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CHAPTER I 

INTRODUCTION 

57 "57 

In the decay of Co , the five levels of its decay product Fe^ 

have been well established. Subsequent work on the radiative tran

sitions between these levels has made possible further study of this 
2 

atom. From a knowledge of the electron capture ratio to the 136,4 
3 

keV level and certain experimental data, it is possible to obtain the 
electron capture ratio to the 707 keV level. This latter ratio can be 

57 used to determine a value of the disintegration energy of Co '̂ for which 

there is now some disagreement. 

The purpose of thesis is to determine the disintegration energy 

of Co^' using the L /K electron capture ratio to the 707 keV level. 

«,l2KkiS 
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CHAPTER II 

THEORY 

Nuclear Decay 

The discovery that most particles and radiations emitted from the 

nucleus had discrete energies suggested that nuclear spectra might be 

interpreted on the basis of discrete nuclear energy levels in a manner 

similar to that used so successfully in the interpretation of atomic 

k 
spectra. If the nucleus is stable,' it will be in the ground state 

energy level and no radiative processes will occur. However, should 

it possess more energy than a stable configuration, the nucleus will 

be in an excited energy state and will eventually decay to the ground 

state. The unstable nucleus will usually decay ty one of the three 

following modes depending upon the particular element: (1) alpha-decay, 

(2) beta-decay,' (3) gamma-decay. Quite frequently the latter of these 

three modes will follow the others to complete a transition from an 

excited state to the stable ground state, and it is probably'' the simplest 

mode to understand, 

Gaimna-Decav 

In gamma-decay the transition energy is carried by a photon which 

is emitted by the nucleus, A small amount of energy is taken by the 

recoiling nucleus. If the recoil energy is neglected, the energy, E , 

of the gamma ray is 

^ = % - \ 



3 

However, given two energy states of a nucleus, gamma ray emission 

is not the only mode of decay. It is possible that the excited nucleus 

will interact with an orbital electron and give up its energy to that 

electron. This electron is called an internal-conversion electron; and 

its energy, E , is given by 

where B^ is the binding energy of the nth electron and n = K, L, M, N, ••• 

Since E^ - E^ = E , the energy of the internally-converted electron can 

also be written 

E = E - B , n y n 

This does not imply, however, that the gamma ray is the interacting me

dium between the nucleus and the electron. Since internal conversion 

competes with gamma emission, it needs to be considered further. 

It is convenient to define a quantity called the internal-conver

sion coefficient which is the ratio of the number of internal-conver

sion electrons produced per unit time to the number of gamma rays pro

duced per unit time for a given energy transition. Let this ratio be 

designated by a, then 

where Nj., N , Nĵ , ••' are the rates of production of K, L, M, ••• elec

trons respectively, and N^ is the rate of production of gamma rays. 

N may be represented in terms of the internal-conversion coefficients, 

Let N„ be the total number of energy transitions per imit time from an 

initial state to a final state; then 

N^ = N + N , 
T Y ® 

where N is the total number of electrons produced per unit time from 
e 

all shells. Now if both sides are divided by N , it follows that 



N^/N = 1 + N /N 
T' Y e' Y 

and 

\ = N^Cl/(l + a^)] 

where (t is the total internal-conversion ratio defined ty 

K L ... 

Thus the number of gamma rays produced per unit time can always be de

termined by the fraction 1/(1 + a ) times the total rate of transition 

to a given level. 

Atomic Effects 

After an electron has vacated a position in its shell, by internal 

conversion or by other means, the vacancy in the orbital electron struc

ture is soon filled by an outer electron. The energy that is liberated 

in this process may appear as an X-ray with energy equal to the differ

ence in the energy of the two shells, or it may appear in the form of 

kinetic energy of an ejected electron. This electron is called an Auger 

electron and results when the energy that is available for an X-ray 

excites another orbital electron to a higher energy state. A useful 

quantity can be defined as a result of this process. The ratio of 

K-X-rays produced per unit time to the number of K-vacancies produced 

per unit time is defined as the fluorescent yield of the K-shell. The 

fluorescent yield is defined in the same way for all the other X-rays 

and is represented by f̂^ where n = K, L, M, N, •••, 

Electron Capture of Co-̂ ^ 

An alternative mode of decay to that in which a positive or negative 

57 
beta particle is emitted is known as electron capture, Co-' , an unstable 

isotope of cobalt, is known to decay by this process. Since the prob-



ability of an electron being in or very near the nucleus of Co'' is 

not zero, there is a possibility that an orbital electron will be cap-

turod by a proton. The nuclear reaction is 

p + e" — • n + V 

where p is the proton, e" the captured orbital electron, n a neutron, 

and Va neutrino. This capture process is not restricted to electrons 

of a given shell, but depends on the relative probability of each elec

tron being in the proximity of the nucleus. 

Since the electrons of like probability are grouped into shells, 

the relative probability of captuire of an electron in one shell to one 

in another shell is defined as the electron capture ratio. Usually 

this ratio is defined with respect to the K-shell so that L/K denotes 

the probable ratio of L captures to K captures, where L and K are dif

ferent shells from XT'hich electrons may be captured. In a like manner 

then, L + M + N + " * / K denotes the ratio of the sum of all other prob

abilities of capture to the probability that a K electron will be cap

tured. Henceforth, this total ratio will be designated by the Greek 

letter € so that 

£ = L + M + N+"*/K. 

The total electron capture ratio to the 707 level in Fê '̂  will be 

found experimentally; that is, Lj. + L^ + LJ-Q + M^ + " • / K where the 

subscripts denote subshells of the major shells L, M, N, etc. However, 

the L^/K ratio is desired; therefore, it is necessary to extract this 

ratio from the total capture ratio. 

Let £ be the capture ratio to the 707 keV level, then 
q 

= ( L j X l + Lj j /Lj + L j i j /L j + •••)/K 



so that 

For allowed transitions ( UJ| = 0, 1) the ratio Is-j/L̂  never exceeds 

the order of 105̂  of £ . This ratio is plotted as a function of Z in 

6 
Figure 1. Also for low Z approximations, the Lyj-r subshell always makes a 

negligible contribution to allowed and first forbidden transitions. 

Therefore, L_/K can be written 

1) Lj/K « e^/(l + Ljj/I^)z=27 

to a very good order of approximation. 

Energetics of Electron Capture 

Energetically, electron capture may occur if the atomic rest mass 

energy of the parent atom is greater than the rest mass energy of the 

daughter atom by the binding energy of the captured electron. Symbol

ically, this is just 

2) M^(Z)C^ > M^(Z - l)c^ + Bg 

where Z represents the number of protons in the nucleus of the atom. 

This inequality can be written in terms of energy as 

3) N(Z)c^ + Zmc^ - B > N(Z - l)c^ + (Z - l)mc^ - B, 

where m is the electron rest mass, c the velocity of light, N(Z) and 

N(Z - 1) are the rest masses of the parent and daughter nucleus, and 

B and B, are the total binding energies of the electrons of the parent 

and daughter atoms respectively. Notice that for electron capture 

B > B, by only the binding energy of one electron—the one that is 
P a 

captured. Therefore, B - B = B where B is the binding energy of 

the captured electron. It follows that 

[N(Z) - N(Z - l)]c^ > - (mc^ - B ) 
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''^T 
8 

W^ > - (mc - B^) 

where W^ is defined by^ 

WQ = [N(Z) - N(Z - l)]c2. 

Since, in many cases of electron capture, the binding energy is negli

gible," it should be noticed that W < 0 is a possibility. This means 

that the nuclear rest mass energy of the daughter atom may increase 

upon orbital capture, but the energy of the atom as a whole will decrease 

as a result of the loss of a neutrino. 

57 

Disintep:ratipn Ener^r of Co-̂^ 

The basis for forming an equality can be seen from the nuclear 

reaction. That is,' if the energy of the neutrino, E , is added to the 

daughter side of Inequality No. 3t the following ©quality is formed; 

k) E^ = WQ + mc^ - BQ. 

However, it is convenient to express the neutrino energy in terms of 

a quantity E which is defined by 

E* = mc^ + W^ 

so that the energy available to the neutrino after electron capture 

is 

\ = ^Y " ^®* 

In many decaying nuclei there exist more than one value for E • 
cry Q 

For example, in the decay of Co-'' (see Figure 2) the nucleus can de

cay to any one of three different excited energy levels of Fê *̂ . There-

fore, Ey is a function of the energy level, E , to which the cobalt 

nucleus decays. On the other hand, if E-, is defined' to be the total 

disintegration energy such that 
E ^ = E * + E ^ ^ 
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then the disintegration energy, referred to the ground state of Fe^ , 

remains fixed. For the 707 keV energy level of Fê *̂ , the total dis

integration energy can be written as 

E^ = E*Q^ + 707 keV 

so that a determination of E should give the total disintegration 
* 

energy. Since ^n^y is a function of W^, it remains only to show how 

WQ is determined.• This can be done with the aid of the L^/K electron 

capture ratio. 

Theoretical Results of Brvsk and Rose 

The theoretical results of H. Brysk and M. E, Rose show a direct 

correlation between W and the L /K capture ratio, L.̂  is defined as 

the subshell of L with the largest binding energy of that shell and 

which corresponds to the 2sx electrons. Their normal approximation 
2 

formulas for the capture of the 2s-electrons in the K-shell and L_-

9 
shell lead to the relationship 

5) Lj/K = (g, /gĵ )̂ [(Ŵ  + %)/(Wo * % ) ^ 

2 2 2 2 

where Wj = mc - BL , Ŵ ^ = mc - B , and g. and g are the radial 

densities at the nucleus for the L^ and K electrons respectively. These 

two radial functions plotted in Figure 3 and Figure ̂  as a function of 

Z have been "corrected for the effects of screening and finite size of 
the nucleus, and for the variation of the wave function over the nuclear 

.10 
V) 

o 

volume." W is also shown in Figure 5 as a function of L^/K for Z = 27. 

Develo-pment of Problem 

Explanation Q"̂  Exî eriment 

The experimental procedure used to determine £, involves the meas-
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urement of the coincident rate between the 122 and I36.4 keV gamma rays 

and the K-X-rays, denoted by N_^^ ^^. ^ , and also between the 693 
122 + 136 - KX 

and 707 keV gamma rays and the K-X-rays, denoted by N^ ™ . 

The ratio of these two coincident rates can be expressed in terms of 

known quantities and one unknown—the total electron capture ratio whose 

value is desired. 

Derivation of Experimental Equations 

The number of 122 keV gamma rays produced per unit time, N ^̂ t is 

"122 = "o»P-^2^122^^^ * ̂ 2 ^ 

where N is the total disintegration rate of the source, p = 99*85̂ . 

m = 88.8^, cc-p̂  the internal-conversion coefficient for the 122 keV 

gamma ray, -^o/j "the solid angle subtended tsy the source, and ê p̂ the 

efficiency of the detector to detect 122 keV gamma rays. Similarly, 

the number of 136.4 keV gamma rays produced per unit time is 

^136 = Nonp-ô 3̂ e3_3̂ /(l + 0^3^) 

where n = 11.2^. Also, in an analogous way the rates of production of 

707 and 693 keV gamma rays can be written as 

% 3 =^0^-^693^^^''"^93^ 

and N^^^ = N^sqn^Q^e^Q^/(l + ct̂ ^̂ ) 

^ere q = .2^, r = 85.9>, and s = 3.7^. 

With the detectors used in the experiment, it was not possible to 

resolve the 136,4, 122 keV gamma peaks and the 707, 693 keV gamma ray 

peaks, so it was necessary to express a counting rate of their suns. 

That is, N^p^ ^^^ denotes the production rates of the 122 keV plus 

the 136.4 keV gamma rays. If the approximations -^^22 " "^136 *"^ 

^36=^122 ^ ^ ^ ^ ^ ° ' ^^" 
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^̂ 122 + 136 = ̂ oP^122^^/^/(1 + 0^2^ •" ""/̂ ^ "• °136^^-

Likê L̂se, the production rate of 707 plus 693 is N ^ ; this is 
707 + 693 

just 

^07 + 693 = V^V707^^/^^ * ''693) ̂  ̂/(l * -̂ or̂ ^ 
where the same approximations have been made. 

In addition, since the energy of these gamma râ /s is large, the 

following approximations are made: ^^qr^ « 0 and CUQ,^ « 0. Thus 

^V07 + 693 ̂ ®^°^^s 

'^707 + 693 = ̂ ^0^^707^707^'' •" '^• 

It is important to mention that the half-life of the 707, 136.4, 

and 14.4 levels are about 10* , 10"", and 10"' seconds respectively. 

If the resolving time of the coincidence circuit is longer than these 

times, then all events associated with a given transition will be de

tected in coincidence with each other. Therefore, the coincident rate 

between 122 plus 136.4 keV gamma rays and all the resulting X-rays is 

expressable hy the following equation: 

"122 + 136 - KX = "122 + 136^h^^K/^^ + ̂ p ) ^ 

Dividing both sides by il^^^ _^ ̂ ,g, then 

«122 + 136 - !CX/-:122 + 136 = h'^K^P^^^ * ^p^ * ̂ ^ 

where V is defined b:/ 

K 
£ is the total cauturo ratio to the 122 koV level, and CL^ . is the 

internal-conversion coofficiont for tho K-sholl alone. Similarl:/ tlion 

"693 + 707 - KX "^^ '°° ^ ^ ^ ^ " ° ^ ^̂  

»693 + 707 - KX = '=693 + 707^^K^C''K/(1 * ̂ g^^ 

+ "693'^^K•^K\^l't.'^/^^ * «lt.i;)^-
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Dividing again tor the singles counting rate, it follows that 

%93 + 707 - Kx/%3 + 707 = ^K^K^}^^^^ + ^q^ * "^ 
where U is defined ty 

Noî  form the ratio 

^=^"122 + 136 . Kx/"i22 + 136^/^^693 + 707 - Kx/"693 + 707^ 
so that 

H = [1/(1 + CJ + V]/[l/(l + £ ) + U], 
P q -̂  

Solving for c , one gets 

£„ = R/[l/(l + £^) + V - UR] - 1. q P 

£ has been plotted as a function of R in Figure 6. 
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CHAPTER III 

EXPERII-LS::TAL PROCEDURE 

Pre-paration of Source 

The source was a solution of cobalt chloride in hydrochloric acid 

which was supplied by.Abbott Laboratories. In April, I965, it had a 

specific activity of 66OO mc/mg. The source was prepared by precip

itating the solution onto aluminum foil, A drop of solution was con

fined to a small space by first allowing a very small drop of insulin 

to dry on the foil. This increased the surface tension between the 

solution and the surface of the foil. Then a drop of cobalt chloride 

was added carefully so that the bounds of the insulin were not exceeded 

by the cobalt. Additional layers were added as necessary to bring the 

source strength to a usable value. 

Description of Equipnent 

The equation for the total electron capture ratio suggests that 

it is necessary to measure the coincident counting rates between y-^^ys 

and X-rays, Since y ^^^ X-rays are both electromagnetic radiation, 

differing only in their origin, essentiality the same equipment can be 

used to detect aiid measure their energies and intensities. 

A scintillating sodium iodide, thallium-activated crystal, ilal(Tl), 

in conjunction with a Du nont 6292 ten-stage photomultiplier tube and 

base comprised the gamma ray detector. The X-ray detector differed 

only with respect to the size of the crystal. For the higher energy 

18 
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Y-rays, a cylindrical crystal 2 inches long and 1,5 inches in diameter 

was used. The X-ray cr:-stal x̂ as a disc l/8 inch thick and 71^ inches 

in diameter with a 10 rail Be windox̂ -. Both of these detectors are pic

tured as D-Y and D-X respectively in Figure 7, 

The equipment listed in Table I was used in subsequent stages of 

amplification and analysis. 

TAIXE I 

EXPERH^EMTAL EQUIPMEIT 

Abbreviation 
•• T • 

i!.auipr.ent 
VV + Hake Model 

P . A.2 

P . A. 

Amp. 2 

Amp. 

P . H, A., 

P . H. A,. 

C. C. 

M. C. 

Pre-amplifier 

Pre-amplifier 

Linear Amplifier 

Linear Amplifier 

Pulse Height Analyzer 

Pulse Height Analyzer 

Coincidence Circuit 

400-channel Analyzer 

Tennelec 

Hamner 

Tennelec 

Hanner 

Hamner 

Kamner 

Howe 

RIDL 

100-B 

N-361 

TC-907 

!I-328 

N-685 

N-301 

— 

34-123 

Following detection, the pulses were amplified by pre-amplifiers 

located close to the detectors so that the weak signals from the photo

multiplier tubes could be detected. Then pulses from each channel (see 

Figure 7) were again amplified by linear amplifiers which magnified the 

incoming pulses in̂  a linear manner. 

Following amplification, the pulses were analyrsed ty pulse height 

analyzers. When operated on differential, a pulse height analyzer will 

produce a pulse only if the incoming pulse lies between a predetermined 

upper and lower limit. These linits can be varied independently to 
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allow any range of pulses to be analyzed. If, however, the pulse height 

analyzer is operated on integral, it will produce a pulse only if the 

incoming gamma ray is above a predetermined energy. 

To obtain the coincidence distribution, the pulse height analyzer, 

P. H. A.^, was set on integral so that it passed all energies above 

and including the 122 keV transition. The P. H, A,^ was set on dif-
2 

ferential so that pulses corresponding to the K-X-rays (6,4 keV) were 

allowed to pass. Since the 14.4 keV Y-ray was very close to the 6.4 

keV X-ray, it was necessary to set the width JE as shown in Figure 8. 

By virtue of the 400 channels of the multichannel pulse height anaXyzer, 

it was possible to display both the 122 + I36 keV and 693 + 707 keV coin

cidence spectra simultaneously. Therefore, the same ^E setting served 

for both counting rates. 

Pulses from each pulse height analyzer were then analyzed by the 

coincidence circuit. For a pulse arriving at input 1, there must be 

a pulse at input 2 within the resolving time of the instrument before 

the coincidence circuit would respond and send out another pulse sig

nifying that a coincidence had occurred. Otherwise, the pulse is lost 

with no memory of its occurrence. Due to jitter in the pulse height 

anaXyzers, it was necessary to operate the coincidence circuit at a 

resolving time equal to 1.0 ^sec., (1 X lO" sec). Ideally, one 

would prefer this time to be shorter since random coincidences can occur 

and give rise to larger coincidence counting rates as the resolving 

time is increased. However, due to techniques in experimentation, these 

random events can be measured separately so that they pose no great 

problem. 
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Tho final analysis of the pulses was made by a 400-channel analyzer. 

This piece of equipment has the ability to analyze an incoming pulse 

and store a count in the proper channel according to its energy. Each 

channel has an energy width A E which stores counts corresponding to 

pulses between S and E + AS. The multichannel is set to analyze pulses 

from Amp. only if the coincidence circuit has indicated that a coin

cidence has occurred. The coincidence pulse triggers the multichannel 

gate to open and allow pulses from Amp.^ to pass and be analyzed. How-

over, the pulse height analyzers delay pulses 1.5 /<sec. and the coin

cidence circuit an additional .5 /<sec. so it is necessary that the 

pulses arriving at the multichannel from Amp. be delayed 2 /csec. 

This delay was made internally and is not shown in Figure 7. After 

these timing corrections, a complete display of y radiation coinci

dent with the X-rays could be accumulated over a given time period. 

An additional piece of equipment, not shoxm in Figure 7, is a lead 

shield which surrounded the y-ray detector. This shield was built to 

reduce the detection of y-rays not originating with the cobalt source. 

Lead was poured two inches thick around a spool of aluminum. The shield 

was seven inches long and seven inches in diameter, and a two and one-

half inch cylindrical hole was machined out of the center to accommodate 

the photomultiplier tube and scintillation crystal. This shield reduced 

the background counting rate by 90^, which was a considerable improve

ment. 



CHAPTER IV 

DATA AiNiD AITALYSIS 

Properties of the Detector 

Crystal Effects 

When radiation passes through a crystal such as Nal(Tl), the re

sulting scintillations will cause the radiation to be detected in one 

of four main distributions. These distributions are as follows: 

(l) photo peak, (2) summation peak, (3) Compton continuum, and (4) es

cape peak. For high energy radiation, numbers 1, 2, and 3 are predomi

nant; and for lOTTer energies, numbers 1, 2, and 4 are predominant. 

The total counting rate, N^, is the sum of the counting rates due 

to all the peaks. Thus N™ can be written 

N^ = N^ + N2 + N^ + N^, 

where the subscripts denote the type distribution, and N denotes the 

counting rate associated with that distribution. For a given energy 

and detector geometry, each distribution can be expressed as a fractional 

part of the photo peak so that 

N^ = li^ + CN^ + Eil̂  + SN^ 

= N^ ( 1 + C + E + S) 

where N2 = CN^, N = EN^. and N^ = SN^, If N^° means the total coin-

cident counting rate for the same energy, then 

N̂ "" = N^° + N2'' + N^° + N^^ 

= 1̂ ° (1 + C + E + S). 

24 
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Forming a ratio of the two counting rates, one gets 

N̂ /N.'' = N^/N^^ 

so that the two are in the same ratio as are their corresponding photo 

peaks. Therefore, it is necessary only to measure the photo peaks of 

the different energies to obtain R. 

Photomultiplier Tube Effects 

Light pulses from the scintillation crystal corresponding to a 

given energy E are detected hy the photomultiplier tube by the photo

electric effect. Due to statistical fluctuations in the tube, the 

subsequent electrical pulses are distributed in a Guassian manner about 

the energy E. Therefore, all pulses wliich correspond to a given energy 

transition in the source are displayed by the M. C, in a Gaussian dis

tribution whose peak lies in the channel corresponding to S. This prop

erty of the detection equipment makes it necessar̂ ^ to measure the area 

under a given distribution to obtain the number of counts por unit time 

for a given transition. Another way to obtain the counts under the 

curves is to add all the counts in each channel over all the channels 

that correspond to a given energy. The latter method, with the aid of 

12 
a computer program, was used to evaluate the experimental data (see 

Appendix I). 

Spectrum Analysis and Data 

A typical coincidence spectrum of the 693 pl^s 707 transition is 

shovm in Figure 9, along with the fitted curve. The computer program 

gives a Gaussian distribution which is a good fit to the original data 

points on the basis of the Chi-Square Test. By using the data points 
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with the best statistics, those in the upper portion of the distribution, 

this program gives the amplitude. A, half-width of the distribution 

at (l/e)A and the channel in which the peak of the fitted curve lies. 

From these parameters, the program then computes the points on the fitted 

curve, N channels on each side of its peak center, where N is determined 

ty the needs of the operator. Since most of the original data points 

are good, only the points of the fitted curve along the tails of the 

Gaussian are substituted for the corresponding points along the origi

nal curve; and these are then added to the original data points. The 

area shaded in Figure 9 is an example of the amount added to the origi

nal data for a 693 plus 707 spectrum. 

It is necessary to subtract the background from each data point 

before entering the data on punch cards for the singles spectra. 

The coincidence spectra do not have appreciable background in coin

cidence, but they do include random coincidence counts due to the re

solving time of the coincidence circuit. These counts are still dis

tributed in a Gaussian manner and do not affect the fitted curve. How

ever, it is necessary to subtract the random rate from the total coin

cidence counting rate after each has been obtained separately to get 

the true coincidence spectrum. A 2.5 J^sec, delay was inserted between 

P. A.^ and Amp.-, to delay the Y-ray side of the circuit. This destroyed 

the critical timing of the circuit so that only random coincidence 

events would be accumulated by the multichannel. This gave the nec

essary random spectra. 

Two separate experimental runs were made and the resulting spectra 

analyzed. The counting rates obtained for both runs are listed in 

Table II along with their uncertainties. 
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TABLE II 

EXPERIMENTAL DATA 

Counting Rate Run 1 Run 2 

^693 + 707 - KX .00625 ± ,00016 .00615 ± .00016 

^122^ 136. KX 11.^:^ -01 11.45:^.01 

^693 + 707 •'̂ °'' =*= -̂ ^̂  '̂ ^̂  * '̂ ^̂  

^122 + 136 ' ^̂ ^̂ '̂  ^^'^ ^^^'^ * -̂ '̂  

2̂ ' 



CHAPTER V 

RESULTS AND CONCLUSIONS 

The ratio, R, for two separate experimental runs was found to be 

0.988 ± ,026 and 0.995 ± .026. An average of these two gave 0.992 ± 

,013 from ̂ ich the total electron capture ratio to the 707 level in 

57 + 029 
Fe was determined to bo 0.162^*^28* "̂ ^̂ ^ ̂ ^̂  ^ ^ of Figure 1 and 

con-Equation 5, the L^/K ratio was calculated to be 0.161*̂ * ^ , The 
^ .,028 

stants used to evaluate L./K and the ratio, R, are listed in Appendix 

H , 

The lower curve of Figure 5 is the original theoretical graph cal-

2 2 
culated by Brysk and Rose for gĵ  /gj^ = 0.09; and the upper curve has 

2 2 
been corrected to the eiqjerimental value for g, /g = 0,117, which 

is the LJ/K capture ratio determined in this laborator-/- to the 1?^ keV 

57 

transition level in Fe • This is a valid correction since the elec

tron binding energies can be neglected for this transition. It was 

necessary to use the corrected curve in Figure 5 rather than the the

oretical one to evaluate the total disintegration energy because the 

disintegration energy given by the LJ./K ratio to the 136.4 level should 

be consistent with that given by the L /K ratio to the 707 level within 

the experimental accuracy of the L_/K ratio. 

After using the corrected curve in Figure 5, the disintegration 

+65 
energy to the 707 level was found to be ̂ 7 ̂ ^ keV. The reason for the 

unequal uncertainties is the fact that W Q is not linear with respect 

29 
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to LJ/K. Finally, tho total disintegration energy of C o ^ was deter

mined to be 75^ , keV. 
—14 

The method used in this thesis to determine the disintegration 

energy should be good for any atom which decays by electron capture 

to a high enough energy level in its decay product so that the differ

ence in the nuclear rest mass energies, W^," between the parent and 

daughter nuclei is • relatively small. For a small difference in rest 

mass energies,' the binding energies of the captured electrons will 

have a significant effect in the Lj./K equation of Brysk and Rose (see 

Equation $); and, thus, W^ becomes a very sensitive function of the 

Lj/K ratio (see Figure 5) for energies of about 150 keV or less, 
57 

The disintegration energy to the 707 keV level in Fe"̂  falls in 

this range. Therefore, the disintegration energy could be determined 

even though the uncertainty in the I*T/K captxire ratio was large. The 

reason for the large uncertainty was because relatively few counts were 

accumulated in the 693 + 707 keV coincidence spectrum. 

The determination of disintegration energies to states separated 

by small energies is difficult hy any method. Consequently, even though 

there are rather large errors associated with this determination, the 

method is considered useful. 

'" is • 

%:^.^ 
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APPEiroiX I 

CorTpnter ?rorrra:Ti to Fit A 
Gaussian Curve to Gaussian Data 

To determine the niimber of counts under a given data distribution 

of Gaussian form, it is necessary to sum the counts in each channel 

over the range of channels associated with the given energy distribu

tion. However, to determine the full range of channels and the number 

of counts in each channel throughout this range becomes a problem if 

statistics are poor or neighboring distributions are partly included 

in the distribution to be evaluated,' The follovJing program provides 

a means ty which this can be done provided there e:d.sts a sufficient 

number of data channels unaffected by neighboring distributions. 

The first and last channel numbers over the unaffected range of 

the distribution are punched into a card according to Format 35• T^o 

counts in each chaniiel are then punched into following cards according 

to Format 2. In the first Format fiold of the data cards, the length 

of the run is punched. If the program is to be used for a Gaussian dis

tribution which is superimposed on a non-Gaussian distribution, such as 

background, the non-Gaussian counts must be subtracted before entering 

the data points on cards. The program is as follows for FORTRAN U , 

where actual channel numbers, time, and data points are used from Figure 9; 

Fî .e and Data Points 

00220052 
120000 00009 00016 00013 00020 00019 00027 00038 00039 00033 
00037 00057 00042 00054 OOO6O OOO56 00043 00054 OOO38 00049 
00039 00044 00037 00028 00025 00029 00022 00020 00010 00012 
00008 00007 

32 
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The Computer Prorrram 

C LEAST SQUARES FIT OF A GAUSSIAN CURVE TO GAUSSIAN DATA 
C MQLY = POLYNOMIAL ORDER, NXF=FIRST CHANNEL NO., 
C NXL=LAST CHANNEL NO., Q(I) IS THE INPUT, 
C P(I) IS THE CORRESPONDING DATA FROM THE CURVE 

DIMENSION Q(150), P(l50). C(20, 21) 
DIMENSION MF(6), NL(5), A(150) 
DIMENSION CH(150), DIF(150). PP(150) 
DO 17 1=1, 150 

77 PP(I)=0. 
M0LY=2 
NP=1 
READ 35. MF(1), NL(1) 
NXF=̂ yiF(l) 
NXL=NL(1) 
m̂ TN=̂ ]L(l) 
MMM=MF(1) 
READ 2, TIME, (P(l), I=NXF. NXL) 
DO 60 L=NXF, NXL 

60 PP(L)=P(L) 
DO 51 I=NXF, NXL 

51 CH(I)=I 
DO 50 I=MF, NXL 

50 Q(I)=L0GF(P(I)) 
MOLY 1=^0LY+1 
MOLY 2=M0LY+2 
M=l 
KK=0 

C SET UP LINEAR EQUATIONS 
8 DO 3 1=1, MOLY 1 

DO 3 J=l, MOLY 2 
3 C(I. J)=0. 

DO 4 L=NXF, NXL 
X=CH(L) 
DO 4 1=1, MOLY 1 
11=1-1 
IF(I1)13, 13. 11 

13 XP=1.0*P(L) 
GO TO 12 

n XP=X**I1*P(L) ^ , N ^ 
12 C(I, M0LY2)=C(I. MQLY2)+ Q(L)*XP 

DO 4 J=l, I 
C(I, J)=C(I. J)+XP 

4 XP=X*XP 
DO 5 J=l, MOLYl 
DO 5 1=1, J 

5 C(I. J)=C(J, I ) 

^^iyfci I; 



3^ 

N=^0LY1 
N1=N+1 
NF=N+1 
NB=N-1 
DO 10 K=l, NB 
N1=K+1 
DO 10I=N1,' N 
DO 10 J=N1, NF 

10 C(I, J)=C(I, J)-C(I,K)*C(K, J)/C(K. K) 
C(N. NF)=C(N, NF)/C(N, N) 
DO 20 1=1, NB 
J=N-I 
N1=J+1 
C(J, NF)=C(J, NF)/C(J, J) 
DO 20 K=N1, N 

20 C(J, NF)=C(J, NF)-C(J, K)*C(K, NF)/C(J, J) 
C(J, N+1) J=l, N CONTAINS THE SOLUTION 
DO 30 L=NXF, NXL 
X=CH(L) 
YL1T=C(1, N+1)4C(2, N4-1)*X+C(3, N+l)*X*X 
ALN=EXPF(YDT) 
ARR=ABSF(P(L)-ALN) 
ERR=ARR/P(L) 
DIF(L)=ERR/SQRTF(P(L)) 

30 COINTTINUE 
DX=-1.0/C(3, N+1) 
HWX=SQRTF(DX) 
PSAK=DX*C(2, N+l ) /2 .0 
X=PEAK 
YLJI=C(I, N + 1 ) + C ( 2 , N + I ) * X - K : ( 3 . N+1)*X*X 
ZLN=EXPF(YLN) 
PUNCH14, HWX. PEAK 
PUNCH15, TIME, ZLN 
AREA=ZLN*Hl^DC*l. 77245 
RATE=AREA/TIME 

PUNCH 100, AREA. RATE 
DO 101 I=*1MM. NNN 
XXX=I 
ZZZ=?ABSF(XXX-PEAK)**2./(HWX**2.) 

101 A(I)=ZLN/EXPF(ZZZ) 
CHISQ=0. 
DO 63 I=^1MM, NNN 

63 CHISQ=ABSF(PP(I)-A(I))**2./A(I)+CHISQ 
PRINT 64, CHISQ 
PRINT 100, AREA, RATE 

Ki 
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35 
PAUSE 
IF(SENSE SWITCH 2) 70, 71 

70 CONTINUE 
PUNCH 104 
PRINT 151 

151 FORMAT (17H NXXF= , NXXL= ) 
ACCEPT 35» ̂ fXXF, NXXL 
DO 152 I=NXXF, NXXL 
XXX=I 
ZZZ=ABSF(XXX-PEAIC)**2. /(HWX**2.) 

152 A(I)=ZLN/EXPF(ZZZ) 
DO 7 1 I=NXXF, NXXL 
PUNCH 105, I. PP(I), A(I) 

71 CONTINUE 
MM=NXF 
DO 7 L=NXF, NXL 
IF (DIF(MM)-DIF(L)) 1, 7, 7 

1 MM=L 
7 CONTINUE 
PUNCH 17, DIF(MM) 
PUNCH 17, MM 

45 NXL=^XL-1 
DO 44 I=MM, NXL 
Q(I)=Q(I+1) 
P(I)=P(I+1) 

44 CH(I)=CH(I+1) 
KK=1+KK 
PRINT 35, KK, MM 
IF (SENSE SWITCH l) 46, 8 

46 CONTINUE 
17 F0RMAT(E11.4) 
1 4 F0RI4AT(12HHALF WIDTH= , F 7 . 2 , 13HLINE CENTER= ,' F 8 , 4 ) 
1 5 F0RI'lAT(5HTIiffi, F 8 . 0 , 5HAMP= , E 1 1 . 4 ) 

2 F0RMAT(9F8 .0 ) 
3 5 FORMAT(214) 

1 0 5 FORMAT(1I10, 4 F 1 5 . 2 ) 
6 4 FORMAT(13H CHI-SQUARE= , 1 F 1 0 . 2 ) 

1 0 0 F0RMAT(5HAREA=, E 1 1 . 4 , 14HC0UNTING RATE=. E l l , 4 ) 
1 0 4 FORMAT (55H CHAININEL DATA FITTED DATA ) 

STOP 
END 
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After compiling and reading data cards, the computer will set up 

the necessary linear equations for the least squares fit. On the basis 

of the fitted curve," it will calculate Chi-Square and print its value 

along with the area under the fitted curve and the counting rate for 

this distribution. The computer will then pause and wait for further 

instructions. If the Chi-Square fit is good enough, then sense switches 

one and two are switched on. and control passed back to the computer 

by pressing the start button. The computer will then print NXXF= , 

and NXXL= and again pause. The selection of first and last channels 

over the range of the fitted distribution is made and is entered on 

the console typewriter according to Format 35. Again control is passed 

back to the computer and all points along the fitted curve will then 

be punched into cards. Should Chi-Square not be good enough, only sense 

switch one is switched on; and the program "trill stop. Below are the 

outputs from the console typewriter and card punch for Figure 9« 

Console T̂ noeTJriter Output 

CKL SQUAP£= 20.20 
AREA= 1.0485E+03 COUNTING RATE= 8.7381E-03 
NXXF= , NXXL= 
00120062R/S 
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Card Punch Output 

HALF WIDTH= 11.15LINE CEITTER= 
TIME 120000. AMP= 5.3024E+01 
AREA= 1,0485E+03C0UNTING RATE= 

CHANNEL 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 • 
27 
28 
29 
30 
31 
32 
33 
3^ 
35 
36 
37 
38 
39 
40 
41 
42 
^3 
44 
^5 
46 
47 
48 

DATA 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
9.00 

16.00 
13.00 
20.00 
19.00 
27.00 
38.00 
39.00 
33.00 
37.00 
57.00 
42.00 
54.00 
60.00 
56.00 
43.00 
54.00 
38.00 
49.00 
39.00 
44.00 
37.00 
28.00 
25.00 
29.00 
22.00 
20.00 

36.0821 

8.738IE-O3 
FITTED DATA 

.22 

.33 

.50 

.73 
1.05 
1.49 
2.07 
2.84 
3.83 
5.08 
6.63 
8.52 

10.77 
13.40 
16.41 
19.76 
23.43 
27.33 
31.37 
35.^3 
39.39 
43.08 
46.38 
49.12 
51.20 
52.52 
53.02 
52.66 
51.48 
49.51 
46.87 
43.66 
40.02 
36.10 
32.04 
27.99 
24.06 
20.35 
16.94 
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49 
50 
51 
52 ' 
53 i 
5^ . 
55 <; 
56 
57 
58 
59 
60 
61 
62 

I.2259E.OI 
4.9OOOE+OI 

10.00 
12.00 

8.00 
7.00 
0.00 
0.00 
0.00 
0.00 
0,00 
0.00 
0.00 
0.00 

' 0.00 
0.00 

13.87 
11.18 

8.87 
6.92 
5.32 
4.02 
2.99 
2.18 
1.57 
l .U 

.77 

.53 

.36 

.24 

38 
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APPENDIX I I 

Table of Constar^ts 

L^j/Lj. = 0.0055 

^ p = 0.118 ± .014 -̂̂  

0^^^^ = 8.1 ± 0.4 ^^ 

^14 4 = 9.2 ± 0.4 "'"̂  

BL = 0.927 kev-̂ ® 

Bĵ  = 7.708 keV̂ ^̂  

g i v K 






