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ABSTRACT 

#2 
Beta decay of Che ground state of Sc Is studied experimentally. 

+ 42 
It is shown that branching to the first excited 0 state of Ca is re-

42 42 
lated to the purity of the isospin triplet formed by Ca, Sc, and 

42 42 39 
Ti. The Sc nuclei are formed by bombarding K nuclei with alpha 

39 4 42 
particles at 8.7 MeV, thereby inducing the reaction K( He,n) Sc. 

+ 42 
Subsequent appearance of beta decay to the excited 0 level of Ca is 

sought by looking for the 1524 keV gamma ray which would occur following 

such a decay. Coincidence and singles techniques of measurement are 

described and a singles experiment is performed which gives an upper 

-4 
bound to the branching ratio of R • 4.4 x 10 with 95% confidence, 

a value well within theoretical expectations. 

ix 



CHAPTER 1 

INTRODUCTION 

This paper presents the results of a research program begun with 

the hope of obtaining one more piece of significant information in the 

general investigation of the basic nature of the nuclear force. The 

problem begins with the suspicion by many early researchers that there 

was a charge independence or at least a charge symmetry to be found in 

the strong force between nucleons. Analysis of the ^SQ np and pp scat

tering data showed considerable similarities (Breit, 1936) and calcula

tions of the binding energies of very light nuclei gave approximate 

equality of the nn, pp and np interactions (Feenberg and Knipp, 1935). 

Since that time the amount of evidence has grown sufficiently so that 

approximate charge independence has become a very well established fact. 

A theoretical description of charge independence was first com

pleted by Wigner (1937) using the isospin formalism invented by Heisen-

berg (1932) and the antisymmetrization of the total wave function (in

cluding isospin) introduced by Cassen and Condon (1936). In his paper 

Wigner stressed the relation between charge independence and isospin as 

a good quantum number and therewith initiated the work of many later 

researchers in the area of nuclear isospin. 

For purposes of the present paper the important result of pre

vious researchers is that if one assumes strict charge independence of 

1 
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the force between nucleons then one finds complete purity of the isospin 

of all nuclear stationary states (Soper, 1969, p.232). This is shown 

very nicely by Levi Setti (1966) for the simple two-nucleon case. In 

his work one breaks up the Hatniltonian for the interaction into two 

parts, one containing the charge independent portions and one containing 

the Coulomb effects. The latter is seen to be the simplest of the 

isospin-breaking terms and if one retains only the charge-independent 

term then isospin is found to become a good quantum number. 

Bringing the story up to date, experimental data has been accumu

lating rapidly so that although approximate charge independence holds it 

appears to be definitely broken to some degree. Taking all known exper

imental data and correcting for the knox^n electromagnetic effects one 

finds charge symmetry to hold to within 0.8% and charge independence to 

be broken by 2.13±0.52% (Henley, 1969, p.68). It follows then for the 

np system that an appropriate representation for the Hamiltonian is: 

H » H_ „ . + H_ „ . + Coulomb Effects, 
np T-Conserving T-Nonconserving 

That is, there appears to be a definite isospin-breaking term in the Ham

iltonian which cannot be accounted for by known effects. This term is 

the one of interest which we would like to consider in this paper. Since 

isospin breaking is recognized in the np interaction it is natural for 

one to expect a similar effect in a bound nuclear system. In particular 

the strength of such an interaction may have significant implications 

about the np isospin breaking or possibly about the way in which the 

nucleus is built up from the more elementary particles. As such a meas

urement of the amount of isospin breaking in the nucleus may be very 

useful. 
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Additional significance of the isospin breaking term is found 

vhen one considers super-allowed nuclear beta decays. These are the 

decays which occur between analog states of an isospin multiplet. Of 

| i 
particular interest are those of the type 0 —M) since the beta decay 

proceeds as a pure Fermi interaction and as such should give a precise 

value for the Fermi (vector) coupling constant G^. However, in many of 

the decays of this type the Fermi interaction contribution has been dif

ficult to extract very accurately. Tor example in the decay between the 

isobaric analog states "^0(0+) and ^4N(0+) one finds a competing decay 

mode 140(0+)—»-14N(l4). Thus if one wishes to measure the Fermi part of 

the decay very accurately the Gamow-Teller contribution must be analyzed 

and subtracted from the total. To make the value for G^. better one 

would hope to investigate decays for which such competing decays do not 

occur. 

Such is found in the beta decay of ^Sc, A super-allowed beta 

decay proceeds from the ^Sc(0*) ground state to the ^Ca(0+) ground 

state with no competing Gamow—Teller modes of decay. The decay should 

thus be much better for investigating the value of G^, However, one 

| / ^ 
difficulty arises in that there is an excited 0 state in Ca which is 

also energetically available to the decay and thus may compete (another 

Fermi decay) with the super-allowed decay. The utility of the super-

allowed decay in investigating G^ thus hinges upon whether the decay to 

the excited state is competitive. This brings us once again to the 

notion of isospin purity since decay to the excited state would not be 

allowed if isospin is a good quantum number since the states are not 

isobaric analogs. Thus, isospin purity in this decay may be important 



A 

in giving one a more accurate means of measuring G^. In particular 

. / A 
if decay to the excited 0 of Ca can be measured accurately then meas

urement of the super-allowed decay will give a correspondingly precise 

value for Gy. 

With this background it appears that investigation of the decay 

/ o i, 42 
Sc(0 )—5»- Ca*(0 ) may be very useful. It may first be important in 

discovering the nature of the isospin breaking term in the nuclear Ham-

iltonian and secondly in determining the beta decay Fermi coupling 

constant G^. 

We present now the results of an experimental investigation of 

the ^Sc decay to the ̂ Ca* state. We shall present first a discussion 

showing how the isospin breaking part of the nuclear Hamiltonian can be 

related to the decay. Subsequently a detailed discussion of the exper

imental methods used will be given, and finally an experiment will be 

described in which an attempt was made to measure the effect. 

Theoretical Considerations 

/  ry 
The ground state of Sc decays predominantly to the ground 

/ 0 
state of Ca as shown in Figure 1 (Endt and Van der Leun, 1967, 

p. 350). However, when the isospin mixing forces are included decay to 

the excited 0"1" state becomes possible giving one a measure of the mixing 

strength. To show how the decay rate and the amount of isospin mixing 

are related we begin by letting ij> (T,T ) represent the mass-42 isospin 
II Z 

conserving system satisfying: 

" en(T>Tz)<,)n(T'Tz) 

The states represented have = 0+ and n = 0,1,2,... for the ground 

state and succeeding excited states. T=1 corresponds to the isospin 
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42 42 42 
triplet made up of Ca, Sc, Ti for T • +1,0,-1 respectively. The 

z 

complete wave functions are obtained when the isospin-breaking perturba

tions are added to the isospin-conserving Hamiltonian H: 

(H + C)i/>k(Sc) - Ek(Sc)^k(Sc) 

(H + C')^k(Ca) - Ek<Ca)^k(Ca) 

Following MacDonald (1960, p.945) we can apply the Coulomb part of the 

perturbation and express the wave functions as expansions over the pure 

isospin states with AT D 0,±1: 

lC0(Sc) - a00(l,OH0(l,0) + a0n<l,0Hn(l,0) 

+^„<2.°>V2"°> +ZW°-°>','n(0-0) 
V\-0 W=0 

where from Brillouin-Wigner perturbation theory (Baym, 1969, p.241): 

a00(l,0) -<<fr0(l,0)|<|>0<Sc)> 

< 6 (1.0) |c|<|)nCl,0)> 
af (1,0) - -2 Si- ann(l,0) , n>l 

E (Sc) - e (1.0) 00 

(•n(2,0)|c|^0(l,0)> 

EQ(SC) - en(2,0) 
a0n(2,0) - -2 ^ a00(l,0) . n>0 

<((> (0,0)|C|<j) (l,0)> 
an(0,0) - —2 2 ano(1*0) » n-° 
0N E0(SC) - EN(0,0) 00 

42 
Similarly for the first excited state of Ca: 

ty^Ca) - an(l»l)<J>i(l,l) + a10(l,l)$0(l»l) 

+-SL "in"-1'*..'2-" 
•1-2. A-O 

where a^l.l) • < ^(1,1) |^1(Ca)> 

< <j>n(l,l) |C |<J>. (1,1)> 

a10(1,1> " E1(Ca) -eQ(l,l) aU(1,1) 



<4>n(l,l)|c'|<t>1(i,i» 

E.(Ca) - e (1,1) 
± n 

aln(l,l) - —2 ± an(l,l) , n>2 

<<|.n(2,l)|c ,|<j>1 (1,1)> 
a. (2,1) - —2 an(ltl) , n>0 
ln E.. (Ca) - E (2,1) 

l n 

Note that T is retained as a good quantum number In each expansion; 
z 
42 42 

T • 0 for Sc and T » +1 for Ca. The terms art (1,0) and a, (1,1) 
z z On ' ' In ' 

couple other orthogonal Tal states to the unperturbed states without 

actually changing the total isospin, an effect termed "dynamic 

distortion" by MacDonald (1960). The remaining coefficients are 

responsible: for ordinary isospin mixing. 

42 42 
For the transition Sc —>- Ca* one must calculate the matrix 

element: MP • < IJ^(Ca) |T+|^Q(SC)> 

<{an (1,1)^(1,1) + a0(l,l)<J>0(l,l) +2!aln(1»1)*na'1> 

+ ̂  aln(2,l)*n(2,l)}|T+|{a00(l,0)*0(l,0) 

*.-0 

+z •on< i'o>v i ,o) +2L w2-o)v2-o) 

»V=-C H-O 

a0„<0'0>V0'0),> 

w=0 

T+*0(I,O) -J7<j>0(i,i) , T+*na,o) -jT^a.D 

T+<|)n(2,0) -JT«j»n(2fl) , T+({>n(0,0) - 0 

Substitution above yields: 

Mj, - a11(l,l)a01(l,0)j21+ a^d.Da^d.O)/? 

+ £alna.l)a0na.°)j2' + £aln(2.l)ao„(2,0)J? 

W-Z V\aO 

One has: 
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Here a^(l,l) and aggd.O) are the overlaps of the pure isospin states 

with the corresponding total wave functions and are nearly unity. In 

the terms Involving summations the coefficients are presumably of smaller 

order so their products may be neglected. One has to first order: 

Mf - JPta^d.O) + a10(l,l)] 

where 
<^(1,0)101^(1,0)) 

a01(1,0) " Eq(SC) - EJD.O) 

< <{)0(.l9l) IC' 1^(1,1)) 

a10(1,1) " E1(Ca) - e0(l,l) 

Since the energy denominators are nearly equal and opposite the matrix 

element may be further approximated as: 

Mp- ̂  {<^(1,0)101^(1,0)) - <<1>0(1,1)|C' 1^(1,1))} 

To first order M^, thus gives one a measure of one of two possible 

effects: (1) "Isospin-breaking" in the sense that the previously ortho

gonal T=1 states are mixed by the interaction. This applies only if one 

of the matrix elements is small. (2) "Isospin-breaking in the sense 

that the amount of mixing of the previously orthogonal T=1 ground and 

42 
excited states of Ca is compared with the amount of mixing of the pure 

42 
isospin ground and excited states of Sc. This applies if the two ma

trix elements are comparable in size and could lead to an extremely small 

value for M_ even if the individual matrix elements were not. Isospin-
F 

breaking is thus measured in a very special way, the isospin not strict

ly being broken (although it is if higher order terms are considered). 
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In the present work we have attempted to measure the ratio of the 

+ + + + 
activities Oq—>*0^ and 0^—The branching ratio is (Roy and Nigam, 

1967, p. 512): f(0j—0+) |M(0+->-0+> |2 |M(0j-^-0+)|2 

R - T 7 =—R » 0.1412 X ° 1 

+v i 2 

where the ratio of the Fermi functions has been calculated using data 

given by Rose (1955, p. 288). 

The branching ratio may be estimated using wave functions given 

by Rappleyea and Kunst (1969, p. 241). They have constructed wave 

42 42 
functions including Coulomb corrections for Ca and Sc based on two 

40 
particle and four particle-two hole states built on a Ca core. Their 

results can be represented: 
T°1,T =0 T»1,T =0 

|Sc Oj >- tt|(2p) z > + 31 (4p-2h) Z > 

T=1,T =1 T»1,T »1 
I Ca 0Q > • <*' | (2p) 2 > + 3' | (4p-2h) z > 

T®1,T =1 T»1,T »1 
|Ca 0* >= B,|(2P) Z >-0* |(4p-2h) Z > 

where a » 0.891, 3 » 0.463, a' » 0.910, 3' • 0.450. 

The Fermi matrix elements are: 

MF(00-^0I) " <Ca °llT+lSc °0 2 

M^OJ-F-O*) - < Ca OJ|T+|SC 0Q > - 2 (ota'+BB') 

Substituting values for a,3,a',3'» one has: 

M<0+—0+) 
-  0.020 

-4 
Inserting this above the branching ratio is: R • 0.562 x 10 

We present now the results of a research program seeking to measure 

this ratio. 



CHAPTER 2 

TYPES OF EXPERIMENTS 

42 
Since beta decay from the ground state of Sc to the excited 

42 
state of Ca is such an infrequent event one must design a rather 

sensitive experiment to detect it. In the present work the ground 

42 39 
state Sc nuclei were formed by bombarding a K target with the 

A j ) 
He beam from the 6 MeV Van de Graaff Accelerator at The University 

42 
of Arizona. Decay to the excited state of Ca was detected by ob-

"fr" • 

serving the 1524 keV gamma ray occurring as part of the 0—*2 —*-0 

42 
cascade to the Ca ground state from the 1838 keV level. 

To enhance the appearance of the 1524 keV gamma ray several 

techniques were considered. First the gamma ray cascade and the 

positron associated with the beta decay appear at essentially the 

-9 same time. The cascade occurs within about 10 seconds of the 

positron production but the gamma ray activity must be kept no more 

frequent than about one pulse every 10"" seconds for good detector peak 

resolution. Thus the three signals (including the 314 keV gamma of the 

42 
cascade) from a single Sc decay can be correlated as in coincidence 

compared to the occurrence of other unrelated signals. 

Electronic circuitry can be constructed which will allow only 

signals to be analyzed which are in coincidence with one or both of the 

other corresponding signals. One can demand a gamma-gamma coincidence 

and only record gamma rays which are in coincidence with the 314 keV 

10 



gamma, hoping to observe a peak at 1524 keV in the resulting spectrum. 

Or a beta-gannna coincidence can be designed where only gamma rays are 

accepted which are in coincidence with a positron, again hoping to 

observe the 1524 keV peak. Finally, one can construct a gamma-gamma— 

beta coincidence and only record gamma rays in coincidence with both a 

314 keV gamma and a positron. 

Figure 2 shows the general shape of the free gamma ray spectrum 

one expects from the decay using a Ge(Li) detector. Above 511 keV the 

counts can be attributed to two sources: 

1) Background activity from the laboratory and 

environment not associated with the experiment, 

and 

2) Bremsstrahlung and in-flight annihilations 

of the positrons. 

T 
511 keV 1524 keV 

42 
Fig. 2. Expected Shape of Sc 
Residual Gamma Ray Spectrum 



It is clear that demanding a coincidence of two signals (gamma—gamma 

or gamma-beta) will virtually eliminate the first of these contri

butions. The same is largely true of the second since the associated 

gamma rays occur in predominantly the forward direction relative to the 

annihilating (or slowing) positron. Figures 3 and 4 show possible real 

concidences due to such events. They are clearly very low probability 

events so that one will very effectively reduce the background by using 

a coincidence technique. 

To decide upon a technique to use in performing the experiment 

several preliminary considerations were necessary. First one desires 

to keep the number of peaks in the gamma ray spectrum to a minimum. 

These are generally no problem except that corresponding to each peak 

one finds in the gamma ray spectrum activity caused by the occurrence 

of incomplete absorption of gamma rays by the detector (i.e., Compton 

tail). This amounts to a hump in the spectrum at an energy below the 

peak similar to that seen to the left of the 511 keV peak in Figure 2. 

Similarly, any peaks lying above 1524 keV tend to increase the back

ground rate at 1524 keV and decrease the chance of seeing a peak there. 

Second, even though peaks below 1524 keV contribute no Compton tail 

problem, any significant increase in activity will tend to decrease the 

peak, resolution of the detectors and hence be undesirable. Third, and 

most important, the reaction (oc,p"r)^^Ca with the target is very 

strong and produces the same gamma ray at 1524 keV in prompt reactions 

being sought in the experiment. Thus the prompt activity should be 

inhibited from entering the recorded gamma ray spectrum. 
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Gamma 
Detector 

Fig. 3. Gamma-Gamma Coincidence 
due to In-Flight Positron Annihilation 

Gamma 
Detector 

Target 

Fig. 4. Beta-Gamma Coincidence 
due to Bremsstrahlung or In-Flight Positron Annihilation 
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All three problems were solved to some extent by constructing a 

beam—chopping mechanism which allowed the beam to be interrupted for 

short intervals during which data was taken. All prompt activity was 

rejected and at the same time overall gamma ray activity was reduced, 

improving detector peak resolution and eliminating several high energy 

peaks from the spectrum. The loss in counts due to periodically re

moving the beam from the target was unimportant compared to the 

advantages derived. The activity of the prompt 1524 keV gamma ray was 

such that it would have overwhelmed the spectrum. 

The 1524 keV peak did turn out to be a great help in locating 

J. 
the helium beam from the accelerator and separating it from the beam. 

The ̂ He4-*" and beams exit from the Van de Graaff beam splitting 

magnet at nearly the same angle making them generally very difficult to 

distinguish. However a short burst of the helium beam at 8.7 MeV and 

q 39 
50x10 amps on a K target gave rise to a 1524 keV peak which was 

easily identified in the prompt gamma ray spectrum making the helium 

beam easily separable from its nearby (and usually equally intense) 

partner. Locking onto the helium beam was done with complete certainty 

in this way. 

42 
Since the half life of the Sc ground state is only 683 msec, 

it was desirable to establish a continuing cycle for collecting data. 

To accomplish this a control unit was constructed which generated 

signals appropriate for governing the beam chopping-data acquisition 

sequencing. The device was designed to provide bombardment for about 

one second and about one second of data collection each cycle. It was 



discovered that if the signals initiating beam chopping and data 

collection coincided that some prompt activity would be admitted into 

the recorded spectrum. To avoid this a short delay of about 100 msec 

was incorporated between the signals. In addition it was possible to 

construct a simple sensing system which made use of the delay to in

hibit the possibility that the control unit would allow the collection 

of data during a period when the beam was striking the target. Thus 

the logical imperative was demanded that the beam be blocked before 

data collection could commence. Such prevented improper sequencing of 

the system from aborting the experiment. 



CHAPTER 3 

TARGET PREPARATION AND DESIGN 

In the present experiment the thickness and backing of the 

42 
target were unimportant since it was only necessary to create the Sc 

nuclei in as great an abundance as possible. The target material could 

then be thick and self-supporting and did not need to be formed by 

evaporation techniques. From a practical viewpoint it was also ex

tremely desirable that the material be easy to handle and capable of 

exposure to air if necessary. Most important, though, if a compound 

rather than pure potassium were to be used, it would be necessary to 

keep side reactions to a minimum. A material satisfying these criteria 

was found in the form of potassium iodide salt. The high Z value (53) 

of iodine presented a formidable Coulomb barrier for the alpha parti

cles to penetrate before side reactions could occur. In the present 

work no reactions due to iodine have been observed. In addition, the 

KI was easily handled and could be exposed to air for long periods with 

no noticeable effects. 

A very reliable method of target construction was achieved 

using the KI salt. About 300 mg of the material was sprinkled into a 

cylindrical stainless steel crucible about one cm in diameter. A solid 

piston, also of stainless steel, was then inserted into the crucible 

and a force of about two tons was applied. This created very thin 

(^1 mm thick), nearly transparent and self-supporting wafers of the 

16 



salt. They were easily mounted in various types of target holders and 

could withstand beam currents of 100 nanoamps for extended times. 

Furthermore, the targets glowed brightly when struck by the accelerator 

beam making optical alignment of the target position quite simple. 



CHAPTER 4 

THE BEAM CHOPPING DEVICE 

The experiment was to proceed such that no prompt gamma rays 

would be recorded. Thus a system was constructed which would chop 

the beam periodically while switching the analyzing electronic equip

ment on and off. 

Beam chopping was accomplished by a simple electro mechanical 

device consisting of an electromagnet and a metallic plate which was 

lifted into the path of the beam. A thin sheet of tantalum (approxi

mately 0.5mm thick) was used as the beam-stopping surface for the de

vice. Chopping was accomplished in the chamber where the accelerator 

"control slits" are located, and just downstream. The latter was 

necessary because the "control slits" must record beam current continu

ally in order to maintain a stable beam. Also it was desirable to 

place the beam chopper as far as possible from the target to minimize 

interference due to bremsstrahlung photons created by the beam parti

cles as they slowed in the tantalum. A distance of about ten meters 

was attained by locating the beam chopper in the control slit chamber. 

A diagram of the beam chopping unit is shown in Figure 5. The 

electromagnet pulled the iron rod and the tantalum beam stop into the 

path of the beam. The rod housing was constructed of brass, soldered 

together and sealed to the slit box with a neoprene 0-ring. The 

18 



19 

4 
-« 

Electromagnet 

Iron rod (1 cm x 10 cm) 

Adjustable spring 

Beam window 

Exit port Beam 
Ta beam stop 

Adjustable stop 
Crosshatched section 
moves up and down 
(Shown rotated 90°) 

Fig. 5. Beam Chopping Unit in the Control Slit Chamber 



adjustable stops allowed variation of the vertical range of the stopper. 

By adjusting the springs shown the stopper could be made to move up and 

down very smoothly and reliably with virtually no bounce and with a 

fairly quick response time. 

The electromagnet was wound with number 18 magnet wire total

ling about 1400 turns. It was operated quite easily with a small DC 

power supply at 5 to 10 volts and experienced no overheating problems 

under continual cycling. During the final experiment the system ran 

for about 300,000 cycles in about 200 hours with no failures. After 

initial adjustments it appeared that the system could run indefinitely. 



CHAPTER 5 

ANALYZER CONTROL SYSTEM 

During the periods when the accelerator beam was blocked it 

was necessary to cause data to be recorded in the memory of the multi

channel analyzer. The units used for the experiment were the Nuclear 

Data 161F Analog to Digital Converter and the ND-180M (1024 channel) 

Memory. It is possible to inhibit signals from entering the memory by 

making use of pins on its rear panel. In connector 26M at pins M, R, 

and C one has access to the necessary signals MB, EXT ST A, and EXT 

STOP respectively. MB is a signal only positive when the memory is 

not busy. Only during these times is it considered safe to introduce 

a signal beginning or terminating pulse height analysis. Those 

functions may be accomplished by directing MlT into either the EX ST A 

or the EXT STOP pin. No particular precaution is necessary when doing 

this. A simple shorting between the MB pin and the other pin will 

place the memory in the appropriate mode. One must merely ascertain 

that the shorting wire is not so long as to cause undesirable delay or 

attentuation of the MB signal being passed. 

Some difficulties were found to occur when attempting to make 

the shorting network about 30 m. in length. However, no problems 

were encountered when the distance was kept to about 3m. A dif

ficulty arose when an attempt was made to direct MB into the EXT ST R 

pin which places the memory in the Readout mode, allowing one to view 



the current memory content on the oscilloscope screen. For single 

operations the function might be usable but when subjected to many 

cycles switching between EXT ST A and EXT ST R the memory tends to 

lose the contents of random individual channels. 

Over a twelve hour period as many as 10 channels out of 1024 

were erased in cycling back and forth with a frequency of about one per 

second. However, cycling between the "Analysis" and "Stop" modes gave 

rise to no such difficulty. 



CHAPTER 6 

BEAM—CHOPPING ELECTRONICS . 

42 
Since the Sc ground state half life is about 683 msec, the 

beam chopping electronics was designed to cycle between modes at about 

once per second. A driving unit was constructed which would control 

the cycling. The device consisted of two parts, a control unit and a 

monitor. The control generated signals which initiated beam chopping 

and control of the multichannel analyzer. The monitor checked the 

control unit for improper sequencing and prevented it from allowing 

prompt gamma rays to pass into the recorded gamma spectrum. 

The control unit consisted of a pulse generating section and a 

relay driving section. The pulses were generated by a simple inte

grated circuit network built with the aid of the EECologic Handbook 

published by Electronic Engineering Co. of California (1969). Two 

series of pulses were generated, one which would direct the beam 

chopper and one which would start the multichannel analyzer. The 

latter signal was electronically coupled so that it would begin at 

about 100 msec after the beam-chopping signal. 

The control circuit is shown in Figure 6. Pin numbers on the 

integrated circuits are shown explicitly for easy reference. The 
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beam chopping signal (master) and analyzer initiating signal (slave) 

proceed from the IC section to two separate relay driving circuits. 

system. Capacitors were installed on breadboards with switches pro

viding several capacitance settings and thereby a selection of delays 

and signal widths. The relays driven by this network were the small 

Sigma type operated by a 22v. D.C. power supply. 

with the larger relay needed to operate the beam chopper certain dif

ficulties arose. At irregular intervals the slave signal would not 

shut off together with the master signal. The analyzer would stay on 

when the beam was striking the target so prompt gamma rays would get 

into the spectrum. To circumvent this a fail-safe device (monitor) 

was constructed which would always buffer out any improper sequencing 

of the control unit. 

is depicted in Figure 7. Two triple-pole double-throw and one double-

pole double throw relay were used. The top relay is driven by the 

"master" signal and the center by the "slave" signal. These are con

nected to the third relay which latches itself on whenever the slave 

relay does not shut off together with the master relay (i.e., when im

proper sequencing occurs). When the slave relay does shut off the 

latching relay also releases thus allowing a new cycle to begin. The 

function acts jointly between the three relays and occurs at the poles 

shown inside the solid boxes in Figure 7. The far right poles can 

then be safely used to trigger the analyzer. Wiring is designed so as 

The symbol designates a variable capacitance built into the 

The control unit worked well by itself, however when coupled 

The monitor unit was constructed using multipole relays and 
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to permit data collection only when the master and slave relays are 

both on while the latching relay is off. The system then passes a 

final "analyze" signal which in turn throws a similar small Sigma 

relay in the control unit which itself passes the signals EXT STOP and 

EXT ST A. It was necessary to place the monitor at a large distance 

(approx. 30 m.) from the control unit since noise from the large relays 

interfered with its logic circuits. However the final Sigma relay was 

needed close to the analyzer so as to minimize the distance traveled 

by the signal MB from the analyzer. 

Figure 8 shows the interfacing between the control and monitor 

units. Symbols such as MIN refer to the labeled connectors on the 

monitor unit and are indicative of the corresponding signal. MIN 

refers to "master input." A double-pole switch on the control unit 

served to turn the entire system off by isolating all grounds from the 

power supplies. The two black box power supplies shown in Figure 8 

were simple DC supplies of 5 to 10 volts, quite adequate to run the 

large multipole relays and the beam chopping device. 
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CHAPTER 7 

THE COINCIDENCE EXPERIMENT: PREPARATION 

The Beta Detector 

A rather lengthy investigation of the beta-gannna coincidence 

technique was completed. A Ge(Li) detector was used as the gamma ray 

detector and a plastic scintillator-PM tube combination served as the 

beta particle detector. The scintillator material is relatively in

expensive and can be machined into any shape desired. For the present 

purpose it was desirable to capture and detect a maximum number of 

positrons. Thus the scintillator was designed such that the target 

could be essentially imbedded within its interior thereby maximizing 

its effective solid angle to the beta particles. 

The design used is shown in Figure 9. Also shown are the 

relative locations of the Ge(Li) detector and the PM tube. The con

figuration was chosen so as to present a depth of about 2.5 cm of 

scintillator material in the path of all beta particles emitted on one 

side of the target. Such a depth should absorb all beta particles up 

to 5 MeV according to the manufacturer (Nuclear Enterprises). The op

posite side of the scintillator was made about 5mm to enable the gamma 

ray detector to be close to the target and hence enclose a large solid 

angle. 

29 
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The target holder design Is shown In Figure 10. It was cut 

from tantalum sheet and spot welded. Small tabs around the outside 

could be bent over to hold the target in place. The rear side of the 

target could be seen through the circular opening in the holder al

lowing initial coarse visual alignment of the beam. 

In order to maximize the amount of light reaching the PM tube 

from each scintillation a reflecting material was coated on the scintil

lator surface and the light-piping connections. A coating of aluminum 

was first tried giving a fine highly reflective layer. However it was 

learned subsequently that the He beam from the accelerator would 

periodically strike the aluminum and create gamma ray activity above 

1524 keV. This could not be tolerated because of the Compton tail 

resulting. As an alternative silver metal was tried and was successful, 

no side reactions being observed. 

As a precaution against the possibility that the beam would 

burn the scintillator a tantalum sleeve was inserted inside the beam 

hole as shown in Figure 8 above. Also a flat sheet of tantalum was 

placed in front of the hole with a slightly smaller opening punched in 

it for the beam to pass through. The sleeve prevented burning of the 

scintillator inside the hole and the sheet prevented burning of the 

front surface. In addition the sleeve acted as a partial light re

flector since the silver was not very effectively evaporated onto the 

the walls of the hole. As an additional useful feature the front sheet 

of tantalum was used to collect beam current independently of the 

current reading from the target. It thereby also acted as a monitoring 
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electrode for keeping the beam well centered on the target. 

As a final precaution the silvered scintillator surface was 

coated with a layer of epoxy resin to prevent damage during handling. 

The system was coupled to the PM tube using Dow-Corning 20-057 optical 

coupling grease and black tape was wrapped around the outside to 

prevent small light leaks. 

Electronic Circuitry 

The detection system above was not assumed to resolve the 

energy of the beta particles but merely to define their presence in 

coincidence with the gamma ray which would be analyzed for its energy. 

An example of the timing circuit used is sfeown schematically in Figure 

11. The beta detector signal is first subjected to fast amplification. 

PHA 

SCA 

delay amps 

TAG 

T det 

trigger j3 det 

amps & 
shaping 

fast amp 

Fig. 11, General Coincidence Circuitry. 
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The purpose is to make the leading edge of the signal rise as quickly 

as possible after amplification. When the amplitude of the signal 

crosses a pre-set level the trigger is activated discharging a logic 

signal with a very sharp leading edge. Thus as one amplifies the rate 

at which the beta signal is made to rise the trigger signal will more 

accurately define its location. With the PM tube this could be done to 

within about 2 nanoseconds. 

Leading edge timing is much more difficult with the gamma ray 

signal where the starting time is generally much more uncertain due to 

differences in charge collection time in the Ge(Li) detector. In the 

box denoted by "amps and shaping" in Figure 11 the signal was subjected 

to a series of amplifications and clippings. At a clipping stage the 

signal is directed into a coaxial cable of selected length where the 

end is shorted to its ground shielding. The signal is reflected from 

the end of the cable and returns with inverted polarity canceling part 

of itself to an extent depending upon the length of cable chosen. The 

length is chosen so as to cancel all of the signal except for a small 

portion of its leading edge. After several amplifications and clip

pings the noise level becomes comparable to the signal size. When the 

trigger level is then set just above the noise the leading edge of the 

signal will be defined as well as possible without employing further 

signal analysis techniques. In this method considerable effort is 

needed to discover appropriate numbers and lengths of clips used. 

They must be chosen not only to shorten the signal length but also so 

as to eliminate electronic ringing (i.e., multiple signal reflection) 

which sometimes occurs when employing shorted clips. In some cases 



50 ohm stubs in combination with shorting clips were useful in sup

pressing reflections. To further Improve timing from these signals a 

fast coincidence was employed upon the signal with itself. This was 

done by making use of the EG & G module TD101 Differential 

Discriminator. This device can be set to trigger on any input signal 

above 100 mV. in amplitude. As a signal (noise or otherwise) crosses 

this "low level" a logic signal is begun. If the input signal crosses 

an adjustable upper level voltage the logic signal is directed to the 

"output" terminal of the module. Since it was begun at the front edge 

of signal it can be used as an accurate timing signal. If the input 

signals have been amplified sufficiently the low level can be set down 

into the noise giving one a timing mark more accurate than otherwise 

possible. 

Accomplishing this in practice requires an appreciable amount 

of experimentation. One must set the length of the output logic signal 

and the time delay between the low level and high level inspection by 

the module as well as the low and high level voltages. All settings 

will depend upon the nature of the incoming noise signals and real 

signals. 

As a further improvement to the timing of the coincidences a 

"two-TAC" procedure was employed. (Fouan and Passerieux, 1968) In this 

method the Ge(Li) signal is further treated to decrease the uncertainty 

in its starting time. In the usual procedure two triggers are used, 

one set at a high level and the other at a low level on the signal but 

still above the noise. The low level trigger signal is directed into 

the "start" of one TAC with the PM tube signal going into the "stop" as 



usual. In addition the low level signal is directed to the "start" of 

a second TAC with the high level trigger generating the stop signal. 

In Figure 12 we reproduce the method of Fouan and Passerieux of treat

ing the Ge(Li) signal. 

Amplitude 

L, 2 

L, 

Time 

Fig. 12. Two - TAC Timing on Pulses with 
Differing Rise - Times. 

Two signals are shown which have different rise times and which may or 

may not have the same amplitude. They are assumed to be linear down 

to some tQ very close to their starting times. The triggers are set at 

levels and and are activated at times t^ and t£ as shown. If one 

sets L^=2L^ then At = t2~ti ~ tl~t0 *"S t*ie t*IIle between the high and 

low level triggerings and therefore must be proportional to the ampli

tude of the signal discharged by the TAC. If the original TAC receives 

the "stop" signal at time 0^ from the PM tube its output signal ampli

tude will be proportional to T=>9j-t^. Thus if the output signals of 

the two TAC's are summed one will obtain a signal proportional to 



T + »» - («! " V + (tj - t0) - 8j - tQ 

But the PM tube signal time 0^ and the time tQ of nonlinearity in the 

Ge(Li) signal contain only very small error causing the amplitude of 

the summed signal for real coincidences to be very sharply defined. It 

can be used to give a much improved definition of real coincidence 

signals from random signals. 

In the method used in the present experiment the first trigger 

(low level) is replaced by the Differential Discriminator (TD 101) 

described above. It functions exactly as a trigger since the output 

logic signals are initiated at its low level discrimination. However, 

It has the advantage that the level can be set down in the noise. Thus 

one can set the high and low level triggers in the two-TAC method at 

lower values and hence hope to improve definition of the coincidences 

even more. The technique has proven quite successful allowing timing 

resolutions as low as 10 nanoseconds. In addition a large number of 

chance coincidences are eliminated by using the Differential Discrimi

nator as the low level trigger. One finds that it eliminates all of 

the low level noise signals before they even get to the TAC so that the 

overall "timing spectrum" output does not contain this substantial 

source of background. 

The final circuit used in the coincidence experiment is shown 

in Figure 13. The EG&G module GG 200 delay generator was very useful 

in determining the timing resolution. As the variable delay potentiom

eter was adjusted the coincidence timing peak output of the 2-TAC 

system would translate by a given number of channels in the pulse 
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height analyzer display. Thus it was possible to read directly the 

time value of each channel in the memory and hence to calculate the 

width in seconds. The circuit as shown also includes a mechanism for 

low level discrimination of ft signals. Such a technique will be 

described below as a possible means of future improvement of the 

experiment. 

Beta-Gamma Timing Source 

In setting up the above circuit it was useful to have a radio

active /5-y source which could be used for adjusting the timing. Such 

24 
was obtained in the form of Na made in the TRICA Reactor at The 

University of Arizona. This material electron decays (~1.39 MeV end-

point) with a half life of about 15 hours predominantly to the 4123 

24 
keV level of Mg which then cascades to the ground state emitting 

gamma rays of 2754 keV and 1369 keV. The source material activated 

was in the form of natural Na^CO^ which was pressed into thin wafers as 

described above in the section on target preparation. The carbonate 

was chosen so as to minimize side reactions which would make the 

product much more radioactive and hence difficult to handle. A special 

target holder was designed which enclosed the wafer and hence prevented 

spillage of radioactive dust. One side was made from aluminum foil 

(~o./ mm thick) providing a window through which the beta particles 

could penetrate. The wafers activated were about 300 mg and were 

10 2 
activated for about five minutes at about 5x10 neutrons/cm sec 



yielding initially about 10 tnicrocuries or about 3.7x10 decays/sec. 

These sources were quite useful for two to three days in setting up 

coincidence circuits. 



CHAPTER 8 

THE COINCIDENCE EXPERIMENT: RESULTS 

The coincidence experiment was designed to observe gamma rays 

in coincidence with beta particles. In using a natural potassium 

target certain difficulties were encountered. It was found that a 

strong competitive reaction ̂ K(O£ ,n)^Sc occurs from the 7% 

isotope present. The ̂ Sc ground state beta decays with a four hour 

half life to an excited level of ^Ca which then discharges a gamma 

ray at 1156 keV essentially in coincidence with the beta. Although 

the gamma ray itself is too low in energy to compete with the 1524 keV 

42 
Sc gamma the counting rate is large enough so that a sum peak occurs 

very quickly in combination with the 511 keV positron annihilation 

gamma. The result is a large peak at 1667 keV with all of the usual 

characteristics of a normal peak including the Compton tail described 

above. After about sixty hours of data collection it became clear 

that the Compton tail is too large in the neighborhood of 1524 keV to 

make the experiment worth continuing. 

To resolve this difficulty target material was obtained from 

Oak Ridge National Laboratory in the form of potassium iodide salt 

•so 
with K enriched to 99.97%. The material is quite satisfactory in 

41 
reducing the K reaction. However, further difficulties were en

countered. The material does not conform to purity standards even as 

41 
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31 35 
restrictive as analytical reagent. Significant amounts of P, CI 

and ^®Ca and lesser amounts of ^Br, ̂ F and ^Mg appeared. The result 

was strong peaks at 2127 keV, 2168 keV and 373.7 keV due to the re

actions 31P(o«.,rv)34Cl, 3^C1(<* ,n )^K, and ^Ca(ot>p )^Sc. The daughter 

nuclei beta decay and then produce the above gamma rays via an electro

magnetic decay just as the 1524 keV gamma is produced following the 

42 
Sc beta decay. Hence a large Compton tail appears in the neighbor

hood of 1524 keV in the spectrum. The argument in favor of the beta-

gamma coincidence experiment becomes no longer valid. The Compton 

scattering events are the largest contributors to the spectrum, 

bremsstrahlung and in-flight pair annihilation counts becoming negli

gible. The coincidence spectrum would look just like the straight gam

ma ray singles spectrum since virtually all gammas have a beta in 

coincidence with them. Looking for a beta-gamma coincidence provides 

no enhancement in the spectrum. 

Before proceeding with a coincidence experiment the target 

contaminants must be removed. This was not done in the present work. 

Instead it was determined that an investigation of the gamma ray 

singles spectrum using the separated isotope target would give results 

within the tolerances originally desired. In the remaining sections of 

this paper we give the results of such an investigation and then final

ly a summary of some possible ways in which the experiment could be 

further improved. 



CHAPTER 9 

THE GAMMA.-SINGLES EXPERIMENT 

Introduction 

For a gamma singles experiment to be profitable it was decided 
-4 

that a measurement of about 1x10 in the branching ratio must be made 

(c.f. theoretical value, p. 8). This was determined possible in a 

singles experiment using the separated isotope target if one added 

shielding to the target from background activity in the room. When 

compared to the residual activity's gamma spectrum the activity coming 

from the natural sources in the laboratory is quite significant. 

However, that contribution can be significantly diminished by lead 

shielding. 

Using typical parameters in the experiment, 511 keV gamma rays 

42 
from Sc were being detected at a rate of about 10,000 per hour. 

42 
These can be related to the number of Sc nuclei decaying as follows: 

(No. nuclei decayed) = (No. e+ produced) 

= 1_ x (No. 511 keV produced) 
2 

m i. x (No. 511 keV observed) 
2 ax eff(511) 

where eff(511) = absolute efficiency of the gamma 

detector for 511 keV rays from 

the target including all geometric 

43 



factors. 

and a • positron annihilation spreading 

factor quantity allowing for the 

fact that not all 511 keV gamma 

rays are produced at the target 

since the positrons are free to 

escape from the target before 

they annihilate. 

Furthermore, 

(No. 1524 keV observed) = eff(1524) x (No. 1524 keV produced) 

+ 42 
« eff(1524) x (No. decays to excited 0 Ca) 

" eff(1524) x f x (No. nuclei decayed) 

where f " branching ratio for decay to the excited 

state. 

Combining the above expressions we have: 

(No. 1524 keV observed) = X I x °• 511 keV observed) 
eff(511) x 2a 

44 
From the extensive Sc data on the 1156 keV peak and its correspond

ing number of 511 keV counts observed we had been able to show 

eff(511) = 4 x eff(1524). The background count rate after lead shield

ing at 1524 keV was about 8 cts/ch-hr in the 1024 channel memory. One 

then asks how long it will take for the 1524 keV peak to become dis

tinguishable assuming a value for f. One can roughly define dis-

tinguishability as when the peak height is the square root of the back

ground height. If one assumes the peak height to be about one half the 

total number of counts in the peak the observed height will be 
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approximately: 

(1524 keV peak height) » j x (No. 1524 keV observed) 

Combining with above this gives: 

(1524 keV peak height) = x ̂  x |ax(No. 511 keV observed) 

-4 
If one takes f=10 . a=l, and (No. 511 keV observed) = 10,000/, x t 

hr 

the above expression becomes: (1524 keV peak height) • t/16 

Also from above: (Background height) •= 8t 

For distinguishability one may take: 

1524 keV pk height = \| Background height 

or j 
ft t = \f8t 

which gives 

t 2050 hr. 

Although this is a rather lengthy amount of time, if one takes the less 

-4 
restrictive value f = 2x10 the above calculation gives t B 512 hr. 

-4 
and for f = 3x10 one has the fairly reasonable value t = 228 hrs. 

Thus, an experiment can be performed in gamma singles which at least 

will be sensitive to the eventuality that the branching is much larger 

than the theoretical value. We give now the results of such an ex

periment. A statistical argument is also derived through which the 

-4 
value of f can be depressed below 3x10 

The Experiment 

An experiment was undertaken to look for the 1524 keV gamma ray 

in straight gamma singles. Only the delayed spectrum was investigated 

as before because of the overall high prompt activity and the 1524 keV 
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prompt gamma. The beam chopping and analyzer activation system was 

retained. A special mount was installed to allow for extensive lead 

shielding of the Ge(Li) detector and the chamber. A diagram of the 

system is shown in Figure 14. Lead bricks provided a shielding of from 

10 to 15 cm in virtually all directions and was found to diminish 

the total background activity at 1524 keV by a factor of two. 

A new target chamber was designed to meet the several require

ments of the experiment. Shown in Figure 15, the basic design utilizes 

a small section of one inch copper pipe. The small size was chosen so 

as to make effective lead shielding easier. One side is inset so as 

to again allow closeness of the Ge(Li) detector to the target. Al

lowances are also made for reading the amount of beam current striking 

the target and a beam-defining electrode ring around the target 

as was done in the beta-gamma coincidence experiment. A tantalum 

sleeve inside the cylindrical lucite mount provides protection of 

the mount from the beam. The beam-defining ring is a tantalum plate 

fastened to the upstream side of the mount and connected to an electri

cal feedthrough. The target itself is mounted in the type of tantalum 

holder shown in Figure 9 above and is connected to a second electrical 

feedthrough to read target current. The sleeve's function is that of 

collecting beam current as well as protecting the lucite mount. 

All parts inside the chamber except the electrical feedthroughs are 

removable so targets may be easily replaced. In addition to these 

features a window was built into the end of the beam line to assist in 

locating and focusing the beam. The pre-target chamber line, target 

chamber, and post-target chamber line (all 2.5 cm copper pipe) amount 
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to a length of about 2 m. " The combination was attached to the 

main beam line via a metallic bellows, making it possible to move the 

end section around when initially locating the beam on the target. As 

mentioned earlier the KI targets were very brilliant when struck by the 

beam. This made alignment of the chamber quite easy when looking into 

the window at the end of the beam line. This together with the focus

ing current read from around the target and the current read on the 

target made for a very easily controlled system. The usually difficult 

problem of alignment of the target chamber was solved by the movable 

chamber with the end viewing port, and the problem of keeping the beam 

well focused on the target was solved by the target focusing ring. The 

system could easily be set up and operated by one person, making for 

an efficient and straightforward operation. 

Data was collected with the above aparatus for about 200 hours, 

-A 
hoping to establish the value 3x10 as an upper limit to the size of 

the branching ratio. "Residual gamma" spectra were recorded for 

intervals of about two hours and then summed together later. This was 

undertaken so as to reduce broadening of peaks caused by changes in the 

gain and zero over the long data collection period. Of course the 

technique itself would tend to introduce some broadening but that was 

negligible compared to the amount which would have occurred via the 

other mode. The most dramatic evidence of this was seen in two of the 

two-hour runs midway through the experiment where sudden changes 

created double peaks throughout the spectrum. Those runs were dis

carded and not added into the final summed gamma spectrum. 



The summing of the several spectra was possible due to the 

existence of the several strong peaks present. The procedure involved 

forcing the centrolds of those peaks to line up before summation was 

initiated. A standard run was chosen to which all of the other runs 

were to be matched. Then centrolds of the relevant peaks in all 

spectra were found assuming each to have quadratic backgrounds. 

The peaks chosen in the procedure were the 511 keV (positron 

44 IT 
annihilation), 1156 keV ( Sc beta decay), 2127 keV ( CI beta decay), 

38 
and 2167 keV ( K beta decay). Each spectrum was adjusted so that 

these peaks would have the same centrolds as the corresponding peaks in 

the standard spectrum. This was done as follows. 

Let n represent the centrolds of the n 

peaks in the standard spectrum. Let JXp±^ ' * " *>•••> n represent 

the centroids of those same peaks in spectrum p. Then let the set 

i 
, i ° 1,..., n be the set of values obtained by mapping the 

points Xp^—s- x^ under minimization of the quantity 

* - • -2 . (x - x ,) 
i = i si Pi 

where we take x.=ax.+b and "a" and "b" are the minimization 
pi pi 

parameters. The result will be equivalent to finding the change in 

gain "a" and zero "b" in going from spectrum P to the standard 

spectrum S. The optimized values (a,b) can be represented by a closed 

73 fi 9S formula if one specifies 2-2. = o =. ;rr • One then obtains 
9a 3 b 

n <EL x • x _ x .) (£x ,) 
a — si pi — si' v *— pi7 

•  -  ( £ *  ) 2  

pi pi 



b _ <2xp1) <Sxsl> - (^xsi "pi> 

n S. «pt - <Z*Pi>: 

The first run was taken arbitrarily as the standard spectrum. 

The centroids of the four peaks mentioned above were calculated using 

a Fortran routine and the values (a,b) were calculated for each run. 

Each channel x of each spectrum P could thus be mapped into a value 

V 

x » a x + b. 
p p 

To accomplish the final summing, the counts in each channel x 
P 

were divided according to the final mapped channel value x^. Thus if 

channel 500 contains 100 counts and is mapped into channel 503.73 we 

will transfer 27% of the counts (i.e., 27)into channel 503 and 73% of 

the counts (i.e., 73)into channel 504. The resulting spectrum can then 

be directly added to the standard spectrum. 

Such was done with every run adding successively each onto the 

standard run, the total being retained, thus generating the final 

summed spectrum. The procedure was written into a Fortran program and 

carried out on the CDC 6400 Computer at The University of Arizona. The 

results were plotted by hand and only then were the energies of the 

known peaks fitted to a linear energy calibration. The final plot of 

that spectrum is shown in Figure 16. In Table 1 the peaks are identi

fied together with their integrated areas and the reactions through 

which they were formed. 

Two types of analysis were performed with this final summed 

gamma spectrum. In the first, all of the 511 keV peak counts that 

42 
could be identified as due to sources other than Sc were totalled 
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Table 1. Gamma Singles Peak Data 

Peak (keV) Area 

146 204,953 

2127-2 x 511 6,868 

1176 12,636 

2127-511 1,201 

2127 19,479 

3304-2 x 511 3,657 

3304-511 1,247 

374 297,568 

511 5,635,291 

511 + 170 5,701 

883 1,955 

2167-2 x 511 10,392 

2167-511 1,635 

2167 17,482 

1156 93,980 

1500 497 

. 1156 + 511 590 

1274 601 

1780 1,779 

Source Reaction 

3lP(ot %v\ )3V 
II 

II 

II 

II 

II 

II 

40Ca(<* ,p )^3Sc 

II 

511 + Backscatter 511 

81Br(oc,rv)84Rb 

35Cl(OT > KV)38K 

II 

II 

M 

II 

^(o^rv )22Na 

25Mg(<*,p)28Al 



and separated from the actual peak, those remaining being taken as due 

42 
Co Sc. Xn Che second analysis of the summed gamma ray spectrum a 

short secondary experiment was performed in which the 511 keV gamma 

42 
rays from Sc could be directly observed. In both methods this number 

was then used to calculate the branching ratio. 



CHAPTER 10 

GAMMA SINGLES EXPERIMENT: ANALYSIS I 

The first method of analysis uses the peak sizes given above 

in Table 1 to determine the numbers of 511 keV peak counts one should 

expect. The conclusions of those calculations are given in Table 2. 

34 38 
For the CI and K decays certain assumptions were needed to obtain 

the total contributions. This was necessitated because one mode of 

decay in each case proceeds to the ground state of the daughter 

nucleus without emitting any associated gamma rays which could be used 

to tag the decay. However, in each case there is a closely lying 

state which is also being populated and for which associated gamma rays 

are observed. The assumption taken in each calculation is that the 

(oi,v\) cross sections of the neighboring levels are equal. Prediction 

of the unknown decay rate is then possible. Table 2 gives the result 

of calculations and the levels used in the assumption. Details of the 

calculations for these and the other nuclei are given in Appendix III. 

Each calculation is concluded with the formula used to obtain the 

values given in Table 2. 

To complete the calculations described in this and other 

sections information was needed on the absolute efficiency of the 

Ge(Li) detectors used. This was obtained by using two different re

actions available from the target used in the experiment. The first 

42 
was the gamma cascade in Ca which occurs following beta decay from 

55 
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Table 2. 511 keV Gamma Ray Peak Counts 

Source 511 keV Counts Calculation Basis 

34C1(3+)—s-3AS 4- 4-
e 275,000 2127 keV peak 

34C1(3+)—»-34Cl (0+)-5-; 34S + e+ 225,000 146 keV peak 

34Cl(0+)-**34S 4- e"1" 457,000 
146 keV peak 

cr~ (34ci) = cr <34ci) 
3+ 0+ 

38K(3+)->-38Ar 4-
4-
e 184,000 2167 keV peak 

38K(0+)->-38Ar 4- 4-
e 163,000 

2167 keV peak 

cr (38K) = <T~ (38K) 
3* 0+ 

84Rb->.8*Kr 4-
4-
e 1,860 883 keV peak 

44Sc-*-44Ca 4-
+• 
e 420,000 1156 keV peak 

22Na->»22Ne 4-
4-
e 2,900 1274 keV peak 

43Sc->-43Ca 4- e+ 2, 180,000 374 keV peak 

Total 511's: 3, 900,000 

Actual 511's: 5 ,635,291 

Net 511's: 1, 730,000 



/ 0 
the first excited level of Sc. The state was easily excited by 

raising the helium beam energy above the 8.80 MeV production threshold. 
42 

The beta decay to the 3.19 MeV level of Ca is followed by equally 

intense gamma rays with energies 438 keV, 1226 keV, and 1524 keV. Thus 

the rates at which they are observed by a detector can be related to 

its relative efficiency at those three energies. An efficiency curve 

is obtained by plotting the number of counts detected in each peak as 

a function of energy. Relative efficiencies between energies can be 

obtained by comparing ordinate values on the plot. 

As a check and to extend the efficiency curve to lower 

34 
energies the CI peaks resulting in the summed spectrum were treated. 

In Appendix I expressions are derived for the relative intensities of 

those gamma rays using well-known information (Endt and Van der Leun, 

1967, p. 233) on the decay. A plot similar to that obtained for the 

42 
Sc cascade is then obtained. The plots obtained are given in 

42 
Figure 20 in Appendix I. Two Sc curves are given so as to compare 

different detectors used at various stages of the work. In all cases 

the smooth curve drawn through the points is a least squares quadratic 

1 / 
fit to the natural log of the points. In the Cl case a fit to the 

raw points is also shown so as to point out its unsuitability. 

To obtain the values given in Table 2 a value a=l was taken for 

the "positron annihilation spreading factor". The actual value is 

shown to be between 0.9 and 1.0 in work described in Appendix II. The 

value a=l is taken as a conservative estimate and does not decrease the 

42 
value obtained for the upper limit of the Sc branching ratio. 



The results of Table 2 can now be related to the branching 

ratio. Referring to the energy level diagram in Figure 1 we have: 

£ m No. decays to excited state ^ (No. e )excjted state 
total No. of decays +. 

(No. e+>total 

„ (No. 1524 keV) = 2 x (No. 1524 observed)/eff(1524) 
1 /xt cn\ (No. 511 observed)/axeff (511) 
yx(No. 511) tot 

" 2a (No. 1524 obs.) eff(511) 
(No. 511 obs.) eff(1524) 

where appropriate abreviations have been used. 

To obtain a numerical value for f one must deduce a value for 

the number of 1524 keV gamma rays observed. In the present work an 

upper bound must be determined. Only a rough estimate will be given 

in this section. We show in Figure 17 the region of the summed 

spectrum surrounding 1524 keV. Peaks in the region appear to be about 

three channels wide with heights equal to about half their areas 

numerically. To be distinguishable it is clear that a peak must be 

greater than about 50 counts in height. Such is reasonable when 

compared to the background height of about 1750 counts per channel 

giving an uncertainty of about \ll750 = 42. Taking 50 as the upper 

bound one has: 

1524 peak height = 50 cts 

As stated above the area should be about twice this value so we obtain: 

(No. 1524 obs.) = 100 cts 

Substituting this and the other values into the expression for f 

yields: f £ 4.15 X 10_A 

The ^Sc efficiency function was used since it was expected to be 

more accurate over the range concerned. 
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CHAPTER 11 

GAMMA SINGLES EXPERIMENT: ANALYSIS II 

The second analysis was to be more direct with fewer un

certainties and was to give some indication as to the reliability of 

the result. 

First, by performing a simple secondary experiment one can 

obtain a more reliable value for the number of 511 keV gamma rays 

42 
created via Sc decays. The target and chamber are set up as in the 

main experiment and the beam chopping-data collection system is 

activated. The target is then bombarded with a fixed amount of the 

helium beam at a sequence of energies varying from 6.70 MeV to 8.70 

MeV. The total number of 511 keV counts detected is plotted as a 

function of energy. In Figure 18 the result shows a large increase 

in the rate at about 8.2 MeV beam energy, the threshold for pro-

42 
duction of the Sc ground state. The curve can clearly be broken 

into two very closely linear parts representing before and after the 

42 
threshold. The non- Sc contribution can then be extrapolated from 

the lower region up to 8.70 MeV, the main experiment beam energy. 

42 
The Sc contribution can then be extracted. 

42 
An absolute value is thus obtained for the Sc-511 keV gamma 

ray production rate. Details of the calculations are given in Appendix 

IV. The technique yields a value for the number of 511 keV counts 

60 
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observed per unit time per unit beam current. That value is then 

normalized to give the number of counts per hour in the main experi

ment. 

The calculation finally yields a production rate 11550 cts/hr 

from 511 keV gannna rays. Combined with the running time of 197.7 hours 

this yields: 

42 
No. of Sc 511 keV cts = 2,280,000 

as compared to about 1.7 x 10^ counts predicted by the previous 

technique. 

As a second improvement in the analysis one can obtain a more 

statistically precise value for an upper bound to the area of the 

1524 keV gamma ray peak. The study begins with selection of a wide 

region about the 1524 keV peak location for analysis. There one can 

find several segments in which there are no clearly defined peaks 

where the spectrum appeared to be essentially random, fluctuating 

"positive" and "negative" with no apparent pattern. 

One can expect the fluctuations to be the same type which would 

occur in making many readings of one particular channel in the nearby 

spectrum. The nature of the fluctuations must then be related to the 

likelihood that one would find a peak of known size at a position. 

To determine the exact nature of the fluctuations a smooth 

curve can first be drawn through the segments chosen above. Such a 

curve would represent a reference from which deviations could be 

analyzed. In the present case this was done by obtaining a least-

squares polynomial fit to the data region chosen around the 1524 keV 



peak location. The fit was carried up to fifth order beyond which it 

was apparent that the procedure was no longer converging. The RMS 

deviations from the various fits are as follows: 

2nd order: 62..14 

3rd order: 41.53 

4th order: 35.76 

5th order: 35.59 

Figure 17 shows the fifth order fit superimposed on the spectrum. 

Using the polynomial fit a "difference spectrum" can be 

generated which at each point is the difference between the raw 

spectrum and the smooth curve. One then wishes to determine how 

large a peak can be hidden in the resulting spectrum. 

A way to accomplish this is to add a peak of known size to the 

spectrum at different positions and determine how often its presence 

causes a detectable deviation from the background. To do this, we 

construct a typical peak of area A which spreads over three channels 

in the spectrum at heights ,25A, . 50A, .25A. The peak shape is tri

angular, however the following procedure is rather insensitive to the 

shape chosen. After a peak has been added to the spectrum at a point, 

it is clear that a data enhancement technique may be very profitable 

there. In particular over the peak there must be a strong correlation 

between the three points tending to make them fall in the configu

ration .25A, .50A, .25A. Thus if one approaches a peak over three 

adjacent channels with heights x, y, z in the spectrum, centered at y, 

operation with the function .25x + ,50y + .25z on those channels and 

the surrounding channels will cause the peak position to be enhanced. 
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Since no correlation exists between three adjacent points containing no 

peak, the operation will have a smoothing effect there. 

The initial analysis may thus proceed as follows. The poly

nomial fit is subtracted from the spectrum. A triangular peak of area 

A is added to the spectrum at a point of the spectrum from the sections 

chosen above for the fitting program. The triangular function data 

enhancement technique is applied throughout those regions with the 

height of the resulting spectrum at the peak center being noted. The 

process is applied to each similar point successively, noting the 

resulting spectrum height at the artificial peak center. A histogram 

of those values is the probability distribution that a peak of such 

area A will have the given height on such a background. The process 

can then be repeated with peaks of different areas, further histograms 

being generated. 

Fortunately the above procedure need not be repeated for every 

peak area. One finds that all such distributions have the same shape, 

differing only in location. For a peak of area A placed over points 

x, y, z, application of the triangular enhancement function gives rise 

to a peak center height of .25x + .50y + .25z + .375A. Thus, all 

values generated from points x, y, z will be linearly related through 

the peak area A. 

To analyze the spectrum for a peak first the enhancement 

function is applied throughout to the difference spectrum. Let M be 

the resulting spectrum height at the location of interest. The 

distribution function for a peak of area A is obtained by plotting a 



histogram of the resulting spectrum with center shifted by .375A. 

One then has a distribution as shown in Figure 19. 
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Fig. 19. Probability Distribution of Finding 
a Peak where the Spectrum Height is M. 

The probability that a peak of area A will give rise to a value 

greater than M is exactly v=k^/(Aj^^). We take this value to be our 

confidence level that no peak exists greater than area A. 

In actual practice the distribution can be assumed to be 

Gaussian so only the width and center parameters need be given. By 

subtracting the polynomial fit from the raw spectrum and applying the 

triangular enhancement function a spread of points was obtained given 

by the Gaussian parameters: 

a = 24.0 

x » 0.781 

where the distribution is assumed to have the shape 

(x - x)2 

N(x) - e 20 



In looking for a triangular peak of area A the distribution parameters 

will therefore be taken as: 

a. • 24.0 
A 

x. - .781 + .375A 
A 

as shown above. 

The present problem was to find the 1524 keV peak. Its lo

cation was determined by calibrating relative to several known peaks 

in the spectrum. Their energies were taken from Endt and Van der Leun 

(1967) and their centroids were subjected to a least squares quadratic 

/ 0 
fit. Also from Endt and Van der Leun (1967) the Ca excited state 

energy was taken as 1524 ±1.1 keV and was found to correspond to 

channel 537.5 ± .5 using the quadratic fit. Therefore both channels 

537 and 538 were analyzed as possible peak centers. Then from the 

"difference spectrum" the values M(537) = 14.2 and M(538) ® -7.0 were 

obtained. Using the larger of these values peak areas were calculated 

for several different confidence levels. 

Referring to Figure 19, 

A„ 

R » 
Ai + A 2 

M - 14.2 

Thus, x a v - M 
A 

- (.781 + .375A) - 14.2 

- .375A - 13.4 

To obtain the area A ̂  from the Gaussian distribution we should 



calculate the quantity 

x . 375A - 13. A 
1 ~ a ~ 24.0 

If the area from the center of the distribution to position x is 

called g(t) and if the total area of the distribution is assumed 

normalized such that Aj + A2 •* 1, then 

R = A " .50 + g(t) 

so that 

R a .50 + g('375A - 13-4 ) 
24.0 

or, 

g(.375A - 13.4 j - R - .50 
24.0 

The function g(t) is tabulated in many places (e.g., CRC Tables) and 

once the confidence level R has been specified the expression can be 

inverted to yield the area A ( which will be taken as the "No. 1524 keV 

/ *7 

observed"). Then using the expression given on p. 57 the Sc branch

ing ratio can be calculated. 

Summarizing the values used in this section, 

(No. 511 obs.) - 2,280,000 (p. 61) 

and 

fff& - THIto -3-57 » 
The beta decay spreading factor "a" is again taken as unity. 

The values for the peak area A are of course to be taken as upper 

limits so the branching ratios are also to be taken as such. 



Following are some values calculated for 

R A 

.95 141 

.80 89.7 

.50 35.7 

various values of 

f (upper limit) 

4.4 x 10"4 

2.8 x 10"A 

1.1 x 10"A 



CHAPTER 12 

CONCLUSIONS 

We have given here the results of a study undertaken to measure 

the branching of the ^Sc beta decay from the 0+ ground state to the 

, I A 
first excited 0 state of Ca. The rate was known to be small and 

hence demanded considerable effort to obtain a value. A coincidence 

technique was described which should lead to the best results. How

ever, problems with the target arose which made a gamma singles ex

periment at least as good as the coincidence method. We shall present 

here some suggestions for further improvements in the experiment 

should it become desirable to obtain better results. 

The first obvious improvement is in the area of target contami

nants. Indications were that these were higher than those found in 

ordinary analytical reagent KI. Hopefully a chemical technique could 

31 35 40 
be used to remove the P, CI, and Ca there. From Figure 16 above 

it is apparent that elimination of those contributions would diminish 

the spectrum height around 1524 keV by a factor of about four. The 

branching ratio thus might be lowered by a factor of two. 

A second improvement might be in the use of a Compton sup

pression technique. This could be accomplished using a photomultiplier 

plastic scintillator combination which seemed to respond fairly well 

to gamma rays in addition to the beta particles for which it was 

69 



used above in the coincidence technique. One would envision en

circling the target chamber with the material to some reasonable depth 

probably specified by cost considerations to be less than 3 cm. 

The Compton scattered rays from the Ge(Li) detector would hopefully 

be scattered again by the scintillator causing those signals to be 

electronically suppressed. No energy resolution by the scintillator 

would be necessary so that merely a partial scattering would be suf

ficient. 

Upon removal of secondary reactions in the experiment one can 

again hope to use the coincidence technique. The size of the 1156 + 

511 peak was small in the singles experiment using the separated 

isotope target. If desired some beta discrimination of the type 

incorporated into the electronics in Figure 13 above could be employed. 

Setting the discrimination low level fairly low will insure that not 

» 9 
many Sc associated positrons are being affected but that some of 

44 
those associated with Sc are. The method was tried in a limited way 

44 
but was found not very successful in eliminating the Sc betas. If 

the explanation for this difficulty is poor resolution by the scintil-

lator-photomultiplier system then this technique would have to be used 

with great caution since there would be danger of diminishing the 

/ 0 
Sc beta particle population also. 

Combining the above modifications the author believes one could 

expect to improve the results of the experiment by a factor of five and 

possibly more. As the experiment stands the gamma singles measurement 

has at least shown that there are no strong positive deviations in 

the isospin mixing from-that predicted by a simple theoretical 



calculation. To investigate the negative deviations one should 

pursue the above improvements in the experiment. 



APPENDIX I 

CALCULATION OF THE EFFICIENCY FUNCTION 

Ve present here a method for determination of the peak ef-

ficiancy of the Ge(Li) detector as a function of energy. Such can be 

34 
obtained from either the CI data available in the experiment or the 

42 
Sc data obtained. The gamma ray singles experiment was analyzed by 

two techniques described in the text above. In the first technique 

the ^C1 data was used to calculate eff(E), the efficiency function, 

since it was necessary to analyze peaks from several nuclei over a 

34 
broad range. The CI peaks (146 keV, 1177 keV, 2127 keV) are better 

42 
suited for this than the Sc peaks. However, in the second technique 

it is not necessary for the function to apply over such a wide range, 

but accuracy is important. 

Referring to Endt and Van der Leun (1967, p. 233) giving data 

34 
on the CI decay we have: 

(// 146) = .45 x (# decays) 

and (# 146 obs.) = eff(146) x (# 146) 

where obs. means "observed." 

Combining these two expressions: 

0 146 obs. 
eff(146) = (1) 

.45 x (# decays) 

72 
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Also: 

and 

combining: 

# 1177 = .27 x .45 x (# decays) 

(#1177 obs.) - eff(1177) x (#1177) 

if 1177 obs. 
eff(1177) 

.27 x .45 x (# decays) 

and, 

# 2127 » (.28 + .45 x .27) x (# decays) 

(# 2127 obs.) = eff(2127) x (# 2127) 

Thus, 

# 2127 obs. 
eff(2127) = 

(2) 

(3) 
(.28 + .45 x .27) x (// decays) 

Using the peak data from Table 1 in (1), (2), and (3) for 

the counts observed one has: 

eff(146) ex. 455,000 

eff(1177) c* 104,000 

eff(2127) oc 48,500 

-1 
where the proportionality constant is the same value (# decays) in 

each case. 

The values given in (4) are plotted in Figure 20 . A smooth 

quadratic fit to the natural log of the values has been passed through 

the points. In Table 3, the resulting efficiencies are listed for 

several of the peaks found in the spectrum. 

Also shown on Figure 20 is an efficiency curve derived from 

42 
the three gamma rays emitted following the excited level Sc decay. 

(A) 
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Fig. 20. Efficiency Function Curves. 



Table 3. Peak Efficiencies from ^C1 Peaks 

E eff(E) 

146 455,000 * 

374 310,000 

511 250,000 

880 148,000 

1156 106,000 

1177 104,000 * 

1274 93,700 

2127 48,500 

2168 47,500 * 

* Peaks used in fitting to the curve 

In eff(E) = aQ+a^E+a^E? giving : 

aQ = 13.3 

- -.00185 

a2 « 3.18 x 10~7 



The number of counts may be plotted directly since the gammas are all 

equally Intense. Table 4 contains the peak sizes used In the plot. 

Those values are used In Analysis II of the gamma singles experiment 

above. 

Table 4. Peak Efficiencies from ̂ Sc Peaks 

E eff(E) 

439 27,100 * 

511 23,700 

1227 8,530 * 

1524 6,630 * 

* Peaks used in fitting to the curve 

In eff(E) = ag+ajE+a2E^ giving : 

a^ *» -.00242 

a2 - 5.72 x 10"7 



APPENDIX II 

THE BETA-ANNIHILATION SPREADING FACTOR 

Several sets of data were analyzed for which It was believed 

the number of 511 keV gamma rays could be theoretically predicted. 

That number in each case could be compared to the actual number of gam

ma rays observed, hence giving a value for "a." 

In analyzing the spectrum of residual gamma rays from an 

activated target the relation between peak sizes can be easily derived. 

Referring to the various nuclei decay schemes (Endt and Van der Leun, 

1967) one obtains the following relations: 

ef f (511) 
CI: (if 511).. , = a x 2 x — x (# 146 obs.) 

146 ef f (146) 

ef f (511) 55 
(# 511 obs.)_.__ = a x 2 x x (# 2127 obs.) 

•• eff(2127) 28 + .45 x 27 

43c Sc: 

eff (511) 1 
511 obs.)»7," ax 2 x x — x (# 374 obs.) 

eff (374) .22 

44 
Sc: 

eff(511) 1 
(i? 511 obs.) =• a x 2 x x x (# 1156 obs.) 

1156 eff(1156) .95 
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38 
K: 

eff(511) 
(# 511 obs.)n-i£o » a x 2 x ———— x (# 2168 obs.) 

eff(2168) 

In Table 5 results are given for three different runs. In the 

expressions above the coefficients of "a" are taken as the theoretical 

number of 511 keV gamma rays observed (# 511 obs.-Theory). The sum of 

those values is then compared with the number of 511's actually 

observed (// 511 obs. - Actual) . 



Table 5. Spreading Factor Calculation 

Run A Run B Run C 

# 511 obs.- # 511 obs.- # 511 obs.-

Peak Peak Size Theory Peak Size Theory Peak Size Theory 

146 623 683 299 328 1,970 2,160 

2127 51 727 7 95 87 1,230 

374 1,370 10,100 2,470 18,100 19,200 141,000 

1156 393 1,940 690 . 3,410 6,830 33,700 

2168 10 103 0 0 0 0 

# 511 obs .-Theory 13,500 22,000 178,000 

# 511 obs .-Actual 12,600 20,600 164,000 

# 511 obs .-Actual 
.933 .936 .921 

# 511 obs .-Theory 
.933 .936 .921 



APPENDIX III 

CONTRIBUTIONS TO THE 511 KEV PEAK 

34 
CI Contributions 

Type I: Direct Beta Decay of the 146 KeV Level 

This mode can be directly related to the 2126 keV gamma ray 

which occurs following the beta decay. Consider an interval during 

which a total number of decays (# decays^) of the 146 keV level of 

34 CI have occurred. Using information given by Endt and Van der Leun 

(1967, p. 233) one has: 

27 28 
(# 2127 decays) = .55 x (# decays ) x (.45 x — + —) 

L 55 55 

The number of 511's created is: 

(// 511's) = 2 x (# e+) = 2 x (.55) x (# decays ) 
L 

The number of 511's observed is: 

(# 511's obs.) = a x eff(511) x (// 511's) 

= a x eff(511) x 2 x (.55) x (# decays ) 
L 

where a = beta annihilation spreading factor 

and eff(511) = absolute efficiency of the detector at 511 keV 

The number of 2127 keV gammas observed is: 

(//2127 obs.) = eff(2127) x (# 2127 decays) 

Combining the expressions we have a ratio: 

(// 511's obs.) a x eff(511) 2 
i_ 3 x 

(if 2127 obs.) eff(2127) .45(27/55) + (28/55) 
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Or, 

a x eff(511) 2 
(# 511 obs.)T » x x (# 2127 obs.) 

1 eff(2127) .45(27/55) + (28/55) 

(5) 

0 / 
Type II: Gamma Decay of the 146 KeV Level First to the CI 
Ground State Followed by the Beta Decay 

The 146 keV gammas appear with a relatively long half life of 

32.2 minutes while the 511 keV gammas resulting occur with a half life 

of only 1.57 seconds. If the beam chopping and gamma detecting system 

operates continually and at a constant rate, the 146 keV observation 

rate would become essentially constant and this in turn would force 

the 511 keV count rate to also be constant. 

Consider a sequencing as shown in Figure 21. 

Beam on 

Beam off 

— Detector on 
f r t n 0 

,/ tj / At / t2 / tx / At / t2 / tj / At / t2 / tx / / t2 /. 

Interval 

Fig. 21. Beam Chopping Sequencing 



We assume the states to have saturated so that the 146 keV 

level is at effectively a constant population with the number of 

incoming particles equal to the number decaying. Let the incoming rate 

during the beam-on period be C so the number of states excited during 

one such period is Ct^ (cf., Figure 21). However, only 45% of these 

will eventually gamma decay so the population as far as that mode is 

concerned is .45Ct^. Furthermore since the beam is off for a period 

At + t2 the average incoming rate of particles populating the level 

is 

.45Ct number incoming 
R = ——————— 

t^ + At + t^ total time 

This must also be the rate of gamma-decays of the 146 keV level after 

saturation so that during the time t^ the number of decays is: 

.45Ct 

D<0-»-t ) = t 
L t + At + t2 

The ground state is also being populated continually at the 

rate R above. Thus it will also reach saturation and begin decaying at 

the same rate. During the interval t2 it will experience a number of 

decays: 

.45Ct 
d(0—>-t2) = t» 

tx + At + t2 

Thus, after saturation both levels will undergo the same number of 

decays during a t^ time interval: 
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•45Ctjt£ 
D(0-»-t2) = d(0->-t2) = (6) 

+ At + t2 

Thus for 511 keV contribution II one has: 

(// 146 keV decays) =» (# e+ decays)^ 

(#146 obs.) 1 (# 511 obs.),T 
Or, = - x — 

eff(146) 2 ax eff(511) 

eff(511) 
Or, (# 511 obs.) = 2a x x (// 146 obs.) (7) 

11 eff(146) 

Type III: Beta Decay of the Ground State of CI 
from Direct Beam Populating Only 

Let Cg = rate at which the beam is populating the ground state. 

N =» number of particles in the ground state. 

X = decay constant of the ground state 

The decay equation is: 

11 - cs - M 

whose solution is: 

N(t) - Cg(l - e"Xt) 

where we have made N(0) =0. At the end of the first t^ interval the 

number of particles in the state will thus be: 

-Xt 
N(tx) - Cg(l - e ) 

During the first interval after t=0 the number of decays will be: 

-XAt -X(At+t2) 
ff decays^ • N(t^)e - N(t^)e 



-XAt -Xt, 
- N(t^)e (1 - e ) 

These one may say are due to population by interval 1 (Figure 21). 

At the end of interval 2 (looking backward in time) a similar number of 

states N(t^) would have been excited by the beam. Of these the number 

of decays in the first t2 interval after t=0 is: 

-X(2At+t.+t„) -X(2At+t.+2t2) 
# decays2 " N(t^)e - N(t^)e 

-X(2At+t-+t9) -Xt» 
- N(t1)e 1 (1 - e *) 

In general the contribution from the i*-^1 preceding t^ interval is: 

-X(iAt+[i-l][t.+t2]) -Xt2 
# decays^ • N(t^)e (1 - e ) 

The total number of decays in a t interval after saturation can thus 
2 

be obtained by summing this equation over all values of i: 

^ -XUAt+U-lJtt.+tJ) -Xt, 
H decays — ^_N(t.,)e (1 - e ) 

\ -  l  

-Xt2 X(tx+t2) -iX(t1+t2+At) 

N(tx)(l - e )e > e 

i -I 

-Xt, X(t.+t2) 1 

N(tx)(l - e )e -X(tj+t2+At) 

1 - e 
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-XAt ~Xt~ 
Htt^e (1 - e 4> 

" -X(t.+t2+At) 
1 - e 

where the binomial series has been summed. Substituting for N(t^) 

yields: 
_ -Xt. -Xt, -XAt 

ji j CS (1 - e A)(l - e )e 
* " : -Ut.+t.+At) (8) 

A 1 - e 1 Z 

A F 
For the CI nucleus the half lives transform into natural lifetimes: 

T,. =32.2 min. T - 278 sec = -r— 
Vs L Al 

T . = 1.57 sec T = 2.26 sec = -J— 
Sh S Xg 

where the subscripts refer to the short and long lived states. 

Taking At = 0.1 sec, t = t = 1 sec one has for 
!L 2 

equation 6, 
,45Ctit2 

# 146 • D(0-»-t ) = r = .214C (9) 
t, + At + t 
1 2 

The activity of the ground state due to direct population is given by 

^5 above and equation 8. One has: 

(# decays)J.li =• .463Cg , (10) 

the third method of generating 511 keV gamma rays. If one assumes the 

ground state and excited state have equal cross sections one then has 

Cg = C so that Equations 9 and 10 combine to give: 

#146 .214C 
.491 

(# decays)j. .436C 



# 146 obs. 
Or, since # 146 « 1 

eff(146) 

+ 1 
and (# decays>iii » (# e » - x (// 511)XII 

1 (// 511 obs . ) T 1 1  

a — x ; 

2 ax eff(511) 

2a eff(511) 
(# 511 obs.) =• x (// 146 obs.) (11) 

111 .491 eff(146) 

38 
K Contributions 

A I 
The problem here is simpler than for the CI decay. The 

excited state does not gamma decay so there are effectively two in

dependent levels being populated and decaying. Equation 8 from the 

34 
CI problem may be used directly. The excited level is shorter lived 

and we call its decay constant "Xswhile the ground state value is 

One has: 

C ~^L^l ~^TJt2 
n # ground state _L (1 - e ) (1 - e )e 
L decays X. -X^At+tj+tj) 

1 - e 

C ~^S*"1 ~^S*"2 ~^S^t 
n # excited state S (1 - e ) (1 - e ^e 
S decays -AgCAt+tj+tj) 

1 - e 

The long-lived ground state can be related to the number of 

2167 keV gamma rays which appear subsequent to the beta decay. 

One has: 
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<# 2167) - (# e+>L 

O 511)L - 2 x (# e+)L 

(0 2167 obs.) - eff (2167) x (# 2167) 

(# 511 obs.) = ax eff(511) x (# 511)^ 

Combining these: 

eff(511) 
<# 511 obs.) - 2a x x (f? 2167 obs.) (14) 

L eff(2167) 

For the half lives given by Endt and Van der Leun (1967, p. 288) one 

has: 

T , «= 7.68 mln Tt 
a 665 sec = -JL 

lAi L. XL 

Tgj^ = 0.95 sec Tg = 1.37 sec = 

s 
Taking also t = 0.1 sec, t^ *» t£ •» 1 sec one has for Equations 8 and 

9: 

°L " 

Ds - Cg(.436) (15) 

as the number of decays of each type. However, 

1 1 (# 511 obs.). 
Dg • <# E+)g = - x (// 511) g = - X 

'S 

2 2 a x eff(511) 

1 1 (// 511 obs.) 
Dy • O e ) = — x (// 511) =» - x » 

L 2 L 2 a x eff(511) 

Combining with equation 15 one has: 

Cg (.436) (// 511 obs.)s 
—1^— • • . SS 

CL (.476) (// 511 obs.)L 
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Assuming that the ground state and excited state again have equal cross 

sections then C ° C so one has: 
L S 

.436 
(# 511 obs.)c = x (# 511 obs.) 

S .476 L 

- .916 x (# 511 obs.) 
L 

Combining with 14: 

eff(511) 
(# 511 obs.)c = .916 x 2a x x (# 2167 obs.) (16) 

eff (2167) 

84 
Rb Contribution 

The number of 511 keV gammas observed can be related to the 

number of 880 keV gammas observed. One has (Hellwege and Hellvege 1961, 

p. 2-182): 

(# 880) = (0.109 + 0.62) x (9 decays) 

(f? e+) = (0.109 + 0.097) x (# decays) 

Combining these: 

0.109 + 0.62 
(# 880) - x (# e+) 

0.109 + 0.097 

Here, 

(tf 880 obs.) = eff(880) x ( # 880) 

# 511 - 2 x (// e+) 

(# 511 obs.) •= a x eff(511) x (# 511) 

Substituting above one obtains: 

0.109 + 0.097 eff(511) 
(// 511 obs.) = 2a x x x (# 880 obs.) 

Rb"84 0.109 + 0.62 eff(880) (17) 
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^Sc Contribution 

From the work by Endt and Van der Leun (1967, p. 375) one has: 

(if 1156) « (0.95 + 0.04 + 0.0085) x (if decays) 

if e+ = 0.95 x (0 decays) 

Combining these: 

(0.95 + 0.04 + 0.0085) . 
(// 1156) - x (if e ) 

0.95 

However: 

(// 1156 obs.) = eff (1156) x (if 1156) 

(# 511) = 2 x (# e+) 

(# 511 obs.) = a x eff(511) x (if 511) 

Finally, substituting these above: 

0.95 eff(511) 
(# 511 obs.) = 2a x x x (// 1156 obs.) 

Sc~44 0.95 + 0.04 + 0.0085 eff(1156) 

(18) 

22 
Na Contribution 

According to Endt and Van der Leun (1967, p. 19) 

(if 1274) = (0.905 + 0.095) x (if decays) 

if e+ = 0.905 x (if decays) 

Combining these: 

0.905 + 0.095 
// 12 74 = x (if e ) 

0.905 

However, 

O 1274 obs.) = eff(1274) x (if 1274) 
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0 511) - 2 x OF e+) 

0.905 + .095 # 511 obs. 
(# 511 obs.) = x 

0.905 2a x eff(511) 

Or, 

0.905 eff(511) 
(# 511 obs.)M 97= 2a x x x (# 1274 obs.) 

Na~Z 0.905 + .095 eff (1274) 
(19) 

43 
Sc Contribution 

Referring again to the book by Endt and Van der Leun (1967, 

p. 365) one has: 

# 374 - 0.22 x (# decays) 

# e+ = # decays 

Thus: # 374 - 0.22 x (// e+) 

But, (# 374 obs.) = eff(374) x (# 374) 

// 511 = 2 x (# e+) 

(# 511 obs.) = a x eff(511) x (# 511) 

Substituting one has: 

1 eff(511) 
(// 511 obs.) , = 2a x x x (# 374 obs.) (20) 

bc~UJ 0.22 eff(374) 



APPENDIX IV 

ABSOLUTE 42SC 511 KEV PRODUCTION RATE 

The target was bombarded with a fixed amount of beam current 

while the gamma ray spectrum was being monitored to determine the 511 

keV peak area. Two regions linear with respect to energy were found. 

Those were fit to straight lines. The results are given in Table 6. 

Table 6. 511 KeV Peak Areas as a Function of Beam Energy 

Beam Energy 
(MeV) 

511 KeV Peak 
Area 

Straight Line 
Fits 

Running Time 
(minutes) 

6.70 659 * 557 50 

7.20 1159 * 1319 47 

7.45 1697 * 1700 44 

7.70 2055 * 2081 47 

7.95 2548 * 2462 30 

8.20 3451 ** 3327 29 

8.30 3994 ** 4222 30 

8.40 5093 ** 5116 31 

8.50 6115 ** 6010 32 

8.60 7059 ** 6905 29 

8.70 7667 ** 7799 29 

* First fitting region 

* Second fitting region 
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A plot of this data is given in Figure 18 above. The peak 

areas were fit as a function of beam energy in the two regions. A 

functional form y = a + bx give parameters: 

a  a  -  9652 

b » 1524 for Region 1 

-9 
where the beam current was about 20 x 10 amps, and 

a = - 70000 

b = 8943 for Region 2 

—9 
where the beam current was about 45 x 10 amps. Using the above fits 

one can extrapolate to find peak areas at a beam energy of 8.70 MeV, 

the energy used in the gamma-singles experiment. Doing this one finds 

Area 1 - 3604 

Area 2 = 7799 

Net Area = Area 2 - Area 1 

= 4195 

42 = excess 511 counts from the Sc decay. 

Two correction factors were multiplied onto this value to give the 

final result. The first was due to differences between detectors used 

in this phase and the main part of the experiment. Such differences 

were obtained by comparing the detector efficiencies on the 1.46 MeV 

40 
gamma from K. The resulting factor was 0.953. The second factor 

was due to differences in the beam current used in the present phase. 

-9 
Here it was taken as 45 x 10 amps while in the main experiment it 

was taken as 65 x 10"^ amps. The net result is a production rate then 



of:  

4195 65 x 10~9 

( Sc 511 obs. rate) » — x .953 x . 
30 min 45 x 10"^ 

= 11,500 cts./hr 

where the running time 30 min. was chosen so as to agree with the 

-9 
current 45 x 10 amps chosen. 
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