator potential has the form

-V°[1 - (rln?)] r<R
V(r) = (A22)

- - -

PP PRG-I I AP Gl WAL R W




161

1g2d3s (70)
1'92] [ 38 + 30
2 1£2 (40)
(68) 2d P
(58) lg - 1d2s (20)
(600 | 2p -+ 20
(34) 1£ \ J
20) e lp (B} _
(18) 1d
L 10
1s 2
.____Iﬂl.___ lp
(2) ls
4 0
E (MeV)
(a) (b)

Figure A3. Energy levels due to an infinite square well
(a) and a harmonic oscillator (b) potential.
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The shape of the harmonic oscillator potential is shown in Figure 42b.

Solutions (91) of the radial wave equation [Eq. (Al4)], when the poten-

tial is given by Eq. (A22)

.
woAl b
ride e,

ad

.. 2 2 2
-h d
pak AU _z%;_#] X = (2

H LS
LU R A4

5
&
ol

result in energy aigenvalues given by (88)

Egp = (22 = 1) + L] + -3"';’--_ v, (A24)

where

o = (zvo/uu:z)"5 (A25)

The energy levels resulting from Eqs. (A24-A25) are depicted in
-Figure A3b, Note that in addition to the 2(2£ + 1) orientational degen~
eracy, except for the first two levele, this level scheme has "accidental"
degeneracy between levels of different n and £, Note also that after the
first two levels, each subsequent oscillator shell begins with £ larger
by one unit and contains all £ values of the same parity (a symmetry
operator having to do with wave function evenness/oddness) dowm to the
lowest one, As in Figure A3a, the aumbers in parentheses (2, 8, 20, 49,

70, 112) represent the total occupation number of all lower levels up to

the one undar consideration (inclusive). With the exception of the first
three occupation numbers (2, 8, 20), again the magic nimbers (2, 8, 20,
28, 50, 82, 126) are not reproduced.

So far the classification of levels has been basad only on the

orbital momentum quantum number £, under the assumption that spin-orbit
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interactions play only an unimportant role. This is so in the atomic
case, where this interaction causes only a slight splitting of the levels
3 = L % which 1s small compared to the distance between levels of dif-
ferent £. In the nuclear realm, however, experimental evidence has
revealed the presence of a strong interaction between orbital angular
momentum and intrinsic spin angular momentum which may cause a rather
large splitting of energy levels that may no longer be insignificant when
compared to the distances between levels of different £.

A spin-érbit coupling model has been auggested in which there is
a strong spin-orbit interaction, proportional te L*S, in addition to the
potential V(r), acting on a nucleon in the nucleus, The magnitude of
this spin-orbit interaction depends on, in addition to the magnitude of
the orbital angular momentum vector, the relative orientation of the spin
"and the orbital angular momentum vectors. The spin-orbit 1nter&;tion in
this case (in contrast to the atomic caae) is inverted, which means that
a nucleon in a § = £ + ) state has less energy than a nucleon in a j =
L - ) state., Since the energy of a level depends strongly on the align-
ment of spin and orbit, it is no longer justifiable to characterize a
level simpiy by its £ value, The total angular momentum j must be speci-
fied also.

The level sequence, a harmonic oscillator potential [Bq. (A22)]

£ ydified by stromng spin-orbit coupling, is shown in Figure A4 (88).

Owing to the spin-orbit coupling, the nuclear shells are not the same as

the oscillator shells., It is seen that in the three loweat oacillator
levels groups (ls, lp, 2ald) the grouping 1s not appreciably changed.

Hence, the lower shell occupation numbers (2, 8, 20) are not affected by
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Figurc A4. Harmonic oscillator energy

levels with spin-orbit coupling. Ref. (88).
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the spin-orbit splitting. However, the level 1£7/2 of the next oscillator
level group is appreciably lowered and is brought into isolation from the
other levels wbich indicates shell closure at occupation number 28, Still
mora drasticslly, the 1g9/2 level from the 4fw oscillator group }s brought
down close to the praceding oscillstor group producing a wide gar after
occupation number 50. Here the spin-orbit splitting clearly becowes tha
dominant feature in tha level avrangement., Thus, tha spin-orbit cuupling
reproduces all magic numbers exactly as can be evidenced from Figurs A4.
Although the spin-orbit shell model of nuclear structura pro=-
vides a sound explanation for many nuclear phencmena which are exparimen-
tally observed, the simple modal given above is not sufficient. For
example, tha model cannot explain why any even number of identical nuc-

leons couples to zero ground state spin., Evidently there must be a

‘nucleon-nucleon interaction which favors the pairing of nucleons with

opposing angular momenta., An attractive interaction between nucleons
must therefore be added to the single-nucleom spin-orbit interaction,
which gives rise %o a pairing anergy. From theoretical considerations,
it appeara likely that the magnitude of tbe pairing energy increases with
the £ value of the pair and that for this reason tha higb-spin states
predicted by tha spin-orbit model are not found in odd-A ground state
spins (85).

Anotber feature not included in the simple shell model is the
distorting effect of the outermoat nuclaons on the other nucleons in a
nucleus, Suppose a single nucleon is added to a closed shell nucleus,
This nucleon will usually have a high £ value and therefore its vave

function will peak close to tha nuclear radius., In terms of a classical
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plcture the nucleon circles around a closed shell nuclear core. The

attraction between the nucleon and the core distorts the core. If more !
nucleons are added outside of the core, a point will be reached when it

is permanently deformed with an accompanying effect on the orbits. The

deformation may result in a nucleus of ellipsoidal shape. A quantum- ‘
mechanical body which has an axis of symmetry such as an ellipsoid of

revolution can undergo rotations about an axis perpendicular to the sym-

metry axis. The energy spectrum of such a “rotator" is quite character- I

istic (85). There are many cases of even-even nu:lei in which this spec-

T NS N

trum has been found. Thia leads to the conclusion that deformed nuclal

indeed exist. l

In any finita potential well there are bound energy levels,

HER RS AL B

corresponding to states of energy E < 0 {assuming V(r + =) = 0], and

—unbcmnd or virtual levels of states of energy E > 0, Virtual states '

result from the fact that the deBroglie wave of a nucleon is reflected at K

R

the edge of the potential well even though its total energy may exceed

]
7 the potential energy in the well. Thus, approximately-standing waves are :
formed within the potential well, the amplitude of the wave function can .
be very large within the well, and a virtual state occurs. A nucleon :
|

may vacate a virtual state after aome mean life v, causing it to have a

width for pcrticle emission I' given by

r =4/ (A2¢) R
A virtual state may also decay to a lower state by gamma-ray emission. g
Bound levals, on the other hand, may decay only by gamsa emission. ‘
|

According to the single particle shell model, & given nucleus
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(Z,N) consists of Z protons and N neutrons eech pleced into bound levels

of increasing energy in accordance with the Pauli exclusion principle.

In the ground stete of the nucleus, all nucleons are in their lowest

energy states. The simplest excited stetes of the nucleus ave formed by
raising the outermost nucleon to a higher stete, The corresponding exci-
tation spectrum of the nucleus is called the single perticle level spec-
trum with levels as shown in Figure A4, However, upon inspection of

actual level spectrsa, many more levels than expected frum the single-
particle spectrum are observed. Present theories indicate that the single-
particle spactrum is ectually "dissolved" among many levels eech of which

consists of complicated excitations of more then one particle (85).
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In the quantum mechanical treatment used to explain nuclear
structure (Appendix A), the simplifying assumption that the potential
energy term, V, of the Schrodinger equation was constant in time was made.
This assumption was necessary to allow separation of the complete equation
into time-dependent and time-independent equations. Use was made of the
time-independent equatior, Eq. (AS5), and time-invariant expressions for
nuclear potentials to obtain energy states that were necessarily constant
in time. No explanations concerning transitions of any kind from one
state to another were provided. 1In order to describe transitions and
allowed states, quantum mechanical perturbation theory is employed.

The cases in which the Schrodinger equation, Eq. (Al), can be
solved exactly sre extremely rare. Perturbation theory is the most impor-
tant method for obtaining approximate solutions to Schrodinger's equation.
The method is applicable to eny situation in which the Hamiltoni;n H (see
below) describing the system under consideration i1s not much different
from the Hamiltonian HB, describing some similar system simple enough so
that soluticns to the Schrodinger equation are knowa exactly (89).

The Hamiltonian, or total energy operator, R given by

t 2

A
B-—za—v + Vv (31)

is simply the operator on the left-hand side of Eq. (Al). When a system
is perturbed (such as in the emission or absorption of electromagnetic

radiation), its total Hamiltonian, H, is affected and

H= Ho +H (32)

vhere Ho is that part of the Hamiltonian that permits calculation of the
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properties of the allowed states of the system and H' is the effect of
the perturbation on the Hamiltonian.

The operator H' may be thought of as "inducing transitions from
one allowed state to another” (84), If the initial state of the system
(prior to transition) is labeled wi and the final state of the systen
(after the transition) is labeled Ve then a measure of how much the wave

function H'¢i is like the wave function wf is given by the overlap inte-

gral

M= <¢fln'wi> = fwf*n'tbid'r (B3)

where dt is an element of volume and the integral is over all space. The
quantity M is called the "transition matrix element." The matrix element
is an important quantity since its square is proporticnal to the prob-
abilicy that the perturbation will transform the state deacribe;’by ﬁi to
the state described by ¢f. The matrix element contains the wave functions
of the states between which the transition occurs. It is therefore the
quantity that determines the effect of the spins, parities, and detailed
structures of the two states on the transition probability.

To calculate the probability for a transition, an expression for
H' is needed. H' is the energy of the interaction between the electric
and magnetic fields associated with the incoming photoﬁ and those associ-
ated with the target nucleus. These electric and magnetic fields may be
expressed as an expansion in terms of their component electric and mag-
netic multipoles, This expansion may be better illustrated by reference
to Figure Bl. The electrostatic potential V et the point P due to a pro-

ton of charge e at the point (r,9) is (84)

- e am ey mem e wae E e mEs el g e e gl .
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EES}EAR SURFACE

CM - Nuclear center
of mass
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d= (Dz - 2Drcose® + rz)l’

Figure Bl. Definition of quantities relevant to
the discussion of nuclear electric multipoles.
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V= 4“10 e/ [D[l - (2r/d)cose + rlezlk] . (B4)

This equation is usually expressed in terms of the Legendre polynomials

Pn(c0399 using the identity

- . z
L. (5)r (089 = 111 - (2x/D)cose + £/0P1 (B5)
n=0

in which case the expreaalon for V becomes
- n
T L3
Vb5 n§0 ORXEE (86)

This equation is the electric multipole expansion. To calculate the poten=-
tial at P due to &.! protons In the nucleus, it is necessary to sum the
‘potential at P due to each separately. After summing the potenéial at P
due to all Z protons in a nucleus, the first term of Eq. (B6) becomes

Ze/D, the electrostatic potential that would result by a total charge Ze
located at the nuclear center of mass. The second terr of the expansion

becomes proportional to

z z
2 ercosd = Z ez ., {87)
1l 1l

This quantity ia the electric dipole moment. The third term of the expan-

m RO

sion gives the electric quadrupole moment, the fourth the electric octu-

-

pole, and 50 cn. A similar expansion can be made for the magnetic multi-

L Bl AL SN A hin dem
P R e R ]

poles,

P S
d s -aus 7 = »

v

For each term of the multipole expansiim of H', a matrix element
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can be calculated such that the square of its absolute value is propor-
tional to the probability that the transition occurred by interaction of
the photon field with that particular electric or magnetic multipole
moment of the nuclear field. The total probability of a transition per
unit time depends on the squares of the values of all the electric and
magnetic multipole transition matrix elements between the inf:tial and
final nuclear states,

There are csrtain simple rules that determine which matrix
eleménts may contribute to the transition in the particular case. The
electric L-pole (EL) matrix elements and the magnetic L-pole (ML) matrix
elements are always zero unless the spins of the initial and final states
differ vectorially by L units of amgular momsntum. In other words, elec-
tric dipole (El) or magnetic dipole (ML) transitions may occur only
between states of spin differing by one unit of angular momentum, quad-~
rupole transitions (E2 and M2) may occur only between states diffaring by

two units of angular momentum, etc., Thus, if Ji and J_. represents the

f
spins of the initial and final states, respectively, and 2L indicates the
pole order (L = 1, dipole; L = 2, quadrupole; L = 3, octupole; and so on),

the first treasition "selection rule" is
[Ji-Jf]iLf_Ji-tJf . - (B8)

The second transition selection rule is that of conservation of
parity. An electric multipole has even parity when L is even and odd
parity wvhen L is odd. Magnetic multipoie radiation has odd parity when
L is even and even parity when L 1s odd. In general, parity of electrie

multipoles is n = (—1)L, and parity for magnetic multipoles is # = —(-1)L
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whaere +1 means even parity and -1 means odd parity (92). If the parity
of the initial state 1s denoted by " and the parity of the final state

is given by Tes then if a particular radiation multipole has & parity

change Tes conservation of parity would require that
Ty W, (89)

This is the second transition selection rule, Transitions are forbidden
between two levels which both have spin zero. Table Bl (92) summarizes

the transition selection rules,

The transition rate, Aif’ between an initial and a final state

is given By "Fermi's Golden Rule #2"

2n 112
e MEE . (B10)

- -

In this expression M is the transition matrix element and dN/dE is the
number of final states per unit energy. Blatt and Weisskopf (93) have
estimated electric multipole and magnetic multipole transition rates

(AEL and AHL) based on the independent particle shell model of the nucleus,

The expressions they obtained are (85,92)

2 2L
e R
Aﬂ. 2y 'E—' s (K . (Bl11)
and
h2
*a " lo(uca) oL (312)

where v is the radiation frequency, e is the electron charge, R 1s a

linear dimension characterizing nuclear size, X is the radiation's veduced
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Table Bl

Transition Selection Rules

[—— ——— | = =====I-q_
Classification Symbol Change in Angular Parity Change
Moment.um
Electric dipole El 1 Yes
Magnetic dipole M1 1 No
Electric quadrupole E2 2 No
Magnetic quadrupole M2 2 Yes
Electric octupole E3 3 Yes =
Magnetic octupole : M3 3 No
Electric oL _ pole EL L No (L even)
Yes (L odd)
Magnetic Yl pole ML L Yes (L even)
No (L odd)
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wavelength (£ = A/2r), c 1s the velocity of light, M is the nucleon mass
and S 1s a statistical factor that depends on L and ia shown in Table B2
(92).

Inspection of Eqa, (B11,B12) reveals the relative proportions
each multipole may contribute to a given transition. In general, the
transition rate of ‘the multipole of lowest order usually exceeds that of
all the other multipoles by a factor of at least 102 to 104 (85). Addi-
tionally, for a given value of L, electric multipole radiation is more

probable than magnetic multipole radiation by a factor of approximately
460213 (92),
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Table B2

Values of the statistical factor S

aa a function of muletipole order L.

.
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(2.5) 107}
(4.8) 1072
(6.3) 107
(5.3) 10~
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APPENDIX C
Principles of Electron Linear Accelerator Operation
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The linear accelerator used in this study was a Sagittaire/Therac
40 electron linear accelerator manufactured by CGR-MeV in France (94).
This accelerator is a disk-loaded, traveling-wsve clinical machine. The
description preaented in this Appendix pertains to traveling-wave accel-
erators like the Sagittaire. The discussion, however, has been kept of
sufficient generality to apply to any traveling-wave clinical machina.

An electron linear accelerator is a device that accelerates elec-
trons by virtue of an axial electric field. When the energy at injection

is negligible, the final electron kinetic energy obtained is given by

L
T, - f (eE_-d1) (c1)

o
where T = electron kinetic energy, e = electron charge, Bz = axial elec-
tric field, dl1 = iucrement in length, and L = accelerating tube length.
Tha required axiel electric field ile provided by electromagnetic weves of
microweve frequency, commonly 300) MHz.

Evolution of the modern electron linear accelerator has been made
posaible by the development of high-power rediofrequency generatore and
apecially designed microwave cavities and waveguides. Because of the
importunt rcle of microwave technology in lineer accelerators, a deecrip-
tion of microweve cavitiee, weveguidaa, and power eources will be provided
in the succeeding peregraphs (95-97). Also included ie a discussion of
the principlee of electron acceleration by microwavea with particular
emphasis pleced on traveling-wave high-energy electron linear accelera-
tors. Componenta charscteriatic of medical accelerstora alao will be

described.
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Microwave cavities and guides support certain specific electro-
magnetic wave configurations and are used in microwave power generation,
microwave transport, and for electron acceleration. Energetic electrons
can generate microwave power by exciting the cavities of microwave power
amplifliers such as the klystron. On the other hand, a linear array of
cavities can accelerate electrons by transferring electromagnetic energy
from the cavity fields to an electron beam. Microwave cavity geometry
and dimensions determine the particular application of the cavity. Rec-
tangular waveguides are used primarily for high-power microwave energy
transport while cylindrical cavities are used in microwave power amplifi-
cation and electron acceleration.

The rectangular waveguide is the principal means by which micro-
wave energy is transported long distances, Rectangular waveguides are
used to transmit microwaves from the power amplifier to the electron
acceleration section of a linear accelerator. This type of waveguide is
operated in what is lnmown as the transverse electric (TE) mode. In the
TE mode, the electromagnetic wave has no electric field componenr in che
direction of travel. Although microwave guides in general will transport
vavea of an infinite number of resonant frequencies, guide dimensions are
designed for transport in the most convenient frequencies. In many casea
this is the TElo mode. The power transported is given by the vector cross
product of the transverse electric field and the magnetic field intensity.

Cylindrical cavities, in electron linear accelerators, are used
in both microwave power amplification and in electron acceleration. Simi-
larly to the rectangular cavity, the lowest frequency, and most dominant,

modes often ave used. Cylindrical cavities are generally operated in what
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is called the transverse magnetic mode, TMOl. This mode, characterized
by an axial electric field and an azimuthal magnetic induction, is parti-
cularly suitable for transferring power to electron beams. In additiom,

microwave power amplification is usually accomplished in high-energy

accelerators by the klystron, a device utilizing TM

%l-mode cylindrical

cavities,.

The klyatron, in ite simplest form, consists of two interconnected
cylindrical cavities, the first of which is called a buncher and the
aecond a catcher, Microwaves from a radiofrequency oscillator are trans-
ported to the buncher cavity of the klystron. Electrons, thermionically
emitted from a hot filament, enter the buncher cavity and are grouped or
"bunched" by the alternating axial electric field. Bunched electrous are
accelerated further by a OC field and travel through a drift tube to the
catcher cavity., The catcher cavity, resonant at the arrivai fréiluency of
the electron bunches, extracts a large portion of the electron kinetic
energy converting it to electromagnetic energy. As a result, microwavea
of increated amplitudea are produced., Even greater power amplification
can ba accompliahed by klystrons of multiple cavities.

The cylindrical waveguides used for electron acceleration may be
thought of as a linear array of many cylindrical cavities. This is accom-
pliahed by introducing circular "washer-shaped" disks called irises.
Iris-loading of the cylindrical waveguide is necessary to reduce the phase
velocity of the traveling wave in the waveguide to less than the velocity
of 1ight, This permits the coupling of the traveling-wave energy to the
electrons under acceleration, The phase velocity of the traveling wave

varies linearly with the spacing between the irises, thus, close iris
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spacing means smaller phase velocity. On the other hand, because the
axial electric field in the waveguide accelerates the electrens, iris
spacing must be increased along the length of the waveguide so that the
microwave phase velocity increases in synchrony with the electron velocity

thus establishing phase stability. Eventually, as the electron velocity

. approaches the velocicy of light, iris spacing becomes constant. Conse-

PIRER ORISR o

quently, electrons injected into an iris-loaded cylindrical waveguide of
proper dimensions ere accelerated to kinetic energies which depend upon
the magnitude of the axial electric field and the length of the acceler-

ating guide as shown in Eq. (Cl).

PO PO Rk

The remaining paragraphs describe the operetion and :l;é-mjor
components of e typical traveling-wave medical lineer accelerator. This
description is best provided by reference to Figure Cl which depicts,
schematically, the basic components. The accelerator shown on l-;igure Cl
and subsaquently described possessas two acceleretion sections and a

phasa-shifter componant which are not typical of smaller linear accelera-
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tors. The basic acceleratcr msy ba divided into three major components:

tha microwave powar supply component, the alectron injector and accelera-
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tor section, and tha gantry and tfu:unt head components.

Microvave povar is provided by an oscillator, which supplies 3000
MEz (in S-band accelarators) low-power microwaves, and ‘a microveve ampli-
{iux, ‘ia iuis case a kiystron. Puisas irom a 100 Hz oscilletor, which
serves as a "traffic director" in the acceleretor, control a modulator
wvhich in turm controls a high-power switching device celled e thyretron.
Tha thyretron transfers high-voltege DC power to the klystron., At the

sane time the 3000 MHz oscillator delivers microwaves to the klystron for
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amplification. The amplified microwsves from the klystron sre trsnsported
to the accelerstion section by means of rectsngular waveguides filled with
a dielectric gas such as SFG'
The acceleration section consists of iris-loaded cylindrical wsve-
guldes. Electrons are injected into the scceleration guides by an elec-

trou gun which delivers electron pulees et repetition rates also controlled

by the 100 Hz oscillator. The electrons are then accelerated by the

- smplified 3000 MHz microwaves traveling through the waveguide. The

increase in electron momentum is given by (97)
P = ek 1 (ar)cos (c2)
t Oz 0 -

vhere dp/d* is the time rete of change of the electron momentum, e is the
electron cherge, Eoz is the amplitude function for the axial clg::l:ric
field, Io(cr) is e modified Bessel function of the srgument ar, and ¢ 1is
the phase angls. The veriable r describes the rediel dimension in the
eccelereting cylindrical weveguide. The final electron kinetic energy,
#3 can be'seen from the sbove expression, is e function of the time the
electron experiences the influence of the electric field (and hencs total
waveguide length), the magnitude of the axial electric field, and of the
valus of the c¢osé term which has to do with the phase coupling of the
traveling waves in the guide.

Ta the ecceleretor shown in Figure Cl, electron endpuint energy
is controlled primarily by verying the reletive phase between traveling
wvaves in the two eccelereting sections. This is accomplished by changing
the phase velocity of the treveling wave in thet part of the rectangular

weveguide which feeds tha first ecceleration section. The component
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called the phase-shifter performs this tusk., The phase-shifter consists
of a quartz rod and a mechanism capable of adjusting continuously the
penetration distance of the rod into the rectangular wavegulde feeding
section 1, The degree of penetrstion determines the dielectric comstant
of that section of the waveguide thus establishing the phase velocity of
the vave in that region and shifting the relative phase of the microwaves
in the first section with respect to the second section. Adjusting the
phase-shifter changes the phase angle ¢ for the electrons in the second

- acceleration section and changes the electron momentum gain. In additionm,
magnetic induction coils are wrapped around both accelerating aectioﬁs in
order to focus the electrons into an electron beam along the céﬁ:erline
of the sections.

Accelerated electrons enter the gantry and therapy head eectiom
of the linsc where the beam undergoes the necessery modifications required
to produce an electron or bremsstrahlung Seam. The zantry contains a
series of bending magnets and quadrupoles thet transport and eteer the
electron beam and analyze the energy. The gantry also serves to support
the therapy heed which cortains components such as the veriable collima-
tors, the bremsstrahlung target and beam-flattening filter.

Upon entering the gantry, the electron beam energy is asnalyzed

by means of a bending electromagnet and energy elit system (94). For e

gastic fiald, slactrons posseassing certaln discrete energies are
deflected through some definite angle. Only electrons with energies
within a certein percentege of a mean energy are trensmitted through the

energy elit opening. Microweve power is controlled by a eervo energy

slit eystem such thet the electron beam energy is always adjusted to the
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energy appropriate for transmission through the slit. Electron endpoint
energy selection determines the magnetic field intensity by establishing
the magnet deviation current. The resultant electron beam energy, T, is

- given by (59)
(1 + 20e21)" = Ber (c3)

vhere T is the electron kinetic energy, m is the electron mass, & is the
electyon charge, c is tha.lpud of light, B is the magnetic inductiomn,
and r ia the electron orbit radius. After energy analysis, the electron

beam is redirected by mesns of additional bending magnets to a direction

perpendicular to the ecceleration waveguide. The beam then enters the

E
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therapy heed.
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The linac therspy head contains the elements that perform the
‘final beam modifications prior to ite exit from the accelerator.” These

ere the fixed and veriable beam collimatore which restrict the beam size,

=

% ¢ removable target which allowe bremsstrahlung beam production, a beam
flattening filter which creetee a wmniform beam intensity in ¢ plane per-

g;: pendiculer to the beam axis, and an ionization chamber system vhose

“

purpose is to monitor beam position and intensity.

The ionizetion chamher eystem consists of two pancake-type ioni~
zetion chamoers eech divided diametricsally in two. The chambers are
etacked one on top of the other such that the beam traverses hoth of
them. The chambers elso are rotated 90° with respect to each other such
that eech of the four halves can be used to monitor the intensity of the
beam in one of four perpendicular directions., The signels from eech of

the four halves ere used as input to eervo controls for beam—-steering
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magnetic quadrupoles, located in the gantry. These sct to center the
beam. In addition to other uses, the ionizstion chambers' current is

compared to a stsndard current supply and the electron gun current is
automatically adjusted so that the beam intensity remains constant.

Finally, the ionizstion chambers serve to monitor the total integrated

radiation dose delivered,
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APPENDIX D

Seaiconductor Detector Spectrometer Systems
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Gamma-ray spectrometers are radiation measurement systems used
to determine the energy spectrum and fluence of gamma- or x-ray-emitting
radioisotopes. Semiconductor detector systems are particularly well-
suited for this purpose. They possess the advantageous charactaristics
of high sensitivity and superior energy resolution which allow accurata
spectroscopic measurement.

In this appendix, the genaral characteristics of semiconductor
materials and the application of these matarials to radiation detection
are reviewed (63,98-103), The components and basic principles of pulse-
height spectrometry systems also are described. Particular emphasis is
placed on intrinsic germanium semiconductor detectors and on multichannel
pulse-height analysis systems.

In many radiation detection applications, such as gamma-ray

spectroscopy, the use of a solid detection medium is preferred over a

gas-filled chamber because of the increased sensitivity. The use of
acintillation detectors for spectroscopy is fairly common, Their energy
resolution, however, is rather limited primarily due to the large contri-
bution that statistical fluctuations make to the information-carrying
pulse. The only way to reduce the influence of statistical fluctuations
on ths energy resolution of a detector is to increase the number of infor-
mation carriers involved in pulse production.

The uae of semiconductor detectors results in a large number of
information carriers per detection event and a very small amount of sta-
tistical fluctuation in the procassing of the charge pulse. Thus, much
better energy resolution is achieved, For this reason, semiconductor

detector systems are best suited for such radiation measurement applica-
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tions as gamma-ray spectroscopy where accurate determination of the
photon enecrgy 1s cequired.

Blectrons in an individual atom can assume only certain discrete
energy levels. When atoms ere brought into close proximity, such as in
a crystel structure, these discrete energy levels tend to "smear" into
energy bands. The most energetic electrons which ere still bound to
specific lattice sites within the crystal occupy what is known as the
valence band. Electrons which are free to migrete through the crystel,
and thus contribute to the material's electricel conductivity, occupy
even higher energy states grouped into the conduction band. The velence

and conduction bands are separeted by ¢ gap of nommally forbidden energy

states,

e
srLrLe

The size of this band gep determinss whether ¢ materiel is an

1lnsulator or & semiconductor. In 2sriconductors the band gap od;rsy is

4 -J
ata el s

of the order of severel electron-volts (eV), vwhereas insulators have band

- -

PPt WD
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gaps greeter than 5 eV (63), In the sbsence of thermal energy, the
valeace band is completely filled and the conduction bend is completely

empty. Because of the relativaly small band gap energy of eemiconductors,

in the presence of induced excitetions, some valence band electrons aay

|

scquire sufficient energy to cross the band gep to the conduction band.
An electron, now in the conduction band, and its associeted vecancy in
the velence band form what is known es an electron-hole pair. The pre-

sence of electron-hole pairs, produced by ionizing redietion, changes the

T T ARLTT AT

electrical conductivicty of the materisl. Thus electron-hole peirs con-
stitute the besic information cerriers of semiconductor detectors.

The presence of impurities effects the conductivity of semicon-
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ductors. In a high purity or intrinsic semiconluctor, the number of
elactrons in the conduction band equals the number of holes in the valence
band. In relatively pure semiconductors such as germanium and silicon,
however, even minute quantities of impurities can determine their elec-
trical properties. Impurities msy be electron dunors or electron eccep-
tors depending on their valence electron number, In the casa of an elec-
tron donor impurity, excess loosely-bcund electrons remain after the
impurity has formed covalent bonds. A semiconductor conteining this type
of impurity is termed n-type and its electrical conductivity is determined
by the flow of electrons. If the ii,urity is an electron acceptor, empty
covalent bond sites result in the formation of holes. In these materials,
the holes determine the electrical conductivity and the semiconductor is
said to be p-type.

If donor and acceptor impurities are present in a acniébnductor
in equal concentretions, the material is said to be compensated. Compen-
sated semiconductor materials have some of the properties of intripsic
semiconductors, i.e. equal amounts of electrons and holes. Compensation
may be accomplished by the lithium ion drifting process in which donor
atoms (1ithium) are added to basically p-type semiconductor materials
such as germanium or silicon, The widely used Ge(Li) and Si(Li) semicom-
ductor datectors ere made in this way.

Directly-ionizing radiation deposits energy in semiconductor
materials resulting in the production of electron-hole peirs. The number
of electron-hole pairs or charge carriers produced is determined by the
amount of energy deposited. The total number of charge carriers in the

semiconductor, iiowever, will not be determined exclusively by the energy
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deposited but will also include '"background" charge carriers due to
thermal excitetions and to the presence of even minute amounts of impuri-
tizs. Background carrier concentration can bu reduced by applying an
electric field to the semiconductor detector region. Care must be taken
when applying the field in order to be sure that cherge carriers removed
at one end of the semicunductor detector region are not reintroduced into
the region from the other end. For this purpose, speciel "blocking con-
tacts” are required. The most suiteble blocking coutect is the junctiza
of p-type and n-type semiconductor materials. This junction is referred
to as the p-n junction.

When a p-type semiconductor is joined to an n~-type semiconductor,
a concentretion gradient is crested in the conduction band at the junctiom
due to the increased density of conduction electrons in the n-type mater-
ial. The gradient insures thet the electrons will diffuse ecross the
Junction to the p-type material. Here the electrons will combine with
the holes. A similar and symmetrical ergument can be made for the migra-
tion of holee from the p-type to the n-type semiconductor material. This
charge migretion resulte in a net negetive spece charge in the p-type

sida of the junction and e ret poeitive epace chergs in the n-type sids.

The residual space charge produces an electric field wvhich oppoees fucther

diffusion acrecss the junction thus establishing e steady--stete charge

E:

]
.

distribution, The reglon of the cherge imbalance is called the depletion

region because the conceniration of electrons and holee is greatly reduced.

ARt - 4 08

I1f an electric potentiel is applied ecross a p-n junction evch

'r": that the p-type side is made negetive and the n-type eide is wmade positive,
=3

l}.‘_ the junction is eeid to be reverse biased. Under this condition, the
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epplied poteatial enhances the junction's natural space charge diatribu-
tion and thus increseses the potentiel difference across the junction.
This ultimately results in a wider depletion region within which charge
carriers thet may be produced through the action of ionizing redietion
can be efficiently collacted.  With the potential differonce the junction
also functions as & blocking contact because the reintrod:ction of charge
carrieis from outsid- the depletion region is previated when charge cer-
riers produced within the region ere collected. The depletion region of
e reverse biased p-n junction may, therefore, ect as the sensitive volume
of 2 semiconductor radiation detector.

The width of the depletion region of e semiconducter detector is
proportional to the material's electricel resietivity if the material is
free from impurities. The reduced conceatretior. of impurity in high-

" “purity germanium (HPGe) ellows the formation of reletively lorgt. depletion
regions. These enlarged depletion regions increase the ective volume of
the semiconductor detector thus making it suitable for the detection of
penatrsting ionising rediation such as gamma rays.

The semiconductor proparties of HI'Ge tend to ba p-type dus to
the presencs of small smounts of residual ecceptor impurities or to eccep-
tor centars esesoclated with the Ge cryetel itself. The basic configuce-
tion of sn HPGe datector is somatimes referved to as n* o p+ vhere
n+. p+ refers to high concantrstion n- 2nd p-type ssriconducior materials
rerpectively and p refers to the bulk HPGe materiel itself.

HPGa datectors sre often fabricated in vhet is known as coaxial
geomtyy in order to echieve the largest ective volumes. The outer sur-

face of the crystel (n+-:ypo) is formed by lithium diffusion onto the
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crystal surfece. The detector's depletion region is formed by reverse-
biasing this n+;p junction. The inner (p+-type) contect is often formed
by removing the inner core of the Ge crystel, etching the ipner surfece
and then evaporating either gold o~ eluminum for electrical contect (€3).
If the reverse-biasing voltage is high enough, the entire p-region of the
detector becomes totally depleted thus resulting in an active volume
almost equal to the size of the crystal itself.

Germanium detectors ere opereted at cryogenic temperetures. This
is necessery to minimize leakage current. Current due to thsrmally-gener-
ated charge carriers may constitute the largest source of leakege current.
Germanium detectors are speclally susceptible to leakage current because
of the lower band gap energy, 0.67 eV. The current observed at the edges

of a reverse-biased juncticn when a high voltage is applied constitutes

-another aource of leakage. This current. called surface leakage, ie

negligibly small provided the detector has good encapsulation,

The charge carriers produced in an ionization or excitation event
in a semiconductor detector produce & voltage pulse whoee amplitude is
directly proportional to the amount of energy deposited in the detector.
An electronic eystem that ia capsble of discriminating and recording the
distribution of amplitudee of a eeriee of pulses produced by a detector
is called a pulse-height spectrometer. The pulse-height epectrometer
aystem generally consists of a detector, preamplifier, an amplifier, and
a pulse-=height analyzer frequently a multichannel analyzer. Theae compo-—
nenta amplify, shape, analyze and record pulses according to their ampli-
tude.

The cherge involved in an individual detector output pulse is
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so small that some initial amplification is required prior to processing
and analysis. This function is accomplished by the preamplifier which 1s
usually located in close proximity to the detector itself. The preampli-
fier elso serves as an impedance matcher between the detector and tha
other components. It presents a high impedance to the detector to mini-
mize loeding whila providing low impedance output to the signal cable and
components which follow (101).

The preamplifier output pulea generally has small amplituds and
rapid riss and long fall times, Linaar amplifiers are used to convert
such a low ampiitude pulse to one of sufficient amplitude and proper shape
to drive the pulss analysis components electronics. Samiconductor datac—
tor pulses are generally shaped, using RC circuit elements, into Gaussian-
like pulses thet have rapid rise and rapid fell times (100).

The multichannal analyzer (MCA) is _he component of thé’pulae-
height spectrometer that discriminates and sorts the pulses eccording to
their amplitude. The operetion of the MCA involves conversion of pulse
amplitude, an analog signal, to an equivalent digital number. The conver-
sion is accomplished by an analog-to-digital converter (ADC). Most AD('s
use the Wilkinson-type lineer ramp converter to digitfize pulss height
although other anglog-to-digital conversion methods exist.

In the Wilkinson-type converter, e cepecitor dharges lineerly in
time to a level which depends on the amplitude uf the input pulse. A
comperetor circuit comperes the magnitude of the eccumulated cepacitor
charga with the amplitude of the input pulse, During the time the capeci-
tor is cherging, clock pulses from e high-frequency oscillator (about 50

to 100 MHz) are counted. The number of puls~s accumulated is proportioaal
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to the charging time of the cepacitor which in turn is proportional to
the input pulse's amplitude,

The pulse amplitude values from the ADC fell into intervels of
pulse height, or channels. The pulse-height distr:lLution is stored in e
corputer~type memory which has as many eddresseble locations as the mexi~
num number of channels, The number of memory locations is usually made
a power of two with memories of 256 to 4096 channels being most common.
The distribution in frequeacy of pulses observed ss e function of pulse
height is called the pulse-heig?xt spectrum. The pulse-height spectrum
can be displeyed or recorded on peripheral output devices such as a
cethode ray tube or teletypewriter, can be transferred to some computer-
accessible media such «s paper type or magnetic tape, or can be procsssed
by microprocessor~type programs for spectrum analysis.

Intrinsic germanium and multichannel analyzer pulse-he:l.'ght spec-
trometer systems are particularly well-suited for gamma~ray detection and
measurenant applications where precise gamma~ray energy determination is
necessary. Intrinsic germanium possesses the sensitivity and energy
resolution required for such detailed analyses. Modern multichannel
analyzer systems permit efficient dats collection and manipulation so
that pulse-height spectrum examination is facilitated. Such systems

enable precise definition of the nsture and amount of radioactive isotope

in a sample.
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APPENDIX E
Thick-Target Bremsstrahlung Computer Program
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This appendix presents a listing of the bremsstrshlung computer
program described in the Bremsstrahlung Spectrum section of Chapter III,
The program is written in Data General FORTRAN 5. It consists of a main
program (BREM.FR) and seven subroutines (INT.FR, DFS.FR, AT.FR, ANG.FR,
STP.FR, TRN.FR, and PBAT.FR). Each is briefly documented by comment
statements appearing at the beginning of the computer code. Bremsstrah-
lung spectra, contained in the two-dimensional array NIJ(I,J), are written
to the test file, BRMIST.OUT, to allow inspection of the spectra, and to
the file BRM.OUT which is later used as input for the Least Structure

croes section computer program.
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L T e R T P Y e S TS Y T2 Lo R LY
*** PROGRAM BREM.FR **+

PROGRAM TO GENERATE BREM SPECTRA FROM THICK TARGETS
FOR PHOTONUCLEAR CROSS-SECTION DETERMINATION. '
DATA GENERAL FORTRAN 5 CODE IS USED., -

KARL PRADO, MARCH 1983
A I L L e T P S R IT  2 P2 e R R e L L)

anananannnn

...
RO R

i B
Ty akle Cah

REAL NIJ(35,35), E(50), X(50), NK(S0),
» NPCTIJ({35,35), NPCTK(50)

.DIMENSION TITLE(5)

DATA £/50*0.0/, K/50%0.0/, NK/50%0.0/,
« NPCTK/50*0.0/

J

L

DO 11 I=1,35

DO 11 J=1,35

NIJ{1,J)=0.0

NPCTIJ(I,J)=0.0
11 CONTINUE

OPEN INPUT AND OUTPUT FILES

s Nz Nz

OPEN 5, "BRM.IN'
OPEN 6, ‘BRM,.CUT’

TEST FILE BRMTST.OUT -
OPEN 7, 'BRMTST.OUT’

READ THE INPUT PILE

1. TITLE

2. EMIN,DE
3. NPTS

anNnNanNnn aan

READ (5,190) TITLE
190 FORMAT (5Ad)

READ (5,290) EMIN,DE
290 FORMAT (F7.4,1X,F6.4)

READ (5,390) NPTS
390 FORMAT (13)

DEFFINE TARGET PARAMETERS

aonn

TTHICK=?,72
DELTAT=0.02386
NSLABS=200
XFLAT=3.065

ENDPOINT AND PHOTON ENERGY BINS SET-UP

nan

X1l=0.0

DO 10 I=],NPTS
E(I)=EMIN+XI1*DE
K(I)=E£(I)-0.5*DE
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XIl=XIl#1.0
10 CDNTINUB

BN START ENDPOINT ENERGY DO LOOP wewwe

NaOoO

DO 1 I=1,NPTS
ENOPT=E(I)
DO 222 IJK«1,50

222 NPCTK(IJK)=0.0

#44% START PHOTON ENERGY DO LDOP #*#+

‘An0

DO 2 J=),1
© CAY=K (J)

44 2% ENDPDINT SPREAD LOOP ###

nna

DO 111 IPCT=]1,3
IF(IPCT.EQ.1)ENDPT= (E(X)-.02*E(I))
IF(IPCT.EQ.2)ENDPT=E (1)
IF(IPCT.EQ.3)ENDPT=(E(I)+. 02*2(1))
IP(IPCT.EQ.1)XPCT=,25

. IF(IPCT.EQ.2)XPCT=,.50
IP(IPCT.EQ.3)XPCT».25

#%4 START SLAB SUMMATIDN DO LDOP #*#+#

NN

S TEAVE=ENDPT
XNSUM=0.0
SWPRST=1.0 .
PTHETA=0.0

XI2=1.0

DO 3 ISLAB=]1,NSLABS’

GET UP SLAB DISTANCES

nNon

DISTI=(XI2*DELTAT)~(0.5*DELTAT)
- DISTXeTTRICK~DISTI
X12=X12+1.0

TEAVE FOR THE SLAB

anon

CALL STP (TEAVE,DTDS)
IF (SWPRST.EQ.1.0) GD TD 71

. TEAVE POR ISLAB > 1

aoaOn

DEETEE=(DELTAT*DTDS) /CGS (THETA)
) IF (DEETEE.GT.TEAVE) DEETEE=TEAVE
2 TEAVE=TEAVE-DEETEE
GO TD 77

TEAVE FOR ISLAB = ]

r'r"—"
Nnon

71 DEETEE=(0.5*DELTAT*DTDS)
IF (DEETEE.GT.TEAVE) DEETEE=TEAVE
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1

TEAVE=TEAVE-DEETEE

_ SWPRST=0.0

7T

CONTINUE

_ CALCHLATE XNT & RMS ANGLE

CALL ANG (TEAVE,DELTAT,PTHETA,THETA)
PTHETASTHETA

© AVNO=6.02217E23

TTOP=AVNO*DELTAT

‘880T=183.85*COS (THETA)

XNT=TTOP/8BOT

INTRINSIC SPECTRUM

CALL INT (TEAVE,CAY,DE,THETA,XNSK)
XNTK=XNSK*XNT

PHOTON ATTENUATION BY REMAINING SLABS

CALL AT {CAY,DISTX,ATPACT)
XNTK=XNTK*ATFACT ,

- ELECTRON TRANSMISSION PACTOR

CALL TRN (ENDPT,DISTI,TRANS)
XNTKwXNTK*TRANS

SUM SLAB CONTRIBUTIONS

XNSUM=XNSUM+XNTK

##% END SLAB SUMMATION DO LOOP ##+
CONTINUE

MULTIPLY BY SAMPLE SOLID ANGLE
XNPHOT=XNSUM*0 . 3288365

PHOTON ATTENUATZION BY PLATTENING PILTER

CALL PBAT (CAY,XPFLAT,PBATEN)
XNPHOT=XNPHOT*PBATEN

WRITE PHOTON NdHBER (XNPHOT) TO THE CLEMENT (1,J)
OF THE ARRAY NIJ, AND TO THE ELEMENT (J) OF THE
ARRAY NK.

NIJ(I,J)=XNPHOT*XPCT
NK({J)=XNPROT*XPCT
NPCTIJ(I,J)=NPCTIJ(I,J)+NIJ(I,T)
NPCTK(J) =NPCTK(J) +NK(J)

#4% END 20 LOOP **#
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111 CONTINUE
##% END PHOTON ENERGY DO LOOQP. ##+#
2 CONTINUE '

WRITE PHOTON 'SPECTRA TO TEST FILE

NN anNnn 0

WRITE (7,195) ENDPT )
195 FPORMAT (5(/),1X,'ENDPOINT ENERGY = ',P7.4,/)
- - WRITE (7,295)
295 PORMAT (/,1X,°'PHOTON',10X, 'PHOTON',/,1X,
. . 'ENERGY',10X,'NUMBER',//)
DO 44 L=1,I
44 WRITE (7, 395) K(L), NPCTK(L)
395 FORMAT (1X,P7.4,4X,E14.6)

. ##%% END ENDPOINT ENERGY DO LOOP ###
1 CONTINUE '
WRITE BREM SPECTRA TO PILE BRM.OUT. PILE:

.- 3RM.QUT CONTAINS THE BREM SPECTRA TO BE
USED TO OBTAIN THE PHOTONUCLEAR CROSS-SECTION.

NOONN NN

DO 55 I=1,NPTS
~ 55 WRITE (6,495) (NPCTIJ(I,J), J=1,1)
495 FORMAT (814.6)

ano

CLOSE FILES AND END

CLOSE S
CLOSE 6
CLOSE 7
CALL EXIT
END

2
Mg as 8d

&by
N IO

N
Ao

s & 8-
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*%% SUBROUTINE INT.FR *#w

INTEGRATES THE DIFFERENTIAL-IN-ANGLE SCHIFF
SPECTRUM (FROM SUB. DFS.FR) OVER ANGLES

UP TO THAT DETERMINED BY MULTIPLE SCATTERING
IN THE SLAB (FROM ANG,.FR).

O nNnoononnn

SUBROUTINE INT (T,CAY,DE,RADIAN,SPCT)
SPCT=0,0

DRAD=0,0174532

XN=0.0

SUM-0OVER=-ANGLES .DU LOOP

ann

DO 2 I=]l,44
‘XRAD=XN*DRAD
IFP(XRAD.GT.RADIAN) GO TO 300
CALL DFS (T,CAY,DE,XRAD.TMP)
SPCT=SPCT+TMP
. XN=XN+1.
+ @ CONTINUE
- c
300 RETURN
END -

T, RS L e Rpe e o B
-

TR R
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*% SUBROUTINE DFS.FR ##

SUBROUTINE FPOR CALCULATING SREM. SPECTRA BASED
ON SCHIPP'S DIPFERENTIAL-IN-ANGLE CROSS SECTION
FROM: LENT AND DICKINSON, UCRL-50442.

SUBROUTINE DFS (T,CAY,DK,ANGL,SPECTR)

O 000000

U=0.511

2=274.0

PI=3.14159

EsT+l
ROSQ=5,.794E-28
SIGMAO=ROSQ*2Z*% (Z+1.)

PHI= (Z*ANGL) /U

IF (CAY.GT.T) GO TO 9
FACTOR»]l .+ (PHI**2,)
DIV1=11l.*FACTOR
DIV2=Z#%+,33333
SUM1=(DIV2/DIV1)#**2,

PROD1=CAY/ (E-CAY) . i

PROD2=U/ (2. *E)
SUM2=(PROD2*PROD1) **2. .
ONZOVR=SUM1+8UM2
EMPHI=1./ONEOVR
EMLN=ALOG (EMPHI)
XKZ=CAY/E
S1w1,-XKE
S2=(4.%(PRI**2.)) /PACTOR**2,
83m1.4(1.-XKE)**2,
SQRBRK=83~(S2*S1)
BRC1=SURBRE*EMLN
BRC2= (2.~XKZ) **2,
Bl=(16.%PHI**2,) /PACTOR®*2.
BRC3=B1%51
BRACE=BRC3-BRC2+BRC1
PACT1®1./(PACTOR®*2,)
Pl= (E/U)*22,
PACT2= (F1*DK) /CAY
PACT3=(2.*SIGMAO) /PI
CONSTwEACT3I*FACT2*FACT]
SPECTR=CONST*BRACE
GO TO 1

9 SPECTR=0.0

1 RZTURN

END OF SUBROUTINE

C
C
C

END

.............
...........

-
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*#% SUBROUTINZ ANG,.FR #*#

SUBROUTINE ANG CALCULATES RMS ANGLE (THETA) FOR
ELECTRONS IN TUNGSTEN. BICHSEL IN ATTIX RAD. DOSIMETRY 1
Zw74, A=183.85, 2MEC2=1.022, B=7.35 (INTERPOLATION TABLE
X111, P.221, ATTIX VOL. I, FOR DELTAT = 0.0386 GM/CM2)

MODIFIED ANGLE (MODTHETA) :
THEREPORE B=6.15
2. MODTHETA=(THETA®*2,+PTHETA%**2,)#* 5
PTHETA=PREVIOUS SLAB'S ANGLE
3. THETA LIMITED TO 0.734 RAD (42 DEG.)
(FERDINANDE H., ET AL, NUC INST METH 91, 135 (1971))
4. WILL USE B=B~5,01=2.34 BASED ON PWHM DATA

SUBROUTINE ANG (T,D,PPHI,PHI)

XNUMER=0.157*74.*75.%D%2.34
XDENOM=183.85*T* (T+1.022)
PHISQR=XNUMER/XDENOM
PHI1=»SQRT(PHISQR)

PRI=SQRT (PHI1**2,+FPHI**2.)
IP(PHI.GT.0.7340) PHI=0,7340
RETURN
END

------------
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** SUBRCUTINE AT.FR **

SUSROUTINE AT CALCULATES THE PHOTON ATTENUATION PACTOR
EXP-(MU*X) MU TUNGSTEN (STORM & ISRAEL, NUC DAT TABLES
A7, 565, (1970)). X (DISTX IN MAIN) IS IN GM/CM2 AND IS
EQUAL TO TTHICK - DISTI.

*aavds  NOTE DISCONTINUITY AT ABOUT KKwl, (. wewaws

AT KK=]1 MU IS POR 1, AT KK<1 MU IS FOR 0.5, AT KK>1 MU
IS FROM CURVE.

SUBROUTINE AT (KK,X,ATNATN)
REAL KK, MU
FIND Mu(KK) .

IP(EX.LT.1.0) MU=0,1363

IP(KK.EQ.1.0) MU=0.0655

IP(KK.GT.1.0.AND.KK.LT.4.0) MU=0.0493*(ALOG10(KK))**2.0
o =0.0591*{ALOG10(KK))+0.0577
IP(KK.GE.4.0.AND.KK.LT.20.0) MU=0,0359* (ALOG10(KK))**2.0
e« =0.0431*(ALOG10(KK))+0.0529 -

IP{KK.CE.20,0) MU=0.047*(ALOG1O(KK))~-0.0037

CALCULATE ATTENUATION PACTOR

EXPONT==1.0*MU*X - .
ATHATN=EXP (EXPONT)

RETURN b
END
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% SUBROUTINE STP.FR #**

SUB. STP CALCULATES STOPPING POWER OF ELECTRONS IN
TUNGSTEN. BERGER & SELTZER NASA SP-3012

N Noonn

SUBROUTINE STP (EEB,DTDS)

IF(EE.LT.1.0) DrDS=1.175

1P(EE.GE.1.0.AND.EE.LE.15.0) DTDS=1.25*(ALOG10(EE))**2.
« *+1.175

IF(ER.GT.15.0.AND.EE,LE,.30.0) DTDSa7,G433*(ALOG10(EE))
L] -5;391
- _ IF(EE.GT.3C.0) DTDS=11.91*(ALOG1U(BE))~-12.59

RETURN
_END
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** SUBROUTINE TRN,PR *»

SU3. TRN CALCULATES A TRANSMISSION FACTOR FOR AN
ELECTRON BEAM OF ENERGY ENDPT THROUGH A DISTANCE
EQUAL TO DISTI. FROM: EBERT, PHYS REV 1813, 422,
(1969).

SUBROUTINE TRN (ENDPT,DISTI,TRANS)
BETAl=387.0*ENDPT

‘BETA2%74.0%(1.+40.000075%74.0* (ENDPT**2.0)})

BETA3I=BETALl/BETA2
BETA=(BETA3)**0.15

ALPHA®(1.0-(1.U/BETA))**(1.0-BETA)
PACl=(125.0/(74.0+112.0) ) *ENDPT*0. 565
PAC2=(175.0/(74.0+162.0))*0.423
REX=FACl-FAC2

EXPNT=(-1.0*ALPHA) * ( (DISTI/REX) **BETA)
TRANS=EXP (EXPNT)

RETURN
END
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#** SUBROUTINE PBAT.FR www

SUBROUTINE PBAT CALCULATES MU (CM2/G) FOR LEAD
FOR THE PURPOSE OF FLATTENING FILTER ATTENUATION
{(STORM AND ISRAEL, NUC DAT TABLES A7, 565 (1970))

" SUBROUTINE PBAT (XE,XD,.XPF)

O ooo0oan

IP(XE.LT.1.0) PBMU=,1590

IF(XE.EQ.1.0) PBMU=,0703

IF(XE.GT.1.0.AND.XE.LT.3.0) PBNU'.O?‘G*(ALOGIO(XB))**2.
« —.0812*(ALOG1O(XE))+.0637

IF(XE.GE.3.0.AND.XE.LE.4.0) PBMU=,0416
IP(XE.GT.4.0.AND.XE,LE.15,0) PBMU=,0328* (ALOG10 (XE))**2,
¢« =+0357*{ALOG10 (XE)) +.0513

IF(XE.GT.15.0) PBMU=.04977*(ALOG10(XE))-.0038

Pl=-1.0*"XD*PBMU
XF=EXP(Pl)

RETURN :
END -
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APPENDIX F

Bremsstrahlung Spectra at 25, 24, 22, 20, 18,

and 15 MeV Endpoint Energieas
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This appendix presents thick-target bremsstrahlung spectra, with
and without the *2% endpoint energy spread, at selected endpoint energies,
obtained from the thick-target bremsstrahlung computer program. The
spectra were produced assuming a 7,72 g/cm2 tungsten target, a radiation
cone of 0,329 steradians, and a beam filtration of 31.78 g/cm2 (2.8 cm)
- of lead, Although these conditions apply strictly to bremsstrahlung pro-

duced by the Sagittaire accelerator, spectral shapes are considered

fairly representative of flattened clinical beams generated at the above

potentials.
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25.0 MEV SPECTRUM
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ENERGY PHOTON

PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 +50 1.198E 00 5.988E-01
2.00 1.50 1.780E 01 2,670E 01
3.00 2.50 1.355€ 01 3.387E 01
4.00 3.50 9.606E 00 3.362E 01
5.00 4.50 §.207E 00 3.108E 01
6.00 5.50 5.127€ 00 2.820E 01
8.00 7.50 3.019E. 00 2.264E 01
" 9,00 8.50 2.370€ 00 2.015E 01
10.00 9.50 1.879E 00 1.785E 01
11.00 10.50 1.S00E 00 1.575E 01
12.00 11.50 1.201E 00 1.381E 01
13.00 12,50 9.629E-01 1.204E 01
14.00 13,50 1. T05E~01 1.040E 01
15.00 14.50 6.135E-01 8,896 00
17.00 16.50 3.760E-01 6.204E 00
18,00 17.50 2.888E-01 5.055E 00
19.00 18.50 2.176E-01 4.026E 00
20.00 19.50 1.590E-01 3.101E 00
21.00 20.50 l1.111E-01 2.277E 00
22.00 21,50 7.179E-02 1.544E 00
23.00 22.50 4.098E-02 9.221E-01
24.00 23.50 1.780E-02 4.183E-01
25.00 24.50 3.081E-03 7.549E-02
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25.0 MEV SPECTRUM (+/- 2%)

e e R RREEEEEEEEIEEEEEEE——————
. et e

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 «50 1.198E 00 5.990E-01
2.00 1.50 1.781E 01 2.671E 01
3.00 2.50 1.355E 01 3.388E 01
4.00  3.50 9.609E 00 3.363E 01
5.00 4.50 5.909E 00 3.109E 01
6.00 5.50 5.128E 00 2.821E 01
7.00 6.50 3.900E 00 2.535E 01
8.00 7.50 3.020E 00 2.25A5E 01
9.00 8.50 2.371E 00 2.01SE 01
10.00 9.50 1.880E 00 1.786E 01
11.00 10.50 1.500E 00 1.575E 01
12.00 11.50 . 1.202E 00 1.382E 01
13.00 12.50 9.633E-01 1.204E 01
14.00 13.50 7.708E-01 1.041E 01
15.00 14.50 6.138E-01 8.900E 00
16.00 15.50 4.832E-01 7.489E 00
17.00 16.50 3.761E-01 6.206E 00
18.00 17.50 2.891E-01 5.059E 00
"19.00 18.50 2.178E-01 4.028E 00
20.00 19.50 1.592E-01 3.104E 00
21.00 20.50 1.113E-01 2.281E 00
22.00 21.50 7.2068-02 1.549€E 00
23.00 22.50 4.129E-02 9.291E-01
24.00 23,50 1.821E-02 4.278E-01
25.00 24.5¢0 3.806E-03 9.326E-02

P I )
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24.0 MEV SPECTRUM

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
2.00 1.50 1.647E 01 2.470E 01
- 3.00 2.50 1,250E 01 3.125E 01
4.00 3.50 8.845E 00 3.096E 01
..5.00 4.50 6.345E Q0 2.855E 01
6.00 5.50 4.698E 00 2,.584E 01
7.00 6.50 3.563E 00 2.316E 01
8.00 7.50 2,750E 00 2,063E 01
9.00 8.50 2,151E 00 1.828E 01
10.00  9.50 1.698E 00 1.613E 01
11.00 10.50 - 1.348E 00 1.416E 01
12.00 11.50 1.073E 00 1.233E 01
13.00 12,50 8.531E-01 1.066E 01
14.00 13.50 6.759E-01 9.124E 00
" 15.00 14,50 5.320E-01 7.714E 00
16.00 15.50 4.118E-01 6.384E 00
17.00 16.50 3.143E-01 5.185E 00
18.00 17.50 2,351E-01 4.114E 00
19,00 18.50 1,7C9E-01 3.162E 00
20,00 19.50 1.187E-01 2.314E 00
21.00 20.50 7.658E-02 1.570E 00
22,00 21.50 4.317E-02 9,.282E-01
23.00 22,50 1,868E-02 4.202E-01

o W i g gad i

3,196E-03

o 5
---------------

------------------

o TSt o e



b

:

o,

F;‘ HEERTL LTI VRITTY

215

24.0 MEV SPECTRUM (+/- 2%)

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 .50 1.106E 00 5.529E-01
2.00 1.50 1.647E 01 2.470E 01
3.00 2.50 1.250E 01 3.126E 01
4.00 3.50 8.847E 00 3.095E 01
5.00 4.50 6.346E 00 2.856E 01
6.00 5.50 4.699E 00 2.584E 01
7.00 6.50 3.564E 00 2.316E 01
" 8.00 7.50 2.7S1E 00 2.063E 01
9.00 8.50 2.152E 00 1.829E 01
10.20 9.50 1.699E 00 1.614E 01
11.00 10.50 1.349E 00 1.416E 01
.12.00 11.50 1.073E 00 1.234g 01
13.00 12.50 8.534E-01 1.067E 01
14.00 13.50 6.761E-01 9.127 00
15.00' 14.50 5.321E-01 7.716E 00
16.00 15.50 4.120E-01 6.387E 00
17.00 16.50 3.145E-01 5.189E 00
18.00 17.50 2.353E-01 4.117E 00
19.00 18.50 1.711E-01 3.166E 00
20.00 19.50 1.189E-01 2.318E 00
21.00 20.50 7.681E-02 1.57SE 00
22.00 21.50 4.358E-02 9.369E-01
23.00 22.50 1.907E-02 4.290E-01
24.00 23.50 3.902E-03 9.169E-02




22.0 MEV SPECTRUM

216

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 «50 9.300E-01 4,650E-01
2.00 1.50 1,392E 01 2.088E 01
3.00 2.50 1.052E 01 2.630E 01
4.00 3.50 7.408E 00 2.593E 01
5.00 4.50 5.286E 00 2.379E 01
6.00 5.50 3.891E 00 2.140E 01
7.00 6.50 2.932E 00 1.906E 01
8.00 7.50 2,246E 00 1,685E 01
9.00 8.50 1.741E 00 1.480E 01
10.00 9.50 1.360€ 00 1.292E 01
11.00 10.50 1.065E 00 1.118E 01
12,00 11.50 8.332E-01 9.582E 00
13.00 12.50 6.483E-01 8.103E 00
14.00 _ 13.50 4.997E-01 6.746E 00
15.00 14.50 3.797E-01 5.506E 00
16.00 15.50 2.805E-01 4.348E 00
17.00 16.50 2.0118-01 3.319E 00
18.00 17.50 1,378E-01 2.412E 00
19.00 18.50 8.805E-02 1.629E 00
20.00 19.50 4.944E-02 9.642E-01
21.00 20.50 2.115E-02 4.336E-01
22.00 21.50 3.453E-03 7.424E-02

________
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22.0 MEV SPECTRUM (+/- 2%)

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 .50 9.301E-01 4.650E-01
2.00 1.50 1.392E 01 2.088E 01
3.00 2.50 1.052E 01 2.631E 01
4.00 3.50 7.409E 00 2.593E 01
5.00 4.50 5.287E 00 2.379E 01
6.00 5.50 3.892E 00 2.140E 01
7.00 6.50 2.932E 00 1.905E 01
8.00 7.50 2.247E 00 1.685E 01
9.00 8.50 1.742E 00 1.480E 01
10.00 9.50 1.360E 00 1.292E 01
11.09 10.50 1.065E 00 l1.118E 01
12.00 11.50 8.334E-01 9.584E 00
13.00 12.50 . 6.486E-01 8.108E 00
14.00 13.50 5.001E-01 6.751E 00
15.00 14,50 3.798E-01 5.507E 00
16.00 15.50 2.807E-01 4.351E 00
17.00 16.50 2.012E-01 3.320E 00
18.00 17.50 1.380E-01 2.415E 00
19.00 18,50 8.816E-02 1.631E 00
20.00 19.50 4.962E-02 9.676E-01
21.00 20.50 2.151E-02 4.410E-01
22.00 21.50 4.117E-03 8.851E~-02

tr




20.0 MEV SPECTRUM
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19.50

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 <50 7.672E-01 3.836E-01
2.00 1.50 1.157€ 01 1.735E 01
3.00 2.50 8.700E 00 2.175E 01
4.00 3.50 6.089E 00 2.131E 01
5.00 4.50 4.317E 00 1.943E 01
6,00 5.50 3.155E 00 1,735 01
7.00 6.50 2.357E 00 1.532E 01
8.00 7.50 . 1.788E 00 1.341E 01
9.00 8.50 1,369E 00 1.163E 01
10.00 92.50 1.052E 00 9.992E 00
11.00 10.50 . 8.072E-01 8.476E 00
12,00 11.50 6.158E-01 7.082E 00
13.00 12.50 4.636E~01 5.795E 00
14.00 13.50 3.412E-01 4.606E 00
15.00 14.50 2.439E-01 3.536E 00
16.00 15,50 1.650E-01 2.558E 00
17.00 16.50 1.039E~-01 1.714E 00
18.00 17.50 5.750E~-02 1.006E 0C
19.00 18.50 2.439E~-02 4.512E-01
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"+ 20.0 MEV S.ECTRUM (+/- 2%)

ENERGY PHOTON PHOTON ENERGY

BIN ENERGY FLUENCE FLUENCE

= 1,00 +50 7.674E-01 3.837E-01
2,00 1.50 1,157E 01 1,735E 01

3.00 2.50 8.701E 00 2.175E 01

4.00 3.50 6.090E 00 2.132E 01

'5.00 4.50 4,318E 00 1.943E 01

6.00 5.50 3.155E 00 1,736E 01

7.00 6.50 2.358E 00 1.532E Q1

8.00 7.50 1,.788E 00 1.341¢ 01

9.00 8.50 1.369E 00 1.164E 01
10.00 9.50 1.052E 00 9.995E 00
11.00 10.50 8.077E-01 8.481E 00
12.00 11.50 6.159E-01 7.083E 00
, 13.00 12.50 4.637E-01 5.797E 00
' 14.00 13.50 3.415E-01 4,611E 00

15.00 14.50 2.440E-01 3.538E. 00
16.00 15.50 1.652E-01 2.581E 00
v 17.00 16.50 1.040E-01 1.716E 00
3 18.00 17.50 5.775E-02 1.011E 00
15.00 18.50 2.465E-02 4.560E-01

.
B P WP

20.00 13.50 4,518E-03 8.811E-02
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v 18.0 MEV SPECTRUM

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 «50 6.190E-01 3.095E-01
2.00 1.50 9.407E 00 1.411E 01
3.00 2.50 7.031E 00 1.758E 01
4.00 3.50 4.885E 00 1.710E 01
5.00 4.50 3.435E 00 1.546E 01
6.00 5.50 2.486E 00 1.367E 01
7.00 6.50 1.836E 00 1.193€ 01
8.00 7.50 1.373E 00 1.030E 01
9.00 8.50 1.032E 00 8.770E 00
10.00 9.50 7.736E-01 7.350E 00
11.00 10.50 5.757E-01 6.045E 09
12.00 11.50 4.205E-01 4.836E 00
13.00 12.50 2.985E-01 . 3.732E 00
14.00 _13.50 .2.023E-01 2.731E 00
16.00 15.50 6.954E-02 1.078E 00
17.00 16.50 2.914E-02 4.808E-01
18.00 17.50 4.907E-03 8.588E-02
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18.0 MEV SPECTRUM (+/~ 2%)

o ey

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 .50 6.190E-01  3.095E-01
2.00 .1.50 9.406E 00  1.41'E 01
3.00  2.50 7.030E 00  1.758E 01
4.00  3.50 4.885E 00  1.710E 01
5.00  4.50 3.434E 00 _ 1.545E 01
6.00  5.50 2.486E 00  1.367E 01
7.00  6.50 1.8366 00  1.193E 01
8.00  7.50 1.372E 00  1.029€ 01
9.00  8.50 1.031E 00  8.767E 00
10.00 _ 9.50 7.737E-01  7.350E 00
11.00 ' 10.50 5.755-01  6.043E 00
12.00 11.50° 4.204E-01  4.835E 00
13.00 12.50 2.984E-01  3.730E 00
14.00  13.50 2.022E-01  2.729E 00
15.00 14.50 1.270E-01  1.841E 00
16.00 15.50 6.965-02  1.080E 00
17.00 16.50 2.927E-02  4.830E-01
18.00. 17.50 5.312E-03  9.297E-02
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15.0 MEV SPECTRUM

ENERGY PHOTON PHOTON ENERGY
BIN  ENERGY FLUENCF, FLUENCE
1.00 .50 4.218E-01  2.109E-01
2.06  1.50 6.473E 00 9.709E 00
3.00  2.50 4.770E 00  1.193E 01
4.00  3.50 3.260E €0 1.141E 01
5.00  4.50 2.248E 00  1,012E 01
6.00  5.50 1.589E 00  8.738E 00
7.00 " 6.50 1.1398 00  7.400E 00
8.00  7.50 8.175E-01  6.131E 00
9.00  8.50 5.814E-01  4.942E 00
10.00  9.50 4.046E-01  3.844E 00
11,00 10.50 2.7038-Ci  2.838E 00
12.00 11.50 1.681E-01  1.934E 60 .
13.00 12.50 9.253E-02  1.157E ©O
14.00  13.50 3.890E-02  5.25!E-01
15.00  14.50 ' 6.128E-03  8.886E-02
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15.0 MEV SPECTRUM (+/- 2%)

ENERGY PHOTON PHOTON ENERGY
BIN ENERGY FLUENCE FLUENCE
1.00 «50 4.215E-01 2.109E-01
2.00 1.50 6.474E 00 9.711E 00
3.00 2.50 4.772E 00 1.193E 01
4.00 3.50 3.261E 00 1.141E 01
5.00 4.50 2.249E 00 1.012E 01
6.00 5.50 1,589E 00 8.742E 00
7.00 6.50 1.139E 00 7.402E 00
8.00 7.50 8.176E-01 6.132E 00
9.00 8.50 5.818E-01 4.945E 00
10.00 9.50 4.050E-01 3.848E 00
11.00 10.5¢ 2.706E-21 2.842E 00
12.00 11.50 1.686E-01 1.938E 00
13.00 12.50 9.262E-02 1.158E 00
14.00 13.50 3.911E-02 5.280E-01
15.00 14.50 6.831E-03 9.905E-02




