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FEASIBILITY STUDY OF PROTON ACTIVATION OF GOLD IN SOIL Co
A pure\sampla of go]?d was. irradiated with protons of 20 MeV The gamma- . R
. T&y decays of variaps radionucln.des, following (py2n), (p,n), (p, pn)
) and (p, 3n) nuclear- reactions, ware observed L e N .
' g ® C v
: N e o — ¢ ' B » .
Sim.larly, a samplz of quartz and a sample or soll were irradiated w:\.th ‘ ’\‘ v
' ) protons. Many elemnu were found present fcn traces wh:x.ch have measur- .
able half-lives. . B : S o
. - ’ o “, C. - ot ’ - :U e
e ' —— 1A——lmowxrmr: of gold was added to soil in three di_fferent concentrasi - - .
v - tioms. A11 the sab\plea were activated by bAnbarding with protons of )
' 20 MeV tenergy. The gold was detected in aJL1 the three samples. The Lo
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A INTRODUGTION ~ A
o The technique of activation annalysie has beccme quite popular for the ‘s ' 4

:detection of: ;ninute qi.ia_nt'ities of elements. f ’ R . . o

.

(- ) N . B . -

. ) NS B . i : -
o o ’ ‘ctivation a.nalysis 'is ba.sed on determining the weight of a pa.rticular
element in a ‘sample by meesmeing the activity induced by. irradiation
. vith neutrons,s,photons y OF charged particles. Halr-life studies and” "
s .radiation energy detem:mations of the radionuclide give its identity
~end purity. ,Besidas the eleméntal, also the isotOpic content of ‘a-
y eample ¢an be determined. Thé"lilt:tm;te. seneitivity attainable depends
upoh the ability to detect aecurately and quantitatively the radiation

. ; X ~ emitted in’ the decay process. .

3

R

!leutron activatioég is an old technique, nsed in 1936 by von HeVeey and¢

v Sy g
'Lesz(l). ’rhey tried tc detect dysproSium and europium a.ctivitiee in

B rare earth mixtures without tedicue chemical separations . Since then ;

Cat

- .thie technique has gene thrangh many refinen\ents. The major advance#

=

cap be attributed tq the reaetob!r yielﬁling very high neutron tl\ur.es and

| o el
‘ e / TS the deyelopment "the nentron generater, as far: as neutrgn activa-

¥

| 'tioh is coneidered. ) 1s0 the use of (t&msistorued nmlti-channel anal- -
S T * ; ye%re ‘which provide more rapid and eaey data’ interpretation, and the

. adtances in ﬁe production of sophieticzted seni—conductor detectors

! ‘ RS w,lth very high reaolution, have tra.nsformd the whole rield l ectivla-

ien enal,yeia into an accnrate, epeciﬂc, nmdeatructive, faet, econ-’

v co ] . . o - . .
’ . )




onical, and univereelly-applicable analy-éical technique. Finally the
applica.tion of computers has creeted a certain degree of automation in ' e

» . activation analysis. . RN o
-4 .

! } .. - .
A target nucleus can be transmted"by many particles. Usually neutrons \

are chosen due to the fact that most of the elements have a high proba- | |
(A bility of capturing slow neutrons, Fermi had realized the fact in 193h. |
Ueuhlly activation analysis is done in macro amounts of the sample,
© | . s ’ whereas charged particle miysis is done in emall eamples and relatively

th:in layers due to the fact that charged particles have a limited range

!

g -in matter. y . A

s +

- - L —_

) Proton reactions are hi.ghly endoergic(z); to :mduce‘bl a simple reaction as

. L (p,n) the dnetie energies of at- least § MeV are required. Proton activ-
e.tion requires eonsiderably more care and detailed attention than neutx‘on .
e ’ a.ctivation. In certein cases neutron activation malyeis ie ‘not applic-

able and one is" forced’ to use charged particle(3) S

. ) e
Lo~ - ' ° .o

. -

With charged particles ecme of the dirricnltiee eneonntered arise_from .

" sample inhoaogeneity, surface contamination, decreasing particle e energy

- . with penetration into the sample, etc., Quite often one msUeeort to

deca.y enrve ane.lyeie becauee manw efthe product nuclidee omit nin]y
poeitrene. o -, v} o ’ ‘, . -~

-y . PO o ° . . o -

s oo O J

The werk presented here is a ferceml enlple ot preton ectiv‘!tion

e . enalyaie. ‘l'he purpoee of the eex'ies ef exper:hnente was to irradinte
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3

S

* work of this naturs’ has not been done before makss it harder 1;6 obtain

*

.during the projectyic ' LS e e

(Au197)’ - : .

gold with prot.ons of suitable energy from the (syncl‘ﬁ'otrpn)

cyclotron and to cbserve all the reactions such_as (p,n) ’ (p,p ); (py° pn), \

: J
(py2n),. (p,3n), etc. and finally to determine‘the sensitivity of the: .
analytical system by dilutdng ‘th; gold sample with scil. - .

4
) L4

It has been mentioned earlier that actMtion analysis with chs.rge&

particles requires a considerable amount of care in handling the sample

and a deeper understanding of nuclear reactions. Also the fa.qt that’

\ ‘ .
the zjesults .and to‘reach a conclusion. The're are no data for the cross-

°

sections of 'gold"and soll constituents for ‘t}.m protons,and for the

¢

co;npeting rsactions._ Oving to these facts quite a few trial runs were
made and protons of suitable snesgy uere-chqsén. The irradiation time -

N

was,‘ls?dstermins‘d. ' I B Y

. 14
Y " '

‘v S~

In Chapter II- soms theoretical aspects are covered which are necessary -
\\

., Tor the undsrstanding of the garmna-ray spectroscopy. .
In Chapter ITI 'c;stailed procedures of sampl’e preparations, det'sr(ﬂ.n'a-‘
tions oi’ opt imum proton enery and 1rradiation timing are discussed. -
uso, the various samples necessary to aid understanding the spectra' ‘
are treated in this chapter. There is a brie.f disé:ussioﬁ of the
synchrocyclotron.‘ Chapter IXI com'.ains a brief explanation of tha
counting system, sata-acquiriﬁg system, data-—handling procedures and
t!}e‘, ccmputsr prograns . R ‘ : ' v

v~ ‘
. oW

Chapter IV deals with all the preliminary and final runs pihich w;re,mada

g S ‘ .
’ . . T =2
. .

¢ }
%

&
«’»A;,
\
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In Chapter v the results are discussed. It was ‘the most intqrésting
¢ 7 ) ' )

and the ‘most difficult part of ;he whole pro,]ect' interesting because

-~ s

the reséarch was based on deﬁectmg minute. quantities of gold by ob- .

LN -

[

servmg the various decay processes of Hg, Au and Pt isotopes, and

dlffic\léx becausa Af the competing reac\/gns and the choice of various

athways of the above-'nentioned decay processeP Cha.pter \') conta.ins
' the identdficat %n of various elements aﬁil constituents and quali- .- e
o » tatlve determinat of their decay processes. Also cdmpa.risons of
. - ' .
spectra with different coolin; riods are made in this chapter. . __—
- ~3 ) ' . © 1 ' . , b
- ; Fi;nally the sensitivity of the system’ is'discus d and conclusions are
’ ) drawn from the results. A large number of the original:
spectra is in&ded to aid in understanding of the reacti.ons.
. { append;bc contains various cmnputer programs neceasary ‘for data-ha.ndling
‘ ' a.nd data analysis. . -
., - up -
. R . \
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) R . CHAPTER II . .
) - N » T ’ '
had i e » ’
» " !
'] . . ~o
. : + " “THEORETICAL PRELIMINARIES
. ’ ' i ' i > -
‘ 1 3 - y .- M 4° N
» . Vo, . o, . s -~ . N . . 9 R . “,
y II.}" Intrinsic Variables I+  ° .= < . fooom
X + s ,‘( . ~ - . -'..‘
“ . - ., - -
‘ S - 4 -

P .
‘fBefore dié:ussing the ararn.ety of nuclear reactlons which took place in .7

\ .,

the series of experments s it would ke a.ppropriate to get acquainted
e . - i

R with gamma-ray spactroeoppy terminplogy.
- . > A

14
L4 -

' ‘ '

L < -

There are many "ways i}x which an exclted nucleus may returnoto the ground

, - J ,. state, such as spon‘aaneoua fissioh, neutron emission, isomeric transition,

}. ' . \\ ‘ .h pha emfggion, positron emi.ssion, eleetron capture, vela emission, ] |
L. . O gamma emiasiop, and internal conversion, - A decay scheme of excited

| , ' . ; nuclei includes all the modes of decay of the nnclide, the abnndance,

the enargi‘es of the rada.ations, and the sequence in uhich the radia-

~ -, : tions a.re emittrd There are many canplete ila.tions of the decay - T
AR schémes of the nuclides?h) o : ' G LN ' P" B - .
b . - . (i) Garmia . emisaionand intefnal. conversion. ' R n
. _ Gama emiss:!.on is due to a.de-excit on of an excited nuclaar f oo
’ - ' - atate to -a stat of loiﬂn' excita‘l;io;t but ifith tha same A and ZY Gamma o et

,‘; !

oo i S radiation is due to €

t r

. S 91;1'19 wgas in “tha charge and
give rise to elect,iicv and magnetic m

tromagnetic ‘affects /which can be, ommidered as
rent diqtributioﬁ 1w the ruclei/which = -

ts. _ These t;ran'sitions .are. ‘ "

U * . greases with increasing angular momentum change.

. L N
-.'Q , o s ‘%.
. . . . " ' [ I

-
.

-
1

:
-
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Game emission may be'accon\panied, or even repleced by tne‘emi.,esion of e

Sl T internal conversion electrons. Intemal conversion is the manifestation

s o “of the electromagn interaction between the nucleus and the orbital\ .
‘ -electrons‘ This process can be explained- by the quantum theory of rad-

r . 4 L} o

iation as a direct coupling between the atomic electrons and a nuclea.:;
multipole. field., .The result of thie int.eraction is the emiesion o?‘ an .
‘electron with kinetic energy equal ‘to, the energy of the nuclear transi-
tion involved minua the binding energy of tl\ electron in the atom,

L 'l'he internal conversion toefficient ', which can have any value between

X ‘ - °3:o, oa , i3 definec}_ ‘as thea_‘ratio of the number of internal conversion ’ . |
o - - R .o b . Lo ) P ,{
; » ¥ electrons to the number- of “gamma quanta emitted. ' % |

' . o
td

( * 2
. * L]
)

The intern;l conversion coefficients foﬁ?ny ehell K, L, M, etc.
- increase uith decreasing energy, increasing A, and increasing difference \
"% between the fnitial and the final state of spin. Tables of & for various

“ shells are given by M. E. Rose(5),

. . . - %/\ ' -

e - . As soon as the electrdn @ emitted a vacancy is created in one of the

»a

) sheller,.which is noeWuently filled by an electron from the next ‘
£ . 1

. sbéll (higher). This atamic re-arrangement process can result in the

o

enl.ission of gharacteristic X-rays and internal electrons from the L or M

shell, etc. This is called an Auger electron and itglkinetic energy is

.

' . equal to the chardcteristic X-ray energy minus its own bind{ng energy.
(See figure 5 lér\ju196 X-rays) : w - Coe o
ooy T ‘x.' U ‘f ' )

SN /

I " Isoméric transitions Tl '; o T 4 &

v | 'mis tert ia u.sed for both gamma-ray emissions anq internal convereion .

.o d
’ proceee;:\/An isomeric state differs only in that it implies an o

~ - . h . . K™
. B r - - & R
R . o



(a)

(b)
(c)

(a)

' gamma-ray spectroscopy . ' -4

‘marized briefly for  each proce?.’ ' ' A ;

“mateiy 0.1 and increases slowly with Z.

' mately 0.15.  * Coe

- been glesc‘ribed‘ adéquately /'xn theory,
‘f* . . . !

The nuclear isomers are

independent existenae of an excited state.

L]
-

those\‘whoge half-lives are not too short to be measured. The important

. effect of these, transitions; is the sometime summing of two peaks if they

/

are not delayed. (See figure 5 .) .

4

(1i) The atams can be ionlzed by four primary pracessés. Internal
K]
conversion and, orbital electron capture are the two nucleiar decay pro-
I N . -
cesses.
- w
trons with ;exte\:;ng;l. radiation, "i.e. gamma-ray absorption by the photo-

electric effeét and the absorption of beta-rays. These are the four

mathods of cha.ractar:\.st:\.c X-ray excitation whn.ch are important in applied

a
v t-xﬁl

i

— ‘ . ‘ »

.ih a' particular atom. the primary excitation probabilities of the X, L,

etc, shells may vary in each of the four procésses. They may be sum-

i
Y

For electron capture, the ratio of L= to K- electron capture is approxi-

At Z-Bd, the ratio is approxi-

- o
-
. t

' ) A .
For internal cOnversion, the L/K values vary in a complex way with the

gamma transitioﬁ energy a.nd the atunuc Tmmber.,

.
Y

L and K shells‘is con-

v

The ractn.o of photoelectrlc mteracti?ns,with the

- stant, 0,25, ‘

1]

The production of characteristic X-rays by beta-ray ‘absorption has not

's

The other two result from $he interaction of the atomic'elec~ -




.

.. A S
\

After an excitation, characteristic X-rays a‘re emitted as the atom re-

A}

-

" organizes. Sometimes, instead of X-ray emissig:x the excess energy may.

' . I
be ‘transf‘rred to another outer electron which is ejected from the atom

'_, (Auger electron). \ ' " ' e \

(1)) Beta Transitions (EC, B* and B”) :
Beta ‘l‘rans:iltion may be considered as the conversion of ‘

nucleons (i)rotons to neutrons or vice-versa) in the nucleus. The m‘a‘ss

.

number of the nucleus remains the same, but the atomic number changes,

The follawing are the conversion processes: ~

Nespt+te +9
<

P—en+e sy ‘ g A o
p+e".....,n+)7A ' '
n iand(p- represent the nucleous, ol , the positrons or nega-

trons, Vv and § » the neutrino and anti-neutrino.’
. -

»” - {

. Electron capture decay to the ground state is'the most difficult to ob-

serve. 'I;he atom is left in an excited st;te, and is now the product
nucleus Z - 1. , It emits its characteristic radiation or Auger electrons -

in the manner analogous to the atéms‘excited by the internal conversion

process.

%

The undetected neutrino carries off all the energy of the nuclear transi-
tion, except the bindi:ng energy of the captured electror;. Since very
(Jittle energy is imparted to the nucleus as it re'coils, therefore, the
_' energy of the nuclear transition is unknown if ii". i:a onl;;' due to electron

capture process. : - -

’ 1



Electron capture and positron em:.s;aion may be' considered as competing

processes, both resulting 1n the capture of an electron by the nucleua.

In the case of pogsitron emission, the "captured electron® Joins a pro-

§ -

ton to becoms a neutron. » . r .

The energy equation for \;i:sityon emi$sion is;
M =M +
z z~1

me. + Q‘. ' .
/ The corresponding condition for electron captﬁre is: \

' My = Mpn *Q _ !
- given in mass uhits\ ) B

S -\

N

D
Nuclear transitions which involve less e'r'xerg than 2 mc? (1.022' MeV)

.. réquired by pair formation cannot decayjby positron emission..

.
i
- N . e

s . . v . "t

. < - !
. - .

. ’
> A‘D .
* L3
¢

II.2 TIntrinsic Variables II

P

» - ' ) *
Interaction Procésse; of Radiation with Matter.

Intex?ction‘ of gamna-ray’s with matter leads to a cb_mplete absorption |

.

aor scattering in a singlé event,

.
. o) .
9 .
Photons can interact with the following.
' (I) With bound atomio elecfrons. - ’ a ST,
. ‘0 \
(II) With free electrons. )
(III) With Coulomb fields (of nuclei or electrons). - " ' , P

(IV) With nucleons (1nd1vidual r;ucleons or a whole nucleus). . o

a
i

o - . .




i .yt

-.-
v 5

|

These interactions may lead to one of the three effects which are as
-~ "
follows:

a . ~

(a) complete absorption of a photons
(b) elastic scattering;

(c) inelastic scattering. . S

Therefore, there are twelve processes for gamma-ray absorption or

.

scattering. But between the energy range from about 10 KeV to about

10 MeV (we are considering) most of the; :Lnterac.t;.ons result in one of

5,

the following processas: . A
A
(1) The photoelectrlc effect predominates at low energies. X

-

photon gives up all of its energy to ‘the bound electron,
which uses part of the energy to overcame the binding force
and takes offeacith the rest.

(2) The photon may be scattered by atomic or individual electrons,

in another direction with or without loss of energy. When the

enei‘g, the photon gets scattered as if the electron ﬁ)ere fr;ee

" dominant modé of 4nteract§on around 1 MeV.

-
s
] . /

'The Compton effect can be seen ijix all the spectra in conjunction ‘with

.the 0.511 MeV or 0.662 MeV peaks. ,

L4
.

” (3) 1f the energy of the interacting photon exceeds 1.022 MeV

* pair production becomes possihle. In the Coulamb field of a

charged pa.tlti(?lemn electron pair ia cgg_atad with total kinetic

energy 'equal to the difference of the photon energy and the

- rest mass energy "of the twq particles (2mc2 = 1.022 MeV).(]‘o)

A}
° v

binding energy of the electron is much smalleér than the phdton

and at rest. This is called the Compton effect, and it ‘is the

-
-

»
L I
Ll
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1. o ’
Fo example, in the gold spectrum there are quite a few single escape
peaks. These are due to the photons of energies more than 1.022 MeV
interacting With the material of the detector and produelgg‘an electron
pair. In the positron annihilation, one or both .51) MeV X-rays will

escape. . . )

9 . 1

A. Photoelectric Effect -

An electromagnetic qpantum of energy h\?ejects a bound electron from a§§

\J
atom or molecule arid imparts to i{f an energy ‘hv - be, where be ¥s the

electron binding energy. In this process (photoelectric effect) the

electrons must be initieily ound in the atom, because a third body,
\ . s rd . \

{
the nucleus is necessary fd?)conserving momentum, ) g

' >
éFv

<

The energy, be, subsequently appears as charabteris§7c X-rays and Auger
electrons from the filling of the vacancy created by' the gjection of .

the election. The Auger electrons have short tracks in a detector

medium, and usually they are easily absorbed. They are never detected -
n o .

in a gamma detector.

L)

/ \ \\-1 ¢ sy

ﬁ. Compton Scattering
&

sense that it is a collision between a gamma-ray and an e ectron,'e
which can either be bound or free. Usually the eleéfron are bound,
though it is not a necessary condition for the Compton fect. The
photoelectric effeEt takes place almost entirel& with e K or L elec+
trons dhd it is a relatively intense source of charac eristic X=-ray.

COmpton scattering usually involves the outer electr and does not

.

"
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\ The energy E'¢of the scattered photdn is given by:

oy
| IS » ' ’ ’ o ' ‘ »

produce a significant amount of K or L X<rays exceptdin very light

ele\ménts. /e . = .

¢ ] 5 ‘e

. ‘ ¢, o e

\

¢

The. photon gives part of its energy to the eiecfron and is deflected °
¢ . . ) -

fr_brgx its _original path. shown in the figure, the photon makes an

ang1e¢ with its original directionc,“;?hile the electron'recqils ma

{ectron : recoil electron

path

an angle a'. .

ny

Py “scattered photon .
’ F) 3

i

5

Incident 'photon -

The trajectories of the incident photon, the Co n scafjtered photon

?

and the rec_:oii electron occur’ Always in one ane. The angies . and "
are‘ correlated thus: ' |
’ cot © = (1 +<) tang, : 2.1
‘where & = E/mc2. i
. .

\

From relativistic conditions for conservation of momentum and energy:

: hv : «
hy = , 2.2
/ 1+ (h¥/me?) (1 - cos@p)

where m is the rest rass and mc® (0.511 MeV) is the rest mass energy of

-
’
-

v

the electron. ; ) o (N

E

2

- ' E : ., .
E' - : L s . - ) ,2."3
. ; : 1 +0o(1~cosgp) . :

v
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. The energy T of the scattered electron equals the difference between '

the originai photon energy E and the scattered photon energy E!

S}

T = ‘OLE(I - cos®)
’ 1 + o (1~cos@)

- . ¢

From equations. 2.3 and 2.4 it can be seen that /he energie}? of the
scatétered electron lie between zero ( ¢ 0%, O = 0°) up to a maximum

value ( @ = 180°, & = 0°). This maximum value is called the Comptfm
®

e . . ,
edge: E = E . .
‘ " 1+ 1/2: ' i

A}

§

. , X \ . o
The -minimum energy due to the backwards scattered photon is given by:

' ) L. Et = E - 4“.%2_ . 1 .‘
’ A 2 A 4 1+ (mcz/ZE)

"For large inciden{ gamma-ray eneréf.es (2 E,) mcz) the minimum enei'gr of .
the scattered gamma-rays approaches &/2 mc = 250 KeV. For this reason,
spectra of’ highly(nergetic ga.mma-rays often show a back-scattermg in

surrounding materia
®

,
. : -
1.

.

C. ‘Pair Production

Pair production becomes. possible if the incident photon energy is above

g

2mc? (1.022 MeV).
v4
2 \
The energy 2mc is a ‘threshold for the proqass and provides the rest
mass:energy necessary to create the pos\itron-negatron pair. The inter-
action oij an incident photon with a negatron converts it from a negative

41

to a positive energy state and creates a hole (positron) and an /].ectron.

2.4

l
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Negafive
energy
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I -me - statesy
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k . i . ' ‘ occupied © i,

, S - ] Incident photon , {

> . e Pair production.

+

According to Dirac Theory; thee relativistic wave equation for a free
electron suggests that both posn.tlve and negative states ’mc2 }exist.

It is assumed that all the negat:we energy states are occupn.ed by a

|
|
|
|
J
to the fully occupied negative energy states., ‘ ' : ' ¢ {

sea of electroins and the exclusion principle forbn.ds the transitions . ' d >
3’ . . . . ) ' N 4 t } -
> assing thxough the electric field of a nucleus, a photon may be ab-

sorbed_by an eléctron in the sea of fully occp-pied negative energy
ctates. The elec’trcns can be raised ints th'evpositive eﬁergy-states
and obser)ve.c'i as a“ﬂega.t.rop, if it absorcs epérgy greater than 2me2, ‘\ J
A hole is created in the negatlive energy -states which' is”calleci a ccs-

)
!

itron, it has the same mass and opposite but equal charge as a.n éieco T )
v i . ' B 1 ’ . 1 ’
tl‘ ., ? )
o B ' .
[ . ‘a" . ~ )
! ' @ - v “\
| L - - — # .\j ’



When a negi&ron in the positive energy states fills the hole in the .

» negative energy states, the annihilation of a pair of electrons ~occurs.

{

‘ When all the positron kinetic energy has been dissipated by ioru.zation T

' or radiat:we (bremstrMMrmesS then the a.rmihilation occurs,

o

a 'I‘wo annilnlation photons, each with O. 511 MeV energy, are emltted at

T

approximately 180° with respect to each other, but nevertheless, ran-"

, « . v i

dom with respect to the photon direction.

The annihilation radia%@.n can produce two escape peaks in the detector

response at 0.511 MeV ‘intervals. .

A1l the spectra presemted here sho‘w. peaks at 0.511 MeV which ate the -

v

results. of positron annihilation. | °

“ e a

% . . r
A o
. .

Theoretical estimation of cross sections for .charged-particle reaction

2

The rsdioactivity induced in anf'element by the charged-particle ac"c-,iya-
tion is directly proportional to the amount of element present in the
- -sample., The ‘,main difference between charged-par'ticle activation anal-
- ysis and other 'activa'tion.metho'ds stems from the characteristically
, strong inters.ction of protons or energetic ions wi"ah electrons in mat-
- ’ ter. A wide varliety of sizes of the ‘sample can be chosen when photéns

or ndutrons are used for nuclear «reactions; as they can penetrate mat-

ter easily and the variations in flux and energy are negligible. But

» -«

v ’

e ’ . -

the .charged particles are quickly slowed down and stopped. See figurel}.1.

y
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fn typical activation analysm maximum partlcle penetrations (ranges)

are usually of the order of 10—100;; Whlle for photons and neutrons
wd Y
the nuclear-reaction cross-sectlon may be considered congtant throug}x—

o

out the sample. o ' >

, .
A P T ]
’ i -~

. 4’4__:‘_\:{ ' ) N
The stopping\power, i.e. the rate of energy 1333 per unit length inside .

the relation (Friedlander et al){8)-

2.1 . ‘
_____________h7(Z e 1n.__2mﬁ_ b 2.6 Lo

2 N
mv i / “o’[

the sample, ik given

dE_

Where E is the kmetic energy of the charged particle at depth x in a

sample, z 1is the atonlc number of the target, v is the velocity of the

e
bombarding particle, while ¥ is the number of electrons per unit volume -
L ' o . . » _ \
of the sample, and i is the fdnization potential of its atams, m is the. ‘
electron mass. . \\ ’ {
|

In proton activatior analys:.s the ‘Kinetic energJ.BeS are always much .
. K] ’ O '
smaller than the parblc;é rest mass energy, therefore, this equation \

4

is valid for nor;-relatlvistlc interactions. . .

- “ .
¥
'
@ .
s

Multlplymg and-~dividing both fractions on the right by the cha.ged- -
2 :

particle mass M, and putting E —n-—MX—T we get.
2 .
L 7z
i Chwilelm . lum -
dx " mE Mi 3 Z‘ 7 . ‘
° ' h " . ! r M
Since LoTe is constant, we call it K. Thus, X , ,
- m -~ ' : .
- 2 . * o
- .d..E = Vk ZM In !i_',f.'E. o / 2.8
dx E M T -
- ‘ . /" ‘ : .
( . -
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The stopping power depends on the nature of the matrix (¥,-1); the kine-

tic energy (E) and the nature (z,M) of the bombarding particle. The .

. atopping power is the same' for proton of energ E and deutron of energy \

. 2B and triton of energy 3E orot-pa.rticle of energy LE. o7 . D

123
e

.o
‘ ! : s &
. L] b -
. '

The Cqulomb barrier of 'the nuclear .reaction and its ‘h}meﬁ-héld engrgy
< ol
-are the tito usefui param'etersv in c'h'arged-pa.rticle activation’ °ana1ysis.

An approximate value’ of the electrostatic Coulomb barrier V is given by

® v

(Ricc:. and Ha.hn)(9)

v (Mev) - 0959k ZpIn X 2:9
- Apl/3+A,,1/3 , - o

“Where Zp, Zn and-Ap, An are the atomic numbers and the mass rumbers of
' the bomba.rding particl'e anci ‘l:.he 1{eacting ‘nucleus, 'res/péctively. (.K‘is less
tlhan 1. The (p, xn) ,r'e,act;ons: a.re. endoergic, i,.le. Q is negat:’we.'~ Therev-n '
~ fore, minin:um kinetic energy necessary to .prgdgce the ;eactioni-the g
'thre§hold energy E, - is s]rzigﬂt.ly greater than Q, because the momentum
® -~

‘must be conserved in the :Lnteféc%ion,

’ F

Et--Q(Ap+%.) ST Y 2.lo
'merefore, in endoergic reactions the mmimm energy to induce a charged-. .
particle reaction must be equal to either V, the COulomb barrier, or to-

the threshold energ_Y B, whichever is larger.
There i3 a method of mathemgtical treatment of chérgeci-particle induced
reactions in activation a.mlys:us: developed aé the Oak Ridge Natioﬁal N
I’,abox:ato?y by Ricei and Ha}ihl.(9) This method is, similar to neutron

hd ]




acti’vation analysis in experimental and computing procedures. It is .

.called the method of avera(ge cross-section. : .
o o
" - ) ST &+

' \X
To account for the variation of the reaction cross ection c- wit@depth

x in a thick target (shown below), the "theorem of the averages“ can be
-used to defmtz an avexiage cross-sler.:tion a", ‘ : .

I ox dx e
s o B 2.1

. (" ax |
The' ifttegrals are to be calculated over thd ‘particle range R:
2 ‘K o ) . - -
‘ 6

'k Nde e s -
x . ) (#%“) , S 2.12

because 65 = 0 for X3R>R“' Because thé partikle energy E and depth X'

. are interd?ﬁéndent,mge change thé var e in equation

o

»
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Where raprgesents the var:.at ion of the cross-section with partlcle

dxis

. energy, i.e. the exciﬁ‘atign function for the reagtion, and =
2 .- ’ ;0 .
the reciprocal of the stopping power of the given thick ‘matrix for the

bombarding particle. Hence, from Equation 2.1% & L.

' ; '.«'; j"é E[I‘n II'ME/M,/] dE

—

2.12%"

¢ <

L j [lm(l/rmE/M: ] de C

*

X . '\)) K, Z, ajl/d M cancel out. It shopld be noted, howevere_ that equation

M |-23 is not valid for 1§w epergiefs (2 below 0.5 - 1 MeV), but our,
"energies are well above that. o - | . .
: [ - 2 . . . ' N ' o . “

s
-Although the logarithm depends on the E fof a given particle and target

(bm/Mi = constant), it varies slowly with E. Thus, In (knE/Mi) == .

.. a constant, and e%uatlon 2.12 reduces to: N ' v .
.. . e . R )
6"5 E dE b /" .
. c_—: % os' L) 2 -~ , 2.
o S\ . S e dg . . ,
\_ ‘ Therefore R the® averagg cross-section, ¢ , 1s approximate]y independent of

bl

. the nature of the target mater:.al, and constant flor a given nuclear re-

acﬁ:Lcm (g ) ancl particle energy E,

4

’ Ricei and Hahn”calculated 8=, showm in the figure ‘below: - ’
s P . . 3 > ' I C
. . *fb L'o AN——\ o " v ‘ Lo
. o :: . w . . ) ‘ , | g
o <)

Variation of avera.ge cross-section with atomic number 2. .

c/ Q I H‘.‘ )

3" varies 3% for Z from L to:57, while the total varlation (Z = I} to 95)

v isnolargerthan 8%. . : | . - ‘ ‘
L o yooY
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. 1 mxpertMENTAL PROCEDURES & APPARATUS °
N | | L
I1I.1 Sample Préparation . . - ‘
e o : R :
O -..The sample@ ?.rradiated during the experiments are the follqwing: . fl \
P . . .
: » (1) Pure quartz (Si0,),
) (2)0 Sand or soil . a ] ? &
- (3) . Gold (Au197) s - ; _ o
‘ (4) Gold + sand; Au é‘hOOC ppm. . - ‘ :
< (S)_ Gold + sand; Au < 400 ppm. | ' o
© " (6§ oold + sand; Au < MO ppm. . : :
N -
Optically high grade quartz was obtained from Beckman Instdx:ﬁments y Sup-_ o
. d plied as cells for a UV spectrophot ometer. The quartz cell was soaked
' ‘ in chromic acid overnight and washed many t:i.;les with distilled water.
| i Sandy soil fI‘OH'l th:banks of the Ottawa River was chosen to be the di- '
“ , 1uent. Its compositiorﬂ?;us quite similar to ordidar) soil (sandy loam). ‘
- T; A sample of sandy loam has been found to contaj.n(la.) -, . .
p 1 . .
N 4 ¢ )
. s f , ‘ i
1 Percent by weight
. T v i ,‘." ?
s . oygen .. ...... b9 ca....\....137’ | . ®
LS. .. MZ o oo e e oo o s 0.60 '
R 37 S SO 0
o Na 063 TL.uuioroeoe. OM6 -
FO « o v s ave s 380 G vueuonoo. 2,00
# . . | x



Q

There are 35 c.;other"elements-which are found, most fof them in traces
;nly. Even quartz crystals contain Re, Mg»,"u, Ti, Na, B, Gg, Ge,
Mn and Zn in ‘traces i.e. 10 ppm or less%
;l'he' gold was bought _from: Reacto;' Experiments, Inc. “‘

" © $63 Terninal -Wax ‘ T

Saﬁ Carl.os, California

v .
o

|

|

|

|

|

|

%

« . \ . \ . !
- It had a thickness of .002 inch and guaranteed purity was 99.99%.. . ! j
This is standard activation grade gold. - | -
- . |

Also (AuCl) gold chloride solution (0.5%) wags used to mix’with the soil {
' |

l

J

|

4

samples. 0.5% AuCl can be obtained from Fisher Scientific Company.

. \ . l' R .-‘

of AuCl solution contains § x 10-k gms of AuCl,

{. ' ' _Three sa.qtples.of sanq werg prepa'.re'tl:l with differer;t concentra,tz.ons of 7
} gold ghloride. A known quantity of gold chloride was added as solution
i to the weighed quantities of‘sap‘d and then the watér was allowed to .
| 7 dva‘porate under a hot lam;;. A siaﬁﬁlé calcuiatio;m ‘can gi\;e the 'concen‘- .

o trati‘on of gold in sand. ! | . i

. (a) Sample 1. . >
’ . 0.'ml of AuCl in 10 gms of sand. )
Atomic weight of gold 1s 197 amu. ) -
, . Atomic weight of' chlorine is 35.5 am. | ‘;
! ¢ ‘Molecular weight" of gold chloride is 232.5 amu. .
. " Hence, 232.5 gns of AuCl contains 197 gms Au.
o | .+ Also, AuCl is 0.5%. . ‘
n Therefore, 100 mls of <Au()?l. solution 9onta:ins 0.5 gmé of ﬁCl or 0.'1 ml



Now, 232.5 gms AuCl contains 197 gns of Au.

Thérefore § x 1071 gms ,of AuCl _QJ? x5 x 1074 gns of Au,
N ’ - 232. * ‘ "_ -

which is 4.236 x lO'l‘ gn of Au.'

Therefore we have 1.236 x 1074 gms of Au in 10 gms of sand or h2.36'2m.
(b) Sample 2. A _
L O 1 ml of AuCl in 1.0 gm or sand would give the concentration

of gold to be k235 x 100 gns. - o,
(0) Sam:le 3. o A

1.0 ml of* AuCl in 1.0 gn of sand gives ls235 x 10'6

gns of gold

Each t;ample (of aarid_. and AuCl) was crushed in the mortar with'a pestle to

obtain a homogeneous districution‘of gold chloride molecules, But since
A——-""M ° ’ . M

 “peld chloride is a strg)ng yellow colored substance, it was seen that same

, of the gold chloride stained the mortar and the concenfﬁ_pnsmeré ob-
biously less than 4O, LOO, LOOO ppm in samples numbers 1, 2, 3, réspeét-
ively. "It is estimated that about 5% of the AuCl wasvhdhering tothe

\ ‘, 1

mortar.

111.2 The Sample Holder -

The penetration of pratons into matter is severely limited by Coylomb -
fepulsion. Hence at moderate Proton energies mo;t"of the ag?iyatipn

. takes place on the surface or in a thin film of the tgrget sample.
However, mixtures and pulverized samples etc. have to be enclosed .’m an

F al\minium tubing, as ther: is a high vacuum (less than 5 x 10'6

t -

torr)in )

- the cyclotron.




This aluminum tubmg has an outer dlameter zﬁf ‘0. 0625oinches and the wall

thickness is 0.003 inches. A tube about 1 inch long is used to contain

- L4

the sample durirlg irradiation. The ends oi‘ the tubes are ¢losed with
s tweezers and' it is mounted o}n.a sample holder, The sample holder in turn_
is mourtted on a shaft.which'is capable of insex;ting the,sample into the
° proton beam of desk:ed energy with reasonable accuracy. Proton energy

\1oss in the Al tubing is about 1 MeV. In choosing the radius (energy) of

’ the proton‘bea.m, allowance- must be made for this.

] R ]
/

. It was realn.zed very quickly that a speck of dirt on the aluminum tubing
could cause great problems in a.nalyzing-the spectna. . Therefore, all the

, tubes were cleaned with 95% alcohol and this did help.

. ] ' .
II1.3 The Foster Radiation Laboratory Synchrocyclotron oo
4 L - L :

The.Synchrocyclotrons

£

v

The cyclotron was invented by E. C. Lawrence at the University ‘of Cali-
fg’r}ig in 1930. Since then it has been a very successful particle,ac- 2 g
celerater. TIts success is due to the fact that relatively lt;‘u; ﬁotentials

1 hd N

(elegtronic) are required for its operation, and, therefore, it is pos-

~s:tb1/e( to reach particle kmetlc energies much higher than- those obtained

oy Va:\ de Oraaff generators, .

L . ,
v . ‘
The acceleration chamber of a cyclotron resembles a pillbox, like two D's . o

) LY

back to‘back with a gap between them.® These "dees" are }Located between
the pole\s of an electromagnet which creates a continuous, strong field
» < e J )

\ . through them.. In addit{on, the two "dees" are connbcted to alternating -

| , .
; o radiofrequency potentials. . . . ‘ e
| .

C .. * b ’ '
\ o .
R’ {
' !
v i
- ' ‘ * i
¢
- o Y 1
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Pmitivé ions are released by a source near the centerb of the gap; and

- are immediately drafn into one of the "dees™ which is ct}arged,"negativel& -
at that instant. Once inside the "de'e" _the ion keeps its, speed'consta.;it,
since the eét rid™Pield vanishes there, but its path is bent into a ‘cir-
cle by the continuous magneﬁic field. As a consequence, the ion i8 driven .
around the center of the cyclotron and back to the gap. The radiofre- . !
* ~quency energy source has charged negatively the opposite tdee" by now., . - . : |

Thus, th:Ls "dee" attracts the ion and increases i.ts kinetic energy as it

crogses the gap. The ion's speed remains constant inside thiq "dee",

while i}s circular path takes back to the gapy around the~éénter. ;
(8] . . . "!’L-l., “

-

The Jdnematics may be quickly derived from the cyclotron's equati.on oi' .
ubtion. ‘A particle of mass m and charge q, circling with: linear velocity

* *v at a distance r fran the center of a cyclotron of magnetic field B.

"The centripetal magnetic force Bqv and the centrifugal force 'm2 balance . -
r 3 1 -
o . each other. ) '
Yole ) ; nv2 ' ~
_ ' e B ' "

~The radius of the particle path is then,

¢ - my : .
s » r - W .9 - . ] )
' . i ‘ ° D' . - ; -1
y . . Squaring the above et;uatiqn, we get the nén-relativistic kinetic’ energy ' ‘
i of the particle, ‘ . '
, ) 2.2.2
-' ‘e B q r ' ¢
E =1/2 m? = o
Hence, E o« re. ’

!
'

Small machines can produce: high energies and the final kinetic energy is

independent of the potential difference between the "dees',-

. -
A
k . . .
. ' . .



" and 1t gfows with increasing enex(%y. ®

’:'526 J

One difficulty of the standard cyslotron is the energy limitation the

\
relat‘lvistic effects impose on the validiﬁy of the equation;

?. 14«!8““.

The relativistic mass increase is alread‘y 1.,0% for a 10 -)(ev pi‘otpn )
1’ . .
\ o o
From equation % - W - %’3 if m increases, then B must be increased to
- - \ .
keep o constant. .

~

i

To. overcome the above mentioned Jdifficulty, i.e. the relativistic eneggy

Ve

limitation, a much more efficient method was foundr in 194L5. I, ‘consists
in m;dulating the _oscillator radiofrggugncy,'to syncronize it’ with the
frequency of reV91ution ﬁhich de,crea.ses* as the velocity a.\‘xd mass of the
particle increas;és. ‘These frequency-modulated cyclotrons are ca.lled
aynchrocycllotro‘ns and the largest machines are capable of produ g pro-
tons of energy 33 Gev (Brookhaven AGS). But synchrocyclotrons annot
produce a continuous particle beam. It rm;st accelerate _one jon cluster
at a time to sxnchroni‘ze H’iﬂ'; its reduction frequency. Thus, though
p\i\se rates of 100'sec'1 are common, beam currents are no greater than

. .
10 microamperes. See figures IIT.1 and III.2.

Q . ~ S .. / . d

The syncﬁrpcyclotrpn at the Foster) Radiation Laboratory can accelerate
proto\to 100 MeV. The figure Ill.3hows the relation between the pro-

“%on energy in MeV and the target radius in inches for the relative pro-

ton beam intensity in pA. | '

/\
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III.L The Counting™Apparatus - - .o : :
L ‘ oo .
é 9

The block diagram in figurelll:# shows. the solid state detector which is
biased with high voltage. Soon after the. dectect or follows the preamp- |
;uirer, linear amplifier, and the usual counting apd storing systems.
«"‘" . | . o .
It would be appropriate to discuss the semiconductor gamma dectector in
brief. 4 - b -
| Gamma radiation or charged particles lose energy through interaction
\ _~with the dgteétor materi'al.‘ These interactions cause the electrons of
valence‘bands t gibe raised to conductance bands.! & strong ei‘gctrica'l
’ field can sweep Rhése charges to an electrical puise.. Semiconductors
became pop ar bfecause of the greater energy resolution they produce. ‘
' The number of cha.rge carriers produced in a_ soli:d-state detector de~
A . pends only on the energy depos.sit_ed by thg diatlon, and is independent_
| of the type of radiation. Therefore, germ um detec\th‘ors used for'
- gamma-ray spectroscopy wil} readily detect electrons and other charged
particles if these are not a‘bs_ofbed ~before reach;(ng sensitive volume
of the detector. Hence, conversion electrdfs and gamma-rays can be de-
- termined simltaneously. The Ge(Li) detector used for go}d assay shows

. “
very gogd eixqrgy resolution and due to its large sensitive volume,

&

higher numbers iof peaks can be seen in fiigure & .

~

The most~important characteristics of Germanium-Lithiun drifted detectors’

°

can e summarized as follows: -
(a¥ Hi‘gh resolving power

(b) Complete charge collection
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The Counting Apparatus , L ) ‘ >

. . . )r‘
The block diagram in figurelll-#shows the solid state detector which,is

biased with high voltb.ge. Soon é.fter the dectector follows-the preamp-

, . {
lifier, linear amplifier, and the usual counting and storing systems.

(A0
;

v - ’ * .‘ .'
It would be appropriate to discuss the semiconductor gamma dectector 'in

+

brief.
d ~ ’ 4+ ' : .
Gamma radiation or charged particles lose energy through interaction

with the detector material. These intéractiox}s cause the electrons of
valence bands to be .:;aised to co.nduc'tance bands. A étrong ‘electrical
field can awbe;; these charges t o an electrical pulsa." Semicondug¢tors
became popular because of the greater energy resclution they produce.’
The number of charge carriers produced‘ in a 'soliq_-;,s%é'te det;ector de-~ ’ .
pends only on the .energy deposited by the fadiation, and is independent
of the type of radiation. Therefore, géi'ma.nium detectors used for
gamma-ray spectroscopy will readily ;letéct glectrons and other charged,
particles if these are not absorbed befote reaching sensitive volume ’
of the detectoz‘%" ﬂence, conversion electrons a.nd gamma-rays /can be dg- }
termined similtaneously. ‘?‘he Ge(Li) detector used for gold assay shows -
1\ea_‘y good energy resolution.and due to its large sepsitive volume,
hiéher numbers of ;;>ea)‘(s cdn be seen in figure 5 ,

. P
The most 3.’n.xrgi'cu'ta.nt characteristics of *Germanium-Lithium drifted detectors.
can be summarized as follows: ‘ ' &
. (a) Hi:gh r;aoiving power .

* (b) Complete charge collection , & . 7
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(cS A well designed detector can have constgnt resplution ?vera‘ .
IR * large rar‘xg'e'or bias *#oitage. ‘, . - ' | o
(d) The operaéting temperature ranges over 5-77 degrees K. .
‘ (o) Excellent linear response. Hilver(G) and Hurrny(7). have a "
D linearity better than 0.2 KeV rrom 300 to 1300 KeV. |
(f) Neutron radiation can damage Ge(Li) N

' The detectors we uaed were capable of fullfilling most of the above |

" mentioned chax"acteri_stics.

lt. The random addition oi détector signal and noise, which- a‘.ppears as a
| random fluctuation of the base line, adds to the depression of the °
detector signals and consequently affects the resolution. A charge .
sensitive or integrating preampli.fier is used with the semiconductor
line, It is highly desirable to have the aiignal ’as a step function for
the input of the preamplifier. Otherwise, there would be gile-up effects . ‘
which cause non-lineerity problems ‘in the linear amplifier. We -have ob-

tained very high linearity, better tmhan 1l K‘ev over lJ0O0 channels (see the

T 7 gold spect;um _figures). The efficiency of the detedtor is shown in .

3

" - Figure ‘III.S‘. @\ » ,

r ) . . w‘ ., ’ . ) i
II1.5  (The Data Handling . co . '

¢ There were many tecpical problems in transferring the data from the

| Foster Radiation Laboratory to Concordia Univekgity. (See the block
‘L ] ES

- - . T Tk )

F o diagram in figure III.L). , g , S .

) ]

At FRL the spectrum could be seen on the CRT (cathode-ray tube) and with

the help of a light pen various visual operat jons can be peiformed with-
cut e{mnging the raw dafa. S , ' N .
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3

1

V4 'I'Tom PDP memorigs he data are transferred onto a DEC.(Digital Eduip-
.,. ment Corporation) tape which can be stored until needed for analysis.”
Lo J DEC tape information can be transferred only onto‘'a 9-track magnetic .
‘ tape (called Cyber) through the PDP B or PDP 15. 9-track uia‘gnetaic

"tape can be read by the I.B.M. 360-75 at McGill Computer Center.

ENY ‘ .
-

. : /
The problems are iwofold. The word sizes afe 12 ﬁit (PDP's), 32‘ bit
(IBM), and 60 bit (CDC). So the program "PDP" transfers the 12 bit
v;ords into the IBM c;re (from the ‘CYBER tdpe), re-arranges the-bits to
‘ n;ake an IBM word, and prints out the data on the line printer. Simu(i- -

-~ _tanously, the data are put on 2 7 track Concordia tapé (in BDC) 4n

¢ blocks of 800 characters.

¥

At Concordia University, the data is transferred into the Cﬁq core (no
program necessary--just a fewscommands), but Fortran cannot read the

. ) S . .
e 800 character blocks. It can only handle 136 character blocks.. There-'

fore MCGILL uses a newly developed command by the software department
a - .

at Concordia University Computer Center which divides the 800 character
blocks into 10 80-word character blocks. REFORM then reformats the data

into 70 character records (which is the TTY line capacity) and the data

is now in the form required by SPEC. T

t

SPEC is a very powerful program: it g‘a‘n give the channel nuylberé and °
o T .0
the energies - { Ein KéV) to three decimal places., After running SPEC on

raw data, various other operations can be perf.érx‘ned, such as obtaining

energiés of the peaks, which were determined by SPEC, using a cubic’

[
bl

- equation to fit the energy vs. channel number calibraticn gurve apci pre-

“paring the magnetic tape for plotting. *
’ ' 7 'h l \ v:l & /

) A
P i o
a

R




Without a program like SPEC, it would hav_wbé,en a tremex:lous task to

locate the peaks of the various runs. and determind their energies. In
the activation analysis, wé are 'éoncerned with mariy radiation ‘energies . |
' with different h.alf-lives of controlled activated sa.mples. These de-
e 3 ternminat jons would become very tedious without ha.ndling then with the
& help of fast computers and sophistic‘ated programs like 'S,PEC.. e ¢
- ) N ! : : .
Hs}thematically, SPEC agyances through the spectrum one channel at a )
time loéking for a valid spectral p;ak. In each fitting atterlnpt , &
atra..{ght line is drawn through the first and last few channels, form-.
dng a ba.ckgi'oqnd line. Thé background is then subtracted from the data,’ '
channel by channel. SPEC then .atte'xnIRs to fit the gaussian expression g
- p(x) = Cexp - (x)2/2cF T

L4

. . . ) .' ' . &
‘ ( (C, B, and & are peak height, position and standard deviation, respec-) #
tively) to a gselected groupsof channels in the center of the fit. The

3 va‘lidity of the fit is determined by- a figure-bf—meplt (M) based upon

»
.-

a chi-squared formation.
» ‘s

N . o "
l ) .
- - FOM = — ., - D. —2 ! o .
where: N = number of channels per fit , P

y; = corrected data (backgroghd subtracted) in channel 1

pi' = coﬁputed va]‘ue in éhannel i from gaussian cqrve,"

! - K “ p= C//Z' average value of p(x)

[ 4 ] . i ) ¢

| ' -
{' . - If the Foné 0.1, the fit 1si}eemedvsuccessm and output is generated.

§ e




A %
A : 8 » SN
The fitting procedure "1ineariées" .the gaussian eip;easion by expanding
. :!.t in terms of a Taylor series and dropping all but the linear terms. e
SPEC then performs a 1inea.r least squares fit, and using some initial -
» estima},es of the three ‘parameters C_, 4, and 67, arrives at a better vgl-

) ues than the initial estimates'. It then takeg.‘these better values and

. uses them to achieve stilltbetter values., This iteration continues un-
til further improvement is far beyond experimental expression.' At this

time the FOM formation is invoked to accept or reject the fit.

i . ’ .

IX1.,6 Plotting of the spectra °

In activation analysis, it 1s\very important to have a visual &aplay of

the va.rious reactions which took place so that one can compare the re:
( E . | sults later on. This is specia]:ly- helpful when reactions of different
half-lives have to be compared For this reason, a computer program was
written called PLOTAK (see appendix), which was abfle to plot the spec-
tra on the ‘plotter COMPLOT, manufactured by Houston Instrument, a -
Division of Bauach & Lomb. . ‘ | N

( .
R L

PLOTAK has "the 1;roperty ‘that it can pick the taliest ;;egk and make it
100%, 1list the channel mumber, and the munmber of counts. It is flexible

enough to expand any part of the spectrum and give 'the correct pealf loca-

-

o . tion and counts per channel.

A ) " . -~ L. ' - . ; °

¢ The raw data cannot be plamed direct’ly.' First, it has to'be opérated .
. on/by SPEC and then PLOTAK can accept it.
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. It can be seen in a few of the spectra that a certain portion of them
; were expanéed or certain peaks were brought to the maximum hetght.
- © ' » Sy ' A .
Again PLOTAK would overlap a peak if "the counts per channel are very '
/ . X N 0 - -
large, such as X-rays of al% 1n figure™S, or the cs137 661.64 peak
. \ ’
‘in figure 2h. : . "
/ - . ) e
Aﬁothér interesting feature of the plotfing éf speotra can be noticed
_in figures 21, 22, and 23 where the csl37 peak gradually increases as
.511 MeV.(annihilation radiation) decreases. EaC P
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. EXPERIMENTS o \ ‘ ‘

\inﬁnary Investigations ‘ ] N ‘

A].l the a.ctivations of the/samples were carried out at Foster Radiation

Laboratory. The first s en spectra were counted in the counting room
" and the cyglotron rpom of FRL. The remaining four quctra were obtained
at Concordia University. Finally all the raw data ended up in the ‘core
memory of the C.D.C. 6200 computer at the compute; center of Concordia
‘ University. ‘

\J

The initial-runs were Aone with various proton energid h as 12 Mev,,

: 15 MeV and 20 MeV and the machine t:Lme varied, also, kinutes to
{ 25 minute#. These trial and error runs had to be ‘-' out in order

to d'etex_'n\ine the optimum proton energy and irradiation time. ‘

~

4

Figure 1 shows the pure quartz (SiO,) spectrum. Quartz was 1rradiat‘ed‘
J for 18 minutes with protons of energy of 13 MeV corresponding to the
| " radius 1.k inches, with beam intensity 0.6 - 0.7 pA. The sample was

v

L

allowed to "cool off" for 3 minutes. ThHe counting was performed in the
counting room. The Ge(Li) detector, LGTC, L.83-2.5, was used with a
Tennelec 205 Linear Amplifier. A Nuclear Data ADC and Multlchannel N\

> . /( ) ,
. Analyzer were used. The whole spectrum w#as in the first portion of the

I memory i.e. lﬁZh channels.. After acomnula’ciixg the counts for 10 minutes, =

/ a DEC (Digital Equipment, Corp.) tape was used to store the data. ]

. ¢

- . »
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It can be seen from Figure 1 that ;here is ;a very strong peak of
0.511 MeV eneréy ir/x channel number f,\v/19b. This is annihilation
radiation. It is due tol'electron (megatrop) and* positron annihilat}non',
following positron emission by protron-rich nuclides formed in the
,(p,\ xn) 1"ea.ction.s. This phenomenon will be‘ discussed later. For the
time being it is sufficient to know that from pure quartz a "clean"
spectrum was cbtained. It was “interestingto notice that if the ir- X

radiation time was decreased then the 0.511 MeV intensity decreased

¥
i

, | o \)
: A
.

u} . . ’ . '
Another run was made withxfnartz, but this time the.proton energy was

= correspondingly. ' -

25‘“39‘1 instead of {}3 Me\ as in the previous case. Again, Q.511 MeV
annihilation energy was the most dominating peak and the spectrum re-
mained very simila® to the first one. Compare 'Figtix;e 1 .with Figure 2 .
<, ' ot

1 Another z"xm-l;vas made ‘with protoxEs of 25 MeV energy and an irradiation

| time of 20 minutes, but this time.soil (sanc{) was the target instead of

o puré quartz. After three minutes c;f cooling time the "hot" (Migh
‘act’ivity) source was broug})t io the {ountix}'g room. This source was
counted with a standard calibrated source of Eulsl‘ whose decay scheme

is very well known. Euls"‘

was used in order to be able to draw a very
accurate energy calibratioén curve to de%brmine 'the exact energies

which arise £ roh (p,n'), (p,pn) etc. reactions of the soil and its con-~
stituents. This spectrum is shown in Figure 3 . Again it can be seen :
that the 0.511 MeV peak due 4o positron annihilation dominates this ‘

Cal

spectrum and serves as a calibration energy.

.

- 2

L] e et s+
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In this experiment the irradiated sand sample was kept at a distance of

8 cm from the Ge(Li) ldetector whexleas the standard Eulsl‘ soﬁrce was

35 cm from the dgtector. This gave a ‘ettar rcounting rate and'also the
peaks from Eu 154 source were of reasonable ﬁeight. In the first"few
minutes the counting rate was higher than 3020 counts per second, but
after 10 minutes it dropped 'to‘900 cou'nts pex; second. t '

The next spectrum shown in Figure hy is of two standard sources: one

is Bu 5" and the other 0960.' The total accumulation time was 1h minutes

with a caunting rate of 1500 counts per sasond while the dead time e
losses were kept less than 5%. The same ‘Ge(Li) detector was used as in

previous experimenf.s so that its efficiency could be determined and

1
Y

used in other cases. - =

v ! . .
< , -

Figures 5, 6, 7, .8 and 9 belong to the gold spectrum, Au!?D was ir- ,
radiated with protons or 20 MeV for 5 minutes., An Ortec Ge(Li) de-

tector (positive Bias, Serial No. 14-1125) ‘capable of producing very

high resolution and efficiency\was used in this and -in the subsequent
two experiments. Fulil memory was used i.e. L4096 cWels. The Multi-
channel Analyzer was calibrated in such a manner that 1 KeV corresponded
to one channel i.e. 1 KeV per channel. This makes it very easy to
recognize the undnown energies. .These 4096 &hannels had to be divided
into four spectra of 102l chamnels in order to run through'the p}p‘t'teg,.
hence all the four spectra (Figu\;‘es S, 6, 7 and 8) constitute one

’
spectrum.
13
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" At the high-e rgy end of the spfctrum (see figure 8)" there is a sharp

K ) peak, this is‘due to an electronic pulser which was kept on during al].&/ 2] ﬁ
‘ three experiments (this and the two spbsequent, ones) determine the
deviation of the calibration frog 1 Kev “per channel, ayd to provide
timing information..’ | ) i
. €k S _ » - ,
Since figure 8 has a very high count from the pulser, therefore, no
. obper peak can be seen. Because of this, this part of the spectrum
(figure 8) was replotted, just missing the ?ulser peak. This new
Epeptnxfn’ is shown in figure 9. It is interesting to notice the statis-
tical ﬁuctuations which were suppressed when they were normalized to
the pulser peak. Note, hmever:\that several peaks are significantly
ab re the "background" level and are obviously not due to-statistical , {\ B

fluctuat :Lons . -~ - o -

.t
i

The next logical steé was to dope soil with a lmmfn quantity of g;:Id ' | 1
and mk; an attempt to detect it. A"sample of sand and gpld was ir- 1
r;diated with protons of 20 MeV for a .‘per_iod of -10 ﬁ'xinutgs. Cooling | ' ‘
off time was 3 minutes. o L . '
‘Again L096 cbha:rme.ls were used to accumulate the data and these channels _ a
were divided into four parts for pl‘qtting purposes.. The last port':l.on' | | j
of the spectrum was r_éplotted without the pulser peak. . '] , ) ‘
Tﬂése spectra ire shown in figures 10, 11, 12, 13 and 1. o . B K

The source was '-counteci only for-a short period of 5 minutes. Y ¥ '<
" -"—- . . . ) ) ( -
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< ]
It should be noted from figure 10 that the positron annﬁ'nilation peak

(0.511 MeV) has overlapped; that is to say that the eounte'per channel
are many more than shown i‘i.n figure 10. This is because of the finite

size of the memory of the computer accumelating the data.

]

-
The next sample of sand with gold chloride was activated in a similar
eay as the 1a:st sample. But this time it was allowed to cool fof 25

'minutes and for the next 25 min@es it was counted. The counts due to.
0.511 MeV peak have gone {own and new pea.ks have appeared. This was

the first time that gold was detected due to @ul’? (p,n) Hg1‘97 reaction

.

which gives a peak of 0.13k\ MeV.

)
v

A1l the sections of the spect;um are shown in figures 15, 16, 17, 18
and 19." Again,  the last part of the spectrum was plotted twice, the
second time without the pulser peak.

' 0y
‘i ‘1 N )
.

It was realized- that if- this sample were allowed to cool of{for a

longer period and if counting time were increased I:widerable, then

the gold could be detected easily. Hence, after £
- /‘\
off period the sample was brouaht to the Physics Laboratory at. Concprdia

hours of gooling °

University and was counted for eight hours. This improved the statistics

anq’f made it easier to detect the presence of golc;‘. Figures 20 and 20a

' show the details. "
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IV.2¢ Final Runs:

Equipped with the above information (concerr;ing proton energies, cool- ‘

ing time,,etc.) and all associated data, the last set of runs was made.

- Three'semples of soil were prepared with varyfng amounts of gdld; i.e:
( : 1,000, 40O and 4O ppm. All the samples were a.ctiva{e/d with protons of - .
. 20 MeV for 10 minuﬁes. rAlso, -8 sainﬁle of quartz"was actix}ated as a

-

- control. After a few hours they were counted at Concordia Universit;n

& 0 . . |
s . 1

See figures 21, 22, 23 and 2h.

\> B - A Cs""37 calibrated source 'u;s present thx:oughout the c.ounting. " This
helpetl in detbrmining 'KeV per Channel, - There was.anothér interesting
featu:re: as the time went by the activated samples were not so much
] radiocactjve as they were initially. As a consequence , 0. 511 MeV peak

o decrea.sed/ :l] height compared to 0.662 MeV 03137 pe?ik. In the spectrum

‘s oum in figure 2 3 the peak due to amxihilation radiation has become

amal],er tha.n the peek from the standard source. In fact, some of the

peaks have complete'?\y vanished from the spectrum, This has been of
grea; help jin determining the. elements present in the sandy loam as it

gave an estimation of half-lives of these elements.

i »
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¥.1' The Activation of  Quartz and Sand’ '~

- e

e f

s The first spectx\'\xm of QLartz (Sioz) is of no he«lp in‘ identlfying peaks ’ ‘
% . -

i of various elements. It was an‘icipated The qua.rtz crystals are .com=-
t s '

posed of malnly Silicon and (lxygen. .Both silicon and OXygen have L

~3

" ' tahree naturally occuring isotopes in’ @he following abundandes:

R Y .
L, :
wth ~ AN

© 5128 | 92.214 -0t fe 9947598

oo o s® oo~ oL L. olosre

. S o % R
: . . - 5190 ... 3.09% 018,'. . o208 -
- , ' . ™
... The (p,.g), (p,Zn), (p,d) react{ons on all of the isotopes of 51 give

. ’ P3°, P29, PZB, and 3127. All of these ralioactlve isotopes, have half-

LR

J‘:l.ves :Ln milliseconds with the gxception of P3° (half—life 2 .5 mmutes)

v -

Hence the "coqling-of £ period of a few minutes shcws no peaks from Si.
7

. 4‘.,; e , . oA
H . ° u, — . 2

L ' ‘Similax"ly, (p,n), (p,Zn), (p,d), etc%. reactions on oXygen isotopes yield
’ 7 ~1’10urine isogopes of‘ ha'.l.f-lives in seconds, except pi8 (half ‘1ife 109.8

& <

3 e ninutes), %ch is nbt a gamma emitter. . ' , “‘i ’

R N . Y
et - ’ \ ' ” v B !
ﬁ" 4 y v .
' N

o lquever, F8 ia one &he mg,tg contributors to the 0i511 MeV peak -

éannihilation radiation) through positron emissic;n. Besides the 0 fll
1A

T ) MeV {?pk, no other peaks are abserved due to mcygem Therefore, .
" N * A ? o . “r . . ? . , . . . . ’ ) X ‘;




el

. contamination while handling them. At any rate, there were no peaks of”

the peaks ixix the pure quartz\dpectrum are due to the following four

squrcyes:
¢ (i)'f Trace gléments or impurities in quartz.
(ii) Impurities in gpe alummum sample holder.

(iii) Contammatlon (Whl]“e handhng the sample or the sam§1e holder)
t :

(iv) Background radiation. - [ {

<4
MRS

Trace e%ements present ‘in quefrtz are Fe, Mg, Al Ti Na, B, Ga, Ge, Mn, .

Zn, It is very.difficult to determine the source of an element deflnltely.
. f 4 -
It can be present in quartz, or in the sample holder, or in the form of

>

reasonably Iug’{r counts, except the 0%511 MevV, the Compton edge, and the

-back-scatter of 0. 511 Mev, see figu;e 1.

'
: \
.

The next &hing was to change the proton energy from 13 MeV to 25 MeV,

Ks
7 L

in order ¢q investigate other reactlons which have a higher cross-sec-

©

LY

tion at 25 MeV, But again, there are no peaks be51des the 0.511 MeV

which }b stronger this time. See figure 2 -

&,

" After being certain that from pure quartz there were no peaks of high

. x .- S . .
counts, a sample of ‘sandy loam was irradiated with protons of 25 MeV for

VY

a period of 20 minutes. The sample was cooled for three minutes and then -
15h

.countod with a standard Eu “-*source. The "hot" sand sample was keﬁ Bem

away from the Ge(Li) detector while Eulsl‘ was 35cm away. The highest . .
‘ : ; ‘ -
peak vas 0.51) MeV due to positron emission and the rest of the ,peaks’

were from the standarc} EulSh, see figure 3 | . This figure should be

compared.-to thé next one, i.e., flgure [/ which consists of .two

}, L. v . - ’ - N




1 N ( !

Bulol .~ 60

B rd sources, namely; .and Co ~. As agdin it was expected, 2
: s iy X

\ the sand spectrum was not basicly different from the quartz spectrum.

See Chapter III for,the composition of sand. \

Al
' The foliowing are the elements which produce 0.511 ﬁe‘b by emitting
" 7. posi 6a®3, m?™, co™, KO, sch2) 1ib3, cad?, we'?, #8, -015

positrons: o

Ni3, c11, 0131‘, 88, " At very high energles, L.e. 10-50 ke, the follow-

v ing nuclear rea.ct:.ons take ﬁ)lace- . (p,2n), (p,n), ‘p,p) inelastic,
(p,np), (p,2p), (p,o(), (p,3n%® and (p,t). These reactions are listed '
N ‘ ! ‘
in the order-of reaction cross-section. #
| 3 . . o ‘ ‘ \
V. - : . N .‘

+

The. (p,d) reaction has. falrly high cross-section at very high energies.

- M by <
Therefore, there i.s high probability that Ca97% (n,d) Ca39, ' SN
35

15 1k .
099 7% {ps d)\ ot s N99 A2 (P::)\{ 98 89% (p,4) ct and 0175% (p,d)

C}3h. We know that all these elemen\:s are present m sa.nd Therefore,( ,~ |
the above reactlons are the cause of the’ high co*mts\from 0 511 MeV .
) . - sy
) pea M. k . ‘
. ‘The half-lives of the above positron emitters are as follows: N '
T ' 'Radionuclide ° . Half—lifg o S )
A ca¥? . ' 87 sec. o ’ .
‘ . s — ‘1'22'sec. . '. .
_"\' AR " « A0mn. A
rooet 20 min. - ~ L
T R o 1.53 sec. / S \' N
But F‘18 has a half-life ‘ mimnes.. Hence, it is the main eositron ’

~

©° .emitter after 8. few hours of cooling off period.




' N
s Y . ! ;
P A - B , .
A " ' > .
- N ‘ i .

V.2 Identification of Peaks from the Spectrum of ,the (p,xn) Reactions of Au

197

It was necessary to irradiate gold and idéntify the peaks to facilitate
recognitioh of the peaks due to the suclear reaction of gold. .

Figures 5 » 6 s+ 7 > 8 and - 9 all belong to one spectrum

MR

of nuclear reactidns caused by irradiating pure gold (99.99%) ¢ith pro-

tons of 20 MeV for 5 minutes. ) B

)
L N
AS

] \ g . ‘
The reaction Au'! (p,2n) Hgl% does not give gammas because Hgl% is

stable. 'I‘he reaction Au19.7 has half-lives: 6L.1- haurs and 23.8 hours o

(meta.-stable) . There is delayed radiation of 0,077 MeV and over-laps .

197 ‘

with X-rays due to the Au Kpj - From meta-stable Hg there is gamma -

w

radiation of'.1339 MeV (isomeric transn‘iorié The third radlatlon of T

g
highest abundance 1s 279 MeV. Hg197 decays back to Aulg? '

p . -,
P cT

Au]‘96~

196 gives a set of gamma radlations J

The reaction Au 97 (p,4d) Aut

i

vy

has a hal_f-llfe of 6.18 days and a meta-stable ‘state which, has a half- AR

\ -
w196 .

life of 9 7 hours 5 , gives three clear peaks for energies 0,356 Me'/}

0.333 MeV and /f h26 IueV and decays to Ptl% T emission 1s not .

the only mode of decay of- the 9.7 hoqa‘ meta-stable state. It also .

t

decays by exnitting positroné 'and capturing electrons., The Pt196 X-rays

vl' ’ ,'5, ".‘
J . . W
’ . oo 4
\ - C .

The third reaction is a combination of two competing :reactions, namely;

a7 (p,3n) Hgl95 \(ngs decays to Au 95> and aut?? (Pst) Au195. -

(K,q) of 0668 MeV can be seen in figure 5‘ . - f . B «

v

Hg195 has a half-life ‘of .5 hours and a‘]jso 1t has an isomeric étate .

which has a half-life or LD hours. Thro gh a (p,3n) reaction of:.Au197




w::/get Hg195 which, after the emission of characteristic gamma-rays, .
—__decays to Au 195 (half-life lBh days). But through a (p,t) reaction,

we again get Aul95 but (it has an isomeric state of half-Iife of

+30.5 seconds) this time it can decay to Pt195.

Pt195 characteristic X-rays K¢y and Kgy can be seen in figure 5.

It is :Lnteresting to take notice of thé fact that Aul?’ (p,3n) Hg195
and Aul?? (p, t) Au195 reactions are observed using protons of only

20 MeV. The threshold for thn.s reaction is By = (1 = —ME—— ) - ‘Q‘
; th Kaul97 - .

where the Q~value (the mass diffa;ence of the reactarits multlplied by
02) is 6,265 MeV. A greater yield of (p,3n) and (p,t) reactions

could be reahzed at hlgher proton energies , but it was desired to ’
&

keep the spectra as simple as p'ossible. . . -

A surmary of these reactions would be appropriate. There are no other

gold isotopes which are) stable in nature except Au197 -
v . ° ,
Rea\ction'_ . . Q-value (l? ) in MeV ~/
' 196 -

e ) T (py2n) Hg' 8178 - | ;

/ (dhp w7 (psn) Hg™" e g IR R
(111) 027 (p,p) 1T T 0,00 L
(tv) a7 (p,a) a6 f T

N (!9,2;\ pt196 s “
© Twi) w7 (5,4 pi%E e " 8. h37 _

vit) a7 (p,3n) Hg‘195 , -16.930 |
(vi;;i). a7 (p,g) aal®® L -6.268

ity

! ) » - “
.. A (p,kn) is not, possibls as the Qu'{a;Lne for the reaction is '-23.98L MeV.

. . .
e -

o .
e
4 3

Erd



\

s .,

N Thex;efore, while irradiation i‘s- going on, the reactions are producing

.

, a7, Hg196,' Ptl%, Pt:_l'9_5 and Pt1%, If this process continued for a
long time, all of the gold will be transmuted into Mercury and Platinum. .
) R _;

V.3 The Irradiation of Sand R

Figures |o Y 11 » 12 {3 and | &4 - show the spectrum of sand -
do\ped with gold, irradiated with protons of 20 MeV for 10 minutes. | ., |
After 5 minutes of "cooling-off" period, it was counted. There is )
hardly :my*thing but the 0.511 MeV peak and associated .with it, the:.:
Compt on edgg and the back-scatter.

. ' The same sample was taken out of the aluminum tubing and after 26 h%drs'

- of "coolingﬁoff", it was recounted. Figures |o'q and /2.4 show the v

s

spectrum where many more peaks have appeared and the 0.511 MeV peak has
7 t ~
. a very low count. ,

Q

{ — .
T~k - . F

- The second sand sample was irradiated similafly to the rf:i.t‘st%me, but

was allowed to tcool-off" for 25 {minutes and then counted for 25 minutes.

4 ~
e This is an iﬁnteresting spectrum, Many €lsments are identif}éd here. -
. B H A

Also a peak of .1'3)4 MeV can be seen which is due to Aul®7 (pyn) Hgl97

7]

¢ reactioh, {See figures 15 » 16. » 17 R ]g‘ and /9 . Many of

the peaks are sum-peaks, single ,escapé, S.nnd\double escape peaks.

The most eas‘ily detected elements were iron, galctum, copper, gold
. i »
' ' (which was added), and .nickel. ~ o -




e

V.4 The Final Run | o ' -

{

. a peak of 0.13L4 MeV. The next highest concentrated sample was counted

" spectra. . L . .

A ‘ : "\

As mentioned before, in Chapter IV, the first run was made with three ‘
samples of sand doped with gold of different concentrations. They were
all irradiated with the same energy and for the same™time. The sample.

with the highest concentration was-counted 'first. Very soon there was

for 3 hours and there was a peak which was reasonably Gaussian. The
third sample was coun};ed after a "cooling-off" period of 26 hours.
This was the least concentrated of the s'amples and also the activity
gona. do&n 26 hours of "cooling-off" is more than one Half-iife of
Hgl"97 (23 8 hours)

/ o
The three spectra are shown in figure 214 (hOOO pm), figure 2 2
(40O ppm), and 23 (4O ppm). Due to the high counts from the
0.511 MeV peak, the Hg197 peak cannot be seen‘in these plots. There- >
fore, the regions which contain 0.134 MeV peaks were expande}i and now

they can be clearly identified. Seefigures 2) q, 22 &, and 23&.

It is interesting to notice the relationship between the 0.511 MeV peak

and the Cs137 - 0,662 Mev peak. Cs'37 peak height remained the same - .

whéreas 0. 511 MeV went down. Similarly, other peaks of shorter half- . o
%
1ives show less a.ctivit%s. These facts noted on the ccmputer outputs

(SPEC) can be easily checked and confirmed from the plots: of the

.
“




(1)

ﬁ 0Hg195. . .

(13)
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CHAPTER VI
Y

CONCLUSION

A

]

' - S .
The activation technique uléld in this project can be improved and
) ;

applied in m%ny fields. .

A few important suggestions are made to determine the sensitivity

-

of

the system of gamma-ray spectroscopy by activation of d in a sand
sy ;

matrix: ‘

A}

the proton gnergy should be reduced to 15 MeV to enhance the yield

of Hg197. As' it can be seen that with pkotons of 20 MeV (p,3n)

-

reaction is taking place. The Q-value for (p,3n reaction is approxi-

mately -17 MeV. Therefore, the protons of 15 MeV cannot produce

o

The irradiation time should be increased greatly. Activity generated

N N .

is: . P ,
At ""H:j—"f 6 9(1_ e At) | counts per second.

where INIA - 'nvogadro's:’ number

e
:

m = sample mass

Mg = atomic welght of sample
£ = frradiation flux (number/mz/sec)' e
o - ross-sectign C .

-

N
O= ;Lsotopic abundance , ‘
A" del:ay «':onsta.n'?éa ) . ’

4

t. = in‘adiation time i ‘ ¢



(iv)

)

uminum tubing would be diminished and two, fewer positrons will be .

at

. detect arsenic in fish or m&rcury in ‘lakes and fish. The only require- /

. It has many obvious geologica}; agricultural applications as well.

Since A = 2 T is the half-life of the radionuclide;
k4 : P

in case of Hgl9.z T approximately 2L hours. B |

-,
A

Ideally the irradiatiod time ‘'should be about 12 hours. But irradiatio’n

v

¥or 1 hour would:greatly increase the activity. )
A . . ~ 0

A longer cooling=-off time shotld be allowed, so thaf the counts from

short lived radionuclides could be decreased. -

1

The sample should be taken eut of thé alummum tublng. It has two-fold

advam:ages, ~one, the counts from the irradiated n.mpuritles in the al-
3

annihilated. In consequence the counts in the (peak) 0.511 MeV-will

be much less. . y -

The counting time should be. considerably increased.

.
i

If. these suggestions are followed, it can be expected that as little
as 0,01 PPM gold can be detectet{.

The same technique can be ‘used in. many situations; for example: to

i3 . -
ment is that the sample be dried,et;o prevent catastrophic effects due

to beam heating of the sample.
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D . “RNHE IMMEDIATELY.  SPEG OBTAINS PROGRAN 'DATA FROM "DATA".

o / - [FOR PLOT2, DELETE LINE 2550 TO: SUPPRESS COMPARISUN OUTPUT.
?‘ v - 4 !
. . , « PROGRAM SPEC(INPUT;TQPEI.TAPEE;TAPES,OUTPUT) , "

A DIMENSION X(2048):Y(2048),YC(2048),PX(2048),%C(300)
, * 'DIMENSION XEWHM(3PDY,XCHISQC30MI» XXMUO(30@), XCO(30@) - |
§
I

L]

.’b o
_o-'t o ® o

s DINENSION XA(300), XVARIcan@),ARcaaﬁ),xacame>,Na<3ﬂ3>
: DIMENSION 1Y<2@49>.Pu(2@48>,R<2048> N

| S ‘ ", 100 FORMAT(/6XsFa.1515) . .
L . 101 FORMAT(3A12) ' S : - -

(N
'

~

~ a

162 FORMAT(AT, I'1) LR . ) .
co 1@5 FORMAT(*DURATION#ZXI6:IX*SEC*) ) to
N 114 FORMAT(*#SKIPPED*I3% LINE(S) OF SPEGTRUM*) to-
. \ ‘115 FORMAT(*ENTER SPECTRUM “NAME, ISKIP,XNI*, ISKIP=# LI Es.Tq
- - . # SKIPPED IN SPECTRUM FILE.*/x JISKIP=2 IF‘TIMING IN CHANNEB
N , #' XNI= # .CHANNELS TQ BE ADDED. TO XMUO.*/) |
. ' - 115 FORMAT(/*ANALYSIS OF *A?*GOES INTO SPECOUT*) ,
128 FORMAT(1@17) ’ :
¢ 125 FORMAT(//1X, *xTOTAL COUNTS*,F!S ) R T
150 FORMATC10F7.0) " - oo e ;
. 15T FORMAJ.(* TOTAL PEAKS FITTED*s515) o
a . . 1%2 FORMAT(1X*PEAKS DROPPED#*SXIS5)” . S
© . 153 FORMAT(IX*NET PEAKS' LISTED#2X1S) S N
. -, 154 FORMAT(2E8.1) ~ .° . VR
C \ 155 FORMAT(F4.05F7. ﬁraFlﬁ.B) .. -
Lo 156 FORMATC(19X,F13.3, 11%:F13.3) . -
L 157 FORMATY/:X*X(J)*QX*Y(I)*4x*PU(I)fzx*R(I§W) ‘ "
‘ ' 160 FORMAT(2X, *YC =#,F11.3,% + *.ny.a.* x*)\ /
. 575 FORMAT(9(/6XI4)) -4
C - o 5aavFORMATcx/ax.*Ne*,ax,*rwnmx,6x,*CHIS@/VARI*.s\\yxnuo*, 3X,
‘ - *COUNTS/AREA*, BX» #50%)
* A 810 FORMAT(/T4 F13.3,F13.8,3F13.3%,
Al CALL GHT( HTAPEI:AHDATA,@’@) .
: READC 1,10@) 5I6MAQ0,N ] , T . "
S1GI=S]GMAO ‘ . CoL o o
. “NMI=N+1 C L * . '
S NM2=N~-1 ‘ ' ' '
\ RFAD(%)S7$)NLl,NLe;NPl:NP:NPQ:NRI NR23N1:N2
S . &7 SUMY=0, - ¢
D - ® K= " g
S ' L=@ R ’ X
R ' Me=1, . G . oo v
3 . . < PRINT 115 / e R L
CLY . . READ, FNAMES [ SK1F, XN1 v _ HR TR
) - - NI=XNI . . L - .
s . e CALL’ GET(SHTAPEQ:FNAME;G:G) '
R PRINT” 1165FNAME  ° o
o PRINT 114, ISKIP ' ‘ : A .
IFCISKIP.E@.1DG0 TO-22° .. | A
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22 READ(2,101)

30

- YSUM1=YSUMI+YCI)

. v //v
¢ IFCISKIP.ER<0YGO TO 39

READ(2, 1202 CIYCI), I=1,NM1) -
_PRINT 12ﬂ,<1Y<1),1=1,NM1.lae>'
"REWIND 2 . . : i
WRITE(?,IES)PYIIO . S
DO 14 J=2,NM} ) . . ¢
‘REK+1, . : ' .
LIF(J.ER.1025)G0 ,TO 19 . ) oo '
IY(K) 1v¢J) | 3 ‘ ST S
. G0 TO 10 . . o o '
9 K=K~ R © ~ ‘
@. CONTINUE : ‘
walrsce,12@)(1Y<K>.K_1,NM2)
DO 28 I=1,NM2 , e, . e
YCId)=IYCIY - . . - ‘ .
CONTINUE ' : ) oL
ENDFILE 2 o bl t
REWIND 2 o .o S
+ CALL. REPLACF(SHTAPFQ,FNAME,@,e>
G0 'TO 90 . . - ‘ )

a

39 READ(2,1S@)(Y(I),]= 1,NM2) :
po 3o 1= M. 15NM2 . S
XC1)=1 : . R
sunv-sumvtgcx) S :
"CONTLNUE™ ™ T, ' .
WRITE(3,125)SMY - . .
M=NL2-NL1+NR2-NR1+2 ;L
XSuM1=@. «~ N \ ) : T )
DO 4@ I=NL1,NL2 RN i
- XSuMi= NSUM1+x(I> - ~
CONTINUE A R '
XSUM2 gn K : ¢ T ' ’
DO 41 .1=NR1,NR2 : SRR
XSUM2=XSUM2+X (1) oL o -
CONTINUE : : : L.
XSuM= X§UM1+XSUM2 ¢ . ‘
YSUM! @ - g
DO .42 I=NL1,NL2 '

‘GONTINUE ‘ g
YSUM2=0, e . . '
'DO- 43 L=NR1sNR2 ' v :
YSUM2=Y SUM24r41) : Co

CONTI NUE - L

YSUMRYSUMI+YSUM2 ‘ ‘ .
AYSUM1=8. » / Coe

DO 44 I=NL1¥NL2 © . ?
XYSuM1= xvsum:+x<{>*vtxi
[CONTINUE
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' Co. - T BB=CQ#(XI- xmuo:xsrmmua - \
- .+ « . 18 -DPDC=EXP(-ARG) , Y R - '
‘ : DPDS1 G=AA*EXP(~ARG) : ‘ CL .

- DPDMU=RBB*EXP (~ ARG) ' - R

Lo " PXl=CO*EXP(~ARG) . ' o
- Lw A PXGIY=PXL. ' - T L
o ‘e ' RI=PXI-YCI : L oy :
e, - . CAl1=AT1+DPDCR%2 , R Lo
oL © v A12=A)2+DPRSIG*DPDC . sy - :
na .. . A13=A13+DPINUSDPDC, . A

ELERY
x

I
-

C
.
)
e s e

!

® 0

o™ - , , .. ) .|
B | /’ . . . 0 ‘ " ¢ J L r" . S ! )
_ L . / "o - . XYSUM2=@. . O : ' ‘ : {3._
‘ Y. DO 45 I=NR1s»NR2- . Y P ‘L SO
: S . XYSUM2=XYSUM2+X(D)*Y (1) AR 2 @
.. e w 45 CONTINUE SR - o
7o - XySum= xvsumnxvsumz - & ¥ ) , o
. . XXSUM1=0. ; ’, , . . : A Y
® i N0 46 I=NL1,NL2 BRI - o
. R \“ xxsuquxxsumuxu)ue ' SRR . .|
) , '+ 2 Ty A8 CONTINUE , . SR N . :
-@ ~ . Yo XXsuMe=@. T - e L "‘
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‘ - j XXSUM2=XXSUM2+X (1) *#£2 . , X
® : 47 CONTINUE - . e - . § .
‘ . xxsuM:xxswuxxsw? ; S o
, g B=(MxXYSUM- XSUM*YSUM)/(M*XXSUM XSUM**Q) e '
e - - A= €Y SUM-BEXSUM) /M | ER P
- ( COUNTS=0.0 R R oo ) N
- ' . DO 48 I=NL1,NR2 N o BT
N ) .- "o YCCI =YL 1) p=BaX(1) ) .o . L
' , IF(I.LT.NL2.0R.I.6T.NR1)G0 TO". a8 o STy |
, oo . COYNTS=COUNTS+YCC(I) -, ' :
® 48, commue ‘ S A Cte | ®
‘ CO=YC(NP) o R Y
. : ., XMUO=X(NP) . o N ‘ |
v."' . ‘ S1GMAO0=SIGI AR . . e | @
. . d=1 S S
o ¢ 15 Bl=0.0 ' R T I
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: I .  A22=0.0 - Cov Ly o ‘ ]
o .. . A23=0.0 : e - | @
° * <. A33=0.8. . . ' . .- . . N ‘ ' |
DO 2@ I=NPi,NP2 | o Lo N | N
'@ XI=XCI1) e ' | @
. YCI=YC(]) ' ‘ ‘ o | .
. ARG= { XT=XMUQ) * %2/ (2 . 0% S1 GHAO*%2) - g : S
) <, AA=CO%x(XI- xnuon*z/sxmp.o*m R . - l ®
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' - . A22=A22+DPDSLG*¥2 .. ot
s A23=A23+DPDMUXDPDSIG oo
. * A33=A33+DPDMUA*2 c v L. s
. #810=zRI*DPDC | ‘ N - ’
&' B20=-RI*DPDSIG " . . , ' R
/' B3ag=-RI*DPDMU- =5 | e e
B1=B1+B1¢ ’ . o . ’
I B2=B2+B29 - e o v A L
. B3sR3+B30 b ' v 7
20 CONTINUE - . e : - »
A21=AD2° Sl AN '
A31=A13 | : ot
Co. A32=A23 e R A N
. P AL11=A22%A33-A32%A23 , ~ o , ‘
'S ~A222=A12#A33-A32%A13 a0 . . '
. A333=4124A23-A22%A13 /?\ ) : '
\ . 'RELTA=A11%A111~ A21*A222+A31*A333 UL K
to TEST= .00RBRODY * - } ot ,
oL "~ - IF(PELTA\LT,TEST)GO TO 86 ‘ Co S
et . DELC=(B1#A111- B2*AP22+BS*A333)/DFLTA . . )
‘B1112B2*A33-B3%A23 - L .
. B2224B1#A33-B3%A.13 o . ' }
’ BS33=BI*A23-82*A13 - ,f‘ * I e
DELSIG=(A11%B1 11~ A21*8222+A31*8333)/DELTA
- C111=A22%B3-A32%B2 o )
' ' C222=A12%B3-A32*BY’ - L
© : - _C333=A12%B2-A22%B1 {1 _ . . | . .
- T DELMU=CAL11%G111- A21*0222+A31*0333)/ BL TA , .
' IFC(DELSIG)1,1,2 o . - c
, 1 DELTS=-DELSIG ' . RO T PR
K 5,‘] GO TO '3 t . § -
S LTS=DELSIG I < . Sl
. 3 .TEST=0.00001 R - , N K
AXE=50 .8 T AR
. IrcoaLTs-Axs>31.86.36 ) - .
’ 31 IF(DELTS:-TESTI4» 4511 » R » AN
. "4 IF(DELMU5B, 6,7, - Y N e
/-0 ° 8 DELTM=-DELMU - " : o .

GO'TO 8 . ¢ | T “)
: 7' ‘DEL TM=DELMU - AT -

, .8 TEST=0.00001 S
4 IF(DELTM=TEST)9,9,11 . - , PR
: " 9-IF(DELC) 12512518 . v '
12 DELTG=-DELC - (
- ., IBGQQELTC.GT.10%%5). GO TO s :
PN GO TO; 14 ' !
-, 13 DELTC=DELC , -
v 4’ TEST=0.00001 s
v+ IF(DELTC-TEST)?S5»5.11 .
, 11 sxGMAo=s;GnA0+DEE§}G
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o . T IF(SNGTEST.LT.# Q)SIGMAO S16GI
. @ - © 17 XMUOFXMUO+DELME:
R ) . CORCO+DELC,; - .-, P
T IE(J-20)16,1645 p I
16 J=Jd+1 . - TR
GO'TD 1'5° . ,
: F wHM=ABS(Z, 35482*SIGMAO) A N
. IFCFWHY «GT15.4.0R Fy M;LT '1.6).G0)\T0 86
[ “e AREA=2 .5066 3%«CO*SIGMAD _ N .
‘. S * DO 53 I=NLIsNR2 ’
- . ARG= (X(1)~- XMUO)**?/(E.@*SIGMAO**Z)
S 7 PX(1)=CO*EXP(-ARG)
“ RCIY=PXCI>-YCCI)
53 CONTINUE s Y
. : " CHIS@=VARI=@. T e
- DO 715 I=NPisNP2 ¢ { -
© IFCCO.LT.5.8)G0 'TO 86 N ..
. . VARI=VARI+R(I)##2
, \‘ ) " SET=Z.%R(I)*%2/( (NP2~ NPI+1)*C0**2)
‘ CHISB=CHISQ+SET:
' ! ..\ ' IF(CHISO.GT.0. l)GO T0 864 . ' .
n ° " 75 CONTINUE -
B IF (XMUO- xxmuocM@- Y+XNI-4. z>21,21:25
.- 21 L=L+i v
e ~IF(CHISO- xcnlse(M@-1>>23.24.24 ' :
b qé ¢HISg=a. o f « e
" . . GO TO'25 - - ‘ . '
: - 23 _XCHISQ(M@=13=@, - ———=—~— . . .
. . 25 XFWHM§M9> =FWHM SN . .
T XCHISO(M@)=CHEIS® . ' : ‘
] .U XXMUQOEME)Y=XMUCG*XNL . | e “ . .
- : XC(MAX=COUNTS . ) - ‘
3 , ARCMA)=AREA - <.
3 XCOMBY=COo ' St N
‘2 ' . . NOCMO)=NL 1+NI . Co

SIGx§ST¥ABs<sI a0y . o
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86 NL1=NL1+1 . o

.o . 'NL2=NL2+) ¥ 't o . .

v a'; NPl:NPl+( . T ¢ s K

. . - NP=NP+1 SR ’ . '

: ‘ " NP2=NP2+1 - "\ ' - ° .,

sy, NRI=NRI¥T T - L s ¥ . S

. NR2= NR2+1 > A . ,
oo - + IF.CNR2- Nme)ss,sa,az T ]

s 82 M@=M@-1 | ‘ . . , 3
NET=MQ-L ‘ - T ‘ T R
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1‘ t » 1 > . b
f o 2 L4 * Pl re 1 -!
. N . o & " o , : ' J . ~i f
, N\ x . .
S L WRITE(3,1512M0 B S
N ; . WRLTE(351520L . -~ e > " 2 .
o K ‘s . . WRITE(3,153)NET. N . - ; ; .
o 4 ' WRITE(3,8p0) , ° , e - RN
L . . DO-87. J=1,M@ (o - " |
® ‘ . _rgxcmseu).m%ﬁo TO 87 : i @
) . U - - WRITE(3:810INB(J),XFW u>,xc.mst),xxmuo(J).xcu).xcm
. — s WRITE(3, 156) X\VARR(J) 2 ARD)  * " , |
) ' : CWRITEC3, 16@IXACHLXBCIY ~ © .. — - | @
. , : COIFCNDCD) . E»@.Nneo TO 88 : ) ‘ |
. .. ¥ 6o TO 87 : _— b
R ) : 88 WRITE(3,157) , C ’ | ®
DO 32 I=Ni1sN2 . - s . ;
he XI=I+NI' !
@ : ARG=(2.35483* (X1~ xxmuqun)ue/(z e*waHmuna) .| ®
' o PXC(1)=XCO(J)*EXP(-ARG) o
L _ PUCII=PXCI)#XACJ) +XBCJ)#XI - U o
_— RCIY=PUCII-YCD) . - - |
b L - gg;;;:ca.:ss>x<x>.vc1>.Puc1>,R<1> ‘ § { ¢ |
P M NUE N . - ’ > w
) cooN " . B7 CONTINUE L cot T |
o S .+, " ENDFILE 3 ; Y | °
e S . REWIND 3 ' SR l
oo . .=+ CALL REPLAC H - -
_‘. o , o END' : ECSHTAPE3, THSPECOUT, #58) - | - ‘ | @ 1
S, -END'OF FME- - . !
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" 'AK .IS PLOT1 WITH ALLOWANGE FOR UP TO 4096 CHa "Se L
@ TAPE3=FNAME OEF UNCORRECTED DATA. 1ST LINE NOT SKIPPED. @
NSION FACTOR (EX) USED LTKE MCA DISPLAY (ENTIRE SPECTRUM EXPE -
! [ . ¢
o PROGRAM PLOTA'K(INPUT;TAPE]sTAPEZ:TAPEB:OU’FPUT) B
DAMENSION Y(1@2a>,KARAYmm>,MARAY(11),NAR;W(4996> ‘ L
FORMAT (A DAMN#* ) , i _ . i )
°® F ORMAT ( xOK %) . S B ’ @
’ FORMAT(//*ENTER: 1ST CH., LAST CH., EXP.s,Y'LOG" AND "YES".|
* OR "NO™ FOR OVERLAP.k/% FORMAT(214,F5.1-2C1XA3325%). .|
° FORMAT(/) o - N
FORMAT(* YM 5 #,F12.4,% Nﬁ\g *,13) (0 |
' A FORMAT(4PHCOUNTS PER CHANNEL " CHANNEL NUMBER ) . °
' FORMAT(F3.1) , LT , G ;
,' ' FORMAT(F18.3) - ' < .- N ]
: FORMAT(10F 7.0) . ™ S RRPR i
® FORMAT(I 4) ' T . - L f ®
"FORMATU2I45F5.1,2C 1XA3)) . I
~J - FORMATU% EXPANSION FACTOR -*’F? D oo . ’\\ ]
“FORMATC17) ‘ ‘ @
o PRINT 100 . S .o N
. READ' 157, NI, NFs EX, .G, OVR ‘ . T
: IF(NI.GT.3072G0 .TO' 3 - ‘ : : Y
® IF (VI GTI2048) G0 TO 2 L B ‘ L.
_ IF(NI.GT.10245G0 TO + = _ - . o . |
60 TO 5 . :
@ . NISNI=}1@o4 e - . . ®
, -  NF=NF-]@24 . - 4 . - )
' ‘ NP=1025 R : . ' '
@ 6o, TO 4 SN » L B i ®
- NI=NI-2@48 . J ' T -
NF=NF-2028 . * | R N e
e ' NP=2p49 . » ' -
v 60 TOy4 S S '
- + NI=NIZ3072 EE A o l"
o ' ' NF=NF-3072: - S D ' A
: NP=3073 | S &@ : -
. ' GO TO 4 ) > - X "' g . " . ‘ D. '
X ot o ST
PRINT 157,NI,NFsEXsLGsOVR — SN A :
. N=NF-NI+1 P T _ | o
® READ (3, 5@ (Y(I),I=1,1023) ~ o ®
y N IFC¢L G.NE .3HLOG2 GO.- T0“13 ' ' B
. " DO S® I=1,1023 coa . L |
® "o IFCY(D LEQ.BOY(Id21.0 T S - @
R : Y(éx-x(m@ SALOGIOCYCY. T SRR S
' : * CONTINUE ! = » . S
Q , . M=a. . T : « ] ,!.‘
‘ DO, 1@ I=NE,NF ° . . . e |
. "2 o C “ - - / - 3 .
/. o’ \.,, ‘ . , . l ‘
' : ! b \ —
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’ b . 4 o : ,ﬁ" \\‘ ) [ .
. - ’ . 7~ P 4
. ! ¢ ’ . \ N : * '; '~'l. ‘
V] 5 « {3 ¥ T




IF(YM3LT-Y (1) >YM=YCD)
CONTINUE
IF(N.GT.1024)XT=200.

.

. - . IF(NALE.10@)XT=10.
Y X v . LX='8
.llan:ﬁ . CLlyis .yt :
‘ XL=1+30*N ' . ,
' YL=1.25%Y? ) s
- xgo-—e 25KRN . .
'Y © L YLo=-@ 22xYM - ‘
~xC Q‘ . 3 - v T
. YC=0 . . ° ’
“ T ONXT=XT a . ‘ '
: - PRINT 120, YM,NXT
¥T=0.1%YM .
NYT=YT .ok
XLY=~@ 20%xN -~
© YLY=YT v .
~ . Rx=xT * S
YLX==-@ .2%YM >
ANX=-0 . 03%N . C
. YNX=~ @ @ 5% YM - f
\ XMY=-@ ,15%N o

-
-

- .
v
rd

o

~ e

.
[}

L CALL PLOTXYX(XC:YC:@:@)
. , . AX=0. .
' DO 6@ K= NI:NF:NXT
XX=XX+XT ’ ’
IF(XXJG6T.N)GD TO 15‘* '
.. CALL PLOTKYX(XX»>YCs1,0) .
R GALL PLOTXYX(XX» YG:J:29)
2 CONTINUE *. o °° . .
) XX- y ! * .'r-

" C%kL PLOTXYX(XX:YC:I:-@)

.
13
. > ™

.

-
K

- CALL PLOTXYX(XC,»YCs0,0) -
Y=o S
- DO 70 K=1,10 )
N YY=YY+YT _ ° : o
CALL. PLO?XYX(XB,YY,I,G)
CALL PLOTXYX(XCsYYs1s31)
.. ' CONTINUE * y
‘ - ATIVE PEAK HEIGHT"
. ENCODEC 40, 138, KARAY( 18)
e  CALL'PLOTXYX(XLY,YLY,0,0)
CALL LABELXC20,2, 3,KARAY( 1))
+ 4INEL NUMBER"
) }'ALL "PLOTXYXCXLX» YLX» 85@)

-
-

g o

- - IF(N.LE.1024.AND.N.GT.500)XT=100 . - .
L. IFAN.LE.S00.ANB N +GT.249)XT=5@, .- IR o
‘ IF (M WLE 249 AND «N+GT. 19@)XT=25 . ! S S

CALL SAXESX(1,LX, LY,XTs XL)YL) XLO’ YLO’ XCs YC)
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YMY=YM*(K- 1)/ 10+ 1 - : TN
"RPH=(K=1)/10, T o

ENCODEY 8,140, MARAY (K) )RPH ( . 7
CALL PLOTXYX(XMY, YMY, @, @) , : . .

'APRINT 1S8,EX. . _ ) o 1% |

o LR CSIRER . o e L ®
- ' vy COEFFCEXWEQ.

. ;
L1 -
a ‘ 4 9\;
.
., \ ~ ‘J‘
.
' . < ‘. v, e ]

CALL LABELX(20,2, 4xKARAY(3))> = ¢
NEL ID'5 - Co
INC=NP - - . .
IF(NP. EQ.I)INC*INC | R

L=0 - *

DO 20 K= NI:NF:NXT ‘n' I
L=L+1 ' . -

«NARAY (LY=INC ' <

ENCODE(A:ISG,NARAY(L))NARAY(L) ' )
CALL PLOTXYX(XNX, YNX»@52)  ° L

, CALL -LABELXC 45 15 45 NARAY (L))

INC= INC+NXT e PR . "
KNX= XNX+XT , ' . ‘
CONTINUE )T -
PK+ HEIGHT “ID'S o -t
VIF{LG «EQ.3HLOG) GO TO 14° v .

-aD0 30 K=1,11 S , , : .

YMY=YM* (K~ 1)/10. ’ AR .
IFCOV R JEB-«3HYES) YMY= YMY*EX o v

" MARAY (K)=YMY/EX )

PRINT 190.MARAY(K) - .~ -

" ENCODEC7> 1905 MARAY (K ) IMARAY (K 3 i v g

CALL PLOTXYX(XMY» YMY .8, @),
CALL L ABELX(7s I:A:MARAY(K)) . )
CTONTINUE v AN con )

"GO0 TO- 17 ST 3 o

DO 98 K=1,11" -

CALL LABELX(3,1, AoMARAY(K)) . . T
PRINT L4lsYMY .. :
GONTINU ' ) ; S
DATA. EX=EXPANSION FACTOR . ;

IFCYCNT ) 6T YMYY(NI) =Y (NI ) ZEX
-CALL PLOTXYX(@-:Y(dﬁ),B,B) Lok S
D0 28 J=NJsNF* - - LN T e "
"Xd=J-NI+1

-

A'el QG)GO T0 ’2 . - P v- ' } 4
IFCYJJLES

IFCOVR-E®
YJ=YJ/EX |
G0 [TO 11, iff

HNG) GO ,TO @5

- Yd= g ” B .
- CAEL_ P&@TXYX(XJ:YJ»B.@) o S,
. GO~ 10 48 . -

CALL PLOTXYX( XJJ"?J{.QJ @) Wl

IGO0 ' TO 11 ‘ $ d
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PLOTXYX(XJsYds1,0)

CONTINUE

CALL ENDPLTX
PRINT 99
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WHICH BECOME THF CO- ¢
EFFICIENTS IN THE POLYNOMIAL \

ARRAY FOR THE POWFRS OF THE X*S,FROM 1 TO 2M

o
¢ - - - ' , .
' ' : : ! !
- » o )
S - ,, @
THIS PROGRAM WAS TEKEN FROM NUMERICAL:. METHODS AND 'FORTRAN | "'
PROGRAMMING "o 4 ¢ o4 «MCCRACK EN _ [
JOHN wILEYQ...iO'OOQQO....l.l..l...\‘.‘..'...i.l...l....l { - .
PROGRAM CALIREINPUT, TAPE 1 TAPE2,0UTPUT) | -
THIS PROSRAM WILL PERFORM A LEAST-SQUARES POLYNOMIAL CURVE @
F41T. THE PROGRAM IS TO BE ABLE TO ¥IT ANY POLYNOMIAL FROM
FIRST TO TENTH DEGREE, WITH THE DEGREF. SPFCIFIED RY A HEADER ®
CARD. # 1 < I
********** ******#******}***************#******************T
LIST OF PRINCIPAL VARIABLES & THEIR MEANJNG - . @
NUMRER : THE ACTUAL NUMBER OF X-Y DATA’PAIRS: MAX 2@ :'
™ : THE DEGREE OF.THE 'POLYNOMIAL: MAX 1@ , ®
N : THE NUMBER OF EQUATIONS (=Mw1). T
Xs Y : ARRAYS FOR THE DATA PAIRS , ' . .o
A : ARRAY FOR THE SUMS, NHICH BECOME TH'E COEFF ICIENTS . @
'OF *THE UNKNOWNS IN THE SIMULTANEOUS EQUATIONS .
- B ¢ ARRAY FOR THE CONSTANT TERMS IN THE SIMULTANEDUS o
_EQUATIONS ‘ @
c :. ARRAY FOR', THE UNKNOWNS.,
o

' > READ, CHI : &

e

DIMENSION YC(200),DY(200)
DIMENSION CHISQ(200), XMU(282),E(2080)
' . N

- - ) Lt

* 11 CONTINUE

13 PCI) =

.
(48

READING’ THE DATA: FORMI?\G THE POWERS OF X S S

i
I
N
|
|
s
!
****:**********&***#*******kttt**t********)****************#
DIMENSION X(200),Y(208),AC(11511), B(l!),(‘.(\&H;P(em i

M=3 o

DO 11 I=1.,201" ‘ ]
READC1, 1@)XCI)»Y(]1) ‘ »
10 FORMAT(6X,2F8.3) '
IFtLEOFs1212,11

v e

12 NUMBER = I-1 B e LT

MX2 = M%2 i

D0. 13 I=1,MX2

P(IY =0.0¢ . . .

b0 13 J = .1, NUMBER

PCI) + X(J) %%l
DEVELOPING THE COEFFICIENIS AND THE,hONSTANT TFRMS QF THE
NORMAL EQUATIONS -
N =

. Q

-

. , - .~
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o PO 36 1 = 1IN o= . .o
. , D0, 3@ J=1,N . S -
; K=l + J.-2 . I .o o 7T T ,
= JIF (KY 29,29,28 - : , e e e : o
&Q 2t MACI1,J) = "P(K), R . :
G0 TO 3@ B s
29 AC 1,1 ) = NUMBER T
Qg CONTINUE. | . o : .
, 1) = 0.0 R B T R .
‘o . DO 21 J = 1,NUMBER A : 9
T e 21 BC1 BC1) + Y¢Jdy - - 7 - C
P ’ DO 22 I = 2,N v o -
Coor BCIY =9.0 . .o = .
.. . DO .22 J=1,NUMBER . L8 . s ; :
e \bép RCE> =B(D) +Y(J)*(X(J)t*(l-l)) o : -
: NM] = N-1 . ‘ - L
P - - _PIVOTAL CONDENSATION° " g _— <. TTE e
K DO 390 K = {,NM1 ' . oL
. KP1 =K+) ‘ o . |
.’ : =K : * L . L. .
‘ ' , \Do 400 1=KPL,N . A oo o
. JIF (ABSF(A(I,K)) = ABSF CALLsK))), Aam,aam.aax ' :
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. 408 CONTINUF ’ o

. . ~IF tL=-K) 580,500, 495 " ’ G . )
3 ‘ . ABS DO AP J=KsN &' . L B
' TEMP = A(K,J) , . o L, T
Voo " ' AlKsJY =ACLLJ) ’ - . '
. - 410 ACLeJ) = TEMP - -
, TEMP = acxi * T . o
, - . BCK) =B¢ o A T
. CoBLY = T MP L ‘ ° ) -
. -~ * ELIMINATION, BACK SOLUT!ON AND PRINTING RESULTS
B 560 DO 300 I = KPI,N : - -
o o . FACTOR A(I;K)(A(K,K) . S
i ' T A(LKRY = @.8 - = - ' o
" DD 301 J = KPisN ‘ T
: 301 ACE,J>=ACLsJ)~FACTOR®A(K, J) = ; : |
© .+t 300-BC1) = B([)-FACTOR*B(K) < , o
. S CN) = BN /AIN,ND ) ' ‘ L BN S,
I= NMI . ~ . AR |
-710 IP1 = I+(° _ % PR : -
.o v SUM = 8.8, i ' o Tt e A
' * .D0 7188 J = _IP},N* ' oo N - 7
700 SUM = §UM +ACL.DI*ECJ) . . P «
. - C(I) = (B(I)-SUMI/ZACTLI) L A - . -
' . I =141 , ) X B LI
'IF (1) 969,900,718 | L e '
990 CONTINUE ' ‘
901 FORMATttyc=*.Ela Tk # ¢,213*7,* X. +*,513 T * Xra + x
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- ...+ L, sEl3.7,% X+ 3%) ' s
® .. 904 FORMATI//SX*Y(I)*6X*YC(IJ*6X*DY(I)*) |
- : DO 983 I=1,NUMBER : v
", YC(I)= c<1)+c<?>¢x<1>+c<3>*x<1>**a+c<a>*x<1>**3 .
e PYLI)=YCI)-YC (i) \
| ~ _ 982 FORMAT(FS .3, 3X,F9 2.3x,r9.2; -
| T 9043 CONTINUE - ' o - x

[
¥
>

r

CALL GET(SHTAPE2, THSPECOUT,.@5 @)
1 READ(2,151)XYG .
RN 151 FORMATC(AT) ‘ . %
. . IF(XYGeNE.TH - )GO TO |1 : .
. - READ(2,1S3)NET- ) T .
: PRINT 1S3,NET

153 FORMAT(////719X15/)

816 FORMAT(///17XsF13.8,F13.3)

, PRINT 179 .
179 FORMAT(//SX*XMU(I)*SX*E(I)(KEV)*)

o ® o o

DO 87 I=1,NET LN
T IFCEOF»2)999,998 '
: ; 998 READ(2,810)CHISQCLY,XMUCT)
® IF(CHISOCI) «GT.CHI> GO TO 87 .
= T ECI)=C(l)*C(2)*XMU(I)+CC3)*XMU(L)**2+C(4)*XMU(I)**3‘
- PRINT 1B@;XMUCIILECI) .
® . ' 180 FORMAT(2F9.3)" . .
| - 87 CONTINUE ) R e
- 999 STOP . oL 0 L e
'@ -, END I o - N
~ _+ + <-END OF FILE- S - o .
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