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CHAPTER I 

INTRODUCTION 

A theoretical angular correlation function between 

internal bremsstrahXung and succesaive nuclear gamma rays 

has been calculated by Koh, Miyatake, and Watanabe (3) 

under certain specific assumptions for non«»oriented nuclei. 

It is the purpose of this thesis to experimentally 

determine the value of the correlation function for Rb°^ 

and compare this with the theoretical prediction. 

One of the most important experimental results in 

the field of weak interactions during the last decade was 

the demonstration that parity was not conserved. This 

result was quite unexpected. The Invariance of an 

isolated system to translations in time and space requires 

that its energy and linear momenttua be conserTed. The 

invariance under rotations requires conservation of total 

angular momentum about any axis. Similarly, the 

expectation of invariance under mirror reflections (i.e., 

space Inversion, if angular momenttm is conserved) is 

said to require '̂parity" conservation (1). The 

anisotropic emission of electrons from Co^^ destroyed the 

assumption of left-*right symmetry based on mirroring. 

That this latter invariance was not the case precipitated 

a complete re-examinatlon of the theory of weak 



interactional eapacialXy that of beta decay. In 

particular, new emphasis was directed to the examination 

of the nature of eoupling constants and the new laws 

which the ]Ni«.«xamination precipitated, such as the V«>A 

xaw. 

The process of beta decay may be characterised as 

(2) a three body interaction: 

n + V -•-*- p -H e-. 

Implied in this characterization is any process resulting 

fr^B the addition of ^anti«^partleXes" on both sides of 

the reaction sign (<-*'). Thus, one of the processes of 

beta decay is orbital electron capture. The capture of 

orbital electrons is accompanied by a feeble, continuous 

spectrum of gamma radiation (with end«.polnt energy equal 

to the energy of the decay minus the electron binding 

energy) calXod internal br«B®strahXung. (This "internal" 

briWRSstrahXung resulting from the interaction of an 

orbital electron with the field of its own nucleus during 

capture is to be contrasted to "external" bremsstrahlung 

resulting from the interaction of an electron with the 

field of a nucleus other than its own in which case the 

electron is also accelerated in the nuclear field (8), 

but not captured). After electron capture the excited 

nuclear XeveX may reach a stable ground state by emitting 



one or more monoener4,etic gamma rays. 

It is of theoretical interest to investigate the 

angular distribution of internal bremsstrahlung (heareafter 

abbreviated IB). The large intrinsic spin of the photon 

would yield anisotropies which are easier to detect, and 

the emitted photon would be scattered less when passing 

through the materials of the source and measuring device. 

Therefore, the experimental acciu'acy with which angiilar 

corraXations could be determined might be increased for 

certain cases. Hence, the angular distribution function 

of IB correlated with the direction of propagation of the 

monoenergetlc gamma ray might yield experimental results 

of good accuracy in some cases. 



CHAPTER II 

THEORT 

In this chapter an expression for the angular 

correlation of IB with the monoenergetlc gamma ray in 

Rb°^ will be presented. This will provide a prediction 

to which the experimental result may be compared. To 

obtain this expression, it is necessary to understand the 

nature of gamma radiation, and why an angular correlation 

should exist between successive nuclear radiations. 

Gamma Radiation 

As early as 1922 it was recognized that gamma 

radiation was emitted in radiative transitions between 

quantized nuclear energy levels. This radiation was 

described as electric and magnetic multipole radiation. 

The quantum theory of radiation borrows the classical 

representation of a radiation source as an oscillating 

electric or magnetic multipole. The radiation field 

generated in this manner is represented by spherical 

harmonics of order 1, 2, 3$... and the names dipole, 

quadrapole, octupoXe,^.. are respectively applied to both 

moments and corresponding fields (9)« Theory shows (5) 

that the angular momentum of a gamma ray is determined by 

the same type quantum numbers (̂ ,m) as the angular 
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momentum of a material particle; in particular: j^ » m, 

|i|2 « 1{JI -f X). It is, therefore, extremely useful to 

oXaseify the emitted gamma ray according to the angular 

momentum £ which is carried by the quantum. 

For each value of /, two different waves or 

radiation are possible. These are called "electric" and 

'magnetic^ multipole radiations (5)» The multipole order 

of gamma radiation is 2i for both of these waves. The 

difference between the two waves is to be found in the 

parity of the radiation they describe. The electric and 

magnetic waves always have opposite parity in multipole 

radiations. If +1 represents even parity and -1 

represents odd parity, the difference can be summarized 

as the foXXowlng: 

parity of electric multipole * (-1) 

parity of magnetic multipole « -(•1)'^. 

As nuclear transitions accomplished by the emission 

of gamma rays do not belong to the area of weak 

interactions, both parity and angular momentum are 

expected to be conserved in these processes. The angular 

distribution of the emitted energy is the same for both 

electric and magnetic multipole radiation with the same 

>̂ and m (5)^ Hence, measurements of the angular 

distribution of the emitted gamma radiation with respect 

to the direction of the nuclear spin determine the 

multipole order, but not the parity, of the radiation. 



If a measurement of the polarization as well as the 

angular distribution of the radiation is made, then the 

parity of the radiation as well as the muXtipoXe order 

may be determined. 

If K is the wave number of the gamma ray (K « <̂ /c 

» 2/^0/c), and d the dimension of the nucleus, then for 

wavelengths large compared to the dimension of the 

nuclear source (Kd « X) the emission probability (P) of 

a multipole quantum is a rapidly decreasing function of J-

(5): P o^ (M)H 

Therefore, the quantum whose probability of emission 

is greatest in a transition between excited nuclear 

levels is the one of lowest i* which conserves angiilar 

momentum between the levels. 

An extensive treatment of multipole radiation is 

contained in (9) at an elementary level and (5) at an 

advanced level, as well as any modern book on 

electromagnetic theory — J. D. Jackson, for example. 

Xnt0maX Bremsstrahlung 

The existence of a weak, continuous gamma spectrum 

accompanying the beta decay of nuclei was first detected 

experimentally by Aston in his measurements on RaE (10). 

In beta emission the sudden creation of an electron 

sometimes gives rise to gamma radiation. The beta 

radiation, however, often produces external bremsstrahlung 



which tends to mask the weak, continuous gamma radiation 

which we term IB, and in which we are interested. In 

orbital electron capture, the sudden disappearance of an 

electron gives rise to IB also, but there is no external 

bremsstrahXung to mask the effect (13)• The present 

efficient detection of nuclear gamma radiation makes 

possible the detection of the IB accompanying orbital 

electron capture. Although this radiation is weak in 

intensity -- the ratio of the total number of IB to the 

total number of K-captures is (̂ /X2;7')(Wo/mioc'̂ ) i where ^ 

is the fine structure constant and W^ is the end-point 

energy — the emitted photon shares the large energy 

which would otherwise be carried off entirely by the 

virtually undetectable neutrino. Thus, this spectrum is 

of great importance in yielding information about the 

capture process (11). 

For radiative capttxre to occur, the electron must 

emit a photon during a transition to an Intermediate 

state from which it may be captured. Since only 

spherically symmetric wave functions differ from zero at 

the origin (if the finite size of the nucleus is 

neglected), the intermediate state must be an s-state. 

When the nuclear size is neglected, the capture is termed 

allowed. A spinless particle, however, cannot radiate a 

single quant\mi in the course of a transition from one 

spherically symmetric state to another. During this 



process total angular momentim must be conserved, and an 

electromagnetic quantiM cannot be radiated with / » 0 (5)» 

as the multipole fields vanish. Hence, radiative capture 

of electrons in ephericaXXy symmetric states must involve 

their spin. The simplest possible process open to an 

8-electron is radiation of a quantum by reorientation of 

the electron spin during capture. A second Intrinsically 

reXatlvistlc mechanism is emission of a single quantum 

when a virtual positron (ejected by the nucleus) 

annihilates the electron. StiXl a third process is the 

transition of s-state electrons to Pi states from which 

direct capture may also take place (12). If we consider 

the finite nuclear size, the electron need not be in an 

s-state for capture to occur* Capture from a state other 

than an s-state is termed forbidden. 

Before one can state the further properties of IB 

(i.e., its polarization), the fundamental theory of beta 

decay must be recalled* For the interaction of four 

fermions which are taken to be Dirac particles, one is 

asked to find the Hamlltonian which describes the system* 

Each fermlon is assumed to be described by a 

relatlvlstlcally covariant Hamlltonian (14): 

H « c ̂ . £ + /3 Dip ĉ ^ 1) 

Here, o< and jS are commuting operators, £ is the momentum 
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operator, and o la the velocity of Xii^t. The total 

HamiXtonian must then be the sum of a term like 1) for 

each particle plus an interaction term* A covariant 

Dirac description of the '^internal states" of a fermlon 

can be analysed into five ""independent states of intemaX 

motion'* described by a scalar (3), paeudoscaXar (P), 

tensor (T)i vector (V), and a paeudovector (A)«i- some

times called an axial vector (!)• Each of these states 

has a corresponding Hamlltonian. As it is known that the 

beta interaction does not conserve parity, one writes the 

interaction Hamlltonian after Rose (14): 

Hint - g £:(Gx Hx -̂  Ox % ' ) ^ h.c. 2) 
X 

In this expression x * S, V, T, A, and P; the C's are 

"coupling constants-' and h.c. refers to Hermit Ian 

conjugate. % differs from Hx. Xa that each lepton 

covariant is replaced by its pseudoform S*-̂ P, V*-*A, T-^T. 

In view of certain experimental results (see 

especially Konopinskl for a clear exposition of the key 

experiments)I it is found that the only states which 

participate in the beta interaction are those electroa 

spin states classifiable hiS ''left-handed'^, A spin state 

is olasdlfied as '*left-handed" when the particle's spin 

is antiparallel to its motion, in the limit that this 

motion approaches the velocity of light. Jcalar and 
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tensor interactions generate right-handed electrons with 

left-handed neutrinos, while the vector and axial vector 

interactions generate left-handed electrons in the limit 

V—>c* The pseudoscaXar interaction can only contribute 

in a first forbidden 0 —>0 decay, so it may be neglected 

in most instances* Hence, one can conclude the following: 

f I t 

Cp w Cp » Cf *= C^ "03 = 02 = 0. 

These experiments have also obtained the following values 

of coupling constants with reasonably good accuracy (14): 

Cy ^ Cy , Cj4 « CA' « - ̂  Cy, )\ ;̂  1.2. 

This latter choice of coupling constants, C^ » -)\ Cy, 

is called the V- A law by Rose (14) and the V-A law by 

Konopinskl (X), where the latter assumes ?\ ^̂  1. This 

law, at present, seems to be in good agreement with all 

observations. 

As was indicated above, electrons have a left-handed 

polarization in the limit as v—^c. Theory provides, 

therefore, that positrons have a right-handed polarization 

in the same limit. 

Cutkoaky has proved (15) that the asymmetry of the 

gamma rays emitted by an electron capturing nucleus will 

be the same as the asymmetry which would be obtained if 
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the nucleus were to emit positrons of zero mass. These 

gamma rays are, of course, IB. He then shows (16) that 

the polarization of the gamma ray is tne same as the 

polarisation of a zero mass positron; this relation does 

not depend upon the nature of the beta interaction* 

Since gamma rays travel at the speed of light, the IB 

will be 100^ right circularly polarized* Furthermore, 

the polarization of IB Is Independent of the degree of 

forbiddenness of the transition* 

It Is convenient, here, to discuss a further 

consequence of the non-conservation of parity in beta 

decay, namely the circular polarization of successive 

nuclear gamma radiation which is in coincidence with the 

IB* The non-conservation of parity established the left-

handedness of the electron, and the theory explaining 

this polarization predicted a 100% left-handed 

polarization for the neutrino* That this polarization of 

the neutrino requires the circular polarization of the 

successive gamma ray can be seen by reference to Figure 1. 

Consider the £u^^ isomer with initial spin I == 0, which 

decays into Sm^^^ by capturing an orbital electron. Some 

of the decays leave the daughter nucleus in an excited 

state of spin 1 * 1 , and are distinguishable by the 

coincidental emission of the characteristic gamma ray 

(961 kev) which de-excites the nucleus into its ground 

state I "" 0. As the daughter nucleus recoils from the 



12 

neutrino ( v^), it must be spinning antlparallel to the 

neutrino, since the neutrino has only the aid of i unit 

of electron spin, to conserve total angular momentum* 

The subsequent gamma ray must carry away the entire unit 

of angular momentum as the ground state of the nucleus is 

spinless* Therefore, it must be circularly polarized in 

the same sense as the daughter nucleus (1,2)* 

Neutrino 
Emission 

§ ^ 

Eu^^2, I « 0 

I« 1 

Electron 
Capture 

^ 

^152* 

Subsequent 
Gamma Emission 

0 

Figure 1: Gamma Polarization 

To summarize Rose (14), the effect of non-conservation of 

parity in beta decay results in a residual nuclear state 

which is polarized even in allowed transitions. A gamma 

ray emitted from such a nuclear state is, thus, 

circularly polarized. This point is a crucial one in the 

theoretical angular correlation function derived in the 
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next section* 

Angular Correlation 

The model for successive nuclear radiations in the 

general case is given in Figure 2* Consider an isolated 

nucleus in state A with total angular momentum I^ and 

definite parity which decays by the emission of radiation 

El to nuclear state B with total angular momentum Ig aad 

definite parity. Nuclear state B then decays by 

emission of radiation R2 to nuclear state C with total 

angular momentum IQ and definite parity. The radiations 

RX and R2 have propagation vectors kĵ  and k2 in their 

directions of emission. It is desired tu find the 

correlation function 1/(0) « W(kx • k2'» ^^* probability 

that K2 Is emitted at an angle 0 with respect to the 

direction of emission of E^ (4)^ 

Consider only one transition, either A->B or B-̂ -C* 

For a single transition, the probability of emission of 

radiation depends, in general, on the angle between 1 and 

k (6), where I and k are nuclear spin (total angular 

momentum In internal nuclear coordinates) and the 

direction of emission of the particle. Quantum 

mechanically, the probability of emlsi:>lon depends on the 

projection of 1 along the propagation vector k* This 

projection is one of the magnetic quantum numbers m, each 

of which labels a nuclear substate. L:ince an isolated 
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nuclsus is assumed (in field free space), the initial 

nuclear state must be described as a superposition of all 

of the permitted magnetic quantum numbered substates* As 

all directions of emission are equally probable, the 

angular distribution of the radiation must be the sum of 

the radiation probabilities from each of the nuclear 

substates* Each of the substates is equally probable 

because all of the substates must be considered equally 

populated* Clearly, the final nuclear state must also be 

expressed as a superposition of equally probable magnetic 

substates, as nothing is known about the direetion of 

emission of the radiation, and, thus, nothing is known 

about the orientation of the final nuclear spin* The 

angular distribution of radiation from the nucleus must 

be the sum over all possible initial and final substates 

of the respective nuclei, and this must be averaged over 

all directions k* This sum would be expected to be 

isotropic* A number of formal proofs have demonstrated 

that this is indeed the case (7)« 

Now, consider the decay A-^B^C, previously 

mentioned (Figure 2)* In this case, k̂^ is observed to be 

in a particular direction* Therefore, not all substates 

of B are equally probable, as the knowledge of the 

direction of Rx provides infoniiai.ion about the probable 

orientation of I^, and conservation of angular momentum 

permits only certain values of the projection of Ig along 

«*»i 
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kx*-for example, see Blatt and Weisskopf, p. 636* This 

fact demonstrates one of the most useful aspects of 

successive radiations* The degeneracy of the magnetic 

sublevel;a is partially or completely removed in the 

intermediate state without the application of an external 

magnetic field* The emission of the second particle 

would not be expected to be Isotropic as not all 

substates of the nucleus B contribute to the radiation* 

Thus, the angular distribution of R2 would be expected to 

be anisotropic with respect to the direction of kĵ , and 

one would expect an angular correlation between k]̂  and 

It is the crux of anĝ llar correlation theory to note 

that the equal population of substates is obtained only 

after averaging over-all directions* If one specifies a 

particular direction for the first transition, then the 

relative population for the terminating substates of this 

transition would be different (4)» and an angular 

correlation between the propagation vectors would exist. 

Two assumptions are implicit in this discussion. 

First, the three nuclei A, B, and C are assumed to be 

isolated. Thus, a collection of isolated A nuclei would 

have spin orientations which are randomly oriented. 

Secondly, the lifetime of the inteitnedlate nuclear state 

B must be short enough that the nuclear spin does not 

change orientation during the lifetime (between the 
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creation of state B and the emission of R2)^ These 

particular assumptions have been considered in great 

detail by Biedenharn and Rose (7) with the conclusion 

that in most cases of practical interest the assumptions 

produce no handicap to the theory• 

One is now in a position to consider the correlation 

function W(0) as calculated by Koh, Miyatake, and 

Watanabe (3) for the particular case of orbital electron 

capture. That part of the decay between which angular 

correlation is to be found is shown in Figure 2. The 

correlation function W(N,K,k) is a function of N, the 

direction of the nuclear spin axis; K, the direction of 

the wave number vector of IB; and k, the direction of 

the wave number vector of the successive nuclear gamma 

ray. These three directions are measured from an 

arbitrary space-fixed quantization axis. 

When the statistical population of the parent 

nuclear sublevels w(m) is given in terms of the magnetic 

quantum number m of the nucleus with respect to the 

N-axis, 

W(N,K,k) - S ^Z<IfMfKk/R^|liriiK> (l^MiKlR^/I^Ma>* 

x<IfMfKk/RjliMi'K><IiMjL'K(R^( la^a >w(m) 3) 

x(m(Dl*(N)(M^)*(m|Dla(|j)(M ' ) . 
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<I|̂ MxKlR̂ | Î M̂ > sends the state (I^Ma) into (liM^K) due 

to a beta process, while <I^£Kk|E^|l^M.K> sends the 

state (I^M^K) into (I|M|.Kk) due to a radiation process. 

The summation on M is carried out for all admissible 

values of Ma, Ma , U^, K±\ and Mf. Unknown and 

uninteresting variables are collected into the symbol S. 

By the aid of complicated group theoretical 

procedure, (3) writes equation 3) in the following form: 

W(N,K,k)-c S ^^|:E:g,(2e+ l)X̂ {Js;J*s')(Iil|Ts*̂ ||la)* 

x(Ix//Ts''̂ t/ la) Il(r^As)(^/D'^(k)|(r)*(o|D«(K)/o<)* 
^o\A' 

{o/D̂ (N)/>̂ )*xF;,(Ia)Ĉ (̂LL';IfIx)W(IfIxL/̂ ;L'li) 

(-.)J U 

n. la la 

l \ h ii 

4) 

Here (Sx^xiz^zlM) stands for the Clebsch-Gordan 

coefficient, W(abcd|ef) for the Eacah coefficient, and U 

for the 9j-symbol. G,y<r(LL ;lfli) is the nuclear 

radiation parameter^ For unpolarlzed gamma rays, /\ 

becomes even integers. For circularly polarized gamma 

rays, \ becomes both even and odd integers, and for both 

cases 0-vanishes. The nuclear orientation is 

characterized by Fano*s nuclear orientation parameter 

F;^(I), which vanishes for all /\ but zero if the nucleus 

is not oriented. The function XP (•̂ s;j's*) will be called 
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the ^IB parameter", since it is concerned only with 

radiative capture. 

For the sake of convenience (3) writes ^o in the 

following manner: 

J. _ ^ 

The terms D and D are given in terms of the coupling 

constants in Table 3(a) of (3); the coefficients a and ¥ 

are listed in the same reference in Tables 4(a)-(e). 

Now, consider the specific case of the forbidden 

decay of Rb ^. For the case of non-oriented nuclei, the 

correlation function W(K,k) is decomposed into partial 

correlation functions Wg*̂  as follows: 

W(K,k) « Z^ j(i||Tŝ //a)/ ̂  ^J -f (cross terms depending of 

Js and J*s ), 

Wg*̂  » Ẑ Â *̂ ® P^(cos 0), (6 « K ^ k ) . 

Since the Rb^^ transition is not irnique, all species of 

the first forbidden beta-moments should be taken into 

accoimt. Though it is considered that the contribution 

due to the beta-moment B^j is not large, (3) tentatively 

gives the correlation function due to the B^A term only 

to see the tendency of anlsotropy: 
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¥ 3 ^ 1 ^ 0.2357 [(axX>/(*oo)] fee(CA'c/)/((C^|2 + (CA'I^))-

[Px(cos ejl + 0.02562 {(a2o)/(aoo)I (?2(cos ^^ "̂  0.2309-

[(«^3l)/(*oo| {Re(CA*c/)/(|CAl2 + |c^Vj] ^3(cos 0)] . 6) 

Here, it is assumed that only the VA interaction 

contributes and the V-A law holds. 

It is predicted by (3) that the order of magnitude 

2 
of the anlsotropy for the Wg term is approximately 39/̂  

at Kĝ ax ^^^ ^^® K-capture to which only B^j contributes 

in the case of Rb ^. 

The theoretical anlsotropy, the coefficients of the 

Legendre polynomials in 6), and the theoretical curve for j 

the partial correlation function in the two IB energy 

ranges for which experimental results will be obtained 

are presented in Appendix C. 



CHAPTER III 

EXPERU^ISNTAL PROCEDURE 

The purpose of this chapter Is to describe the 

apparatus used to determine the energy spectrum of the 

gamma rays in coincidence with the monoenergetlc gamma 

ray (of energy 8^0 kev) in Rb®^. This energy spectrum 

will be corrected and analyzed in the second section of 

this chapter aad the results of the experiment compared 

with the theoretical prediction in the last chapter. 

Apparatus 

The apparatus may conveniently be divided Into two 

areas: the detection apparatus with protective 

shielding and the associated electronics, which is 

diagramed in Fiĝ «*e 3« 

To do an angular correlation problem, it is 

necessary to hare two detectors, one fixed in position 

and one moveable, so that the angle between the axes 

of the two counters can be varied. The detection 

apparatus is the same for both cotmters, but the 

associated electronics differs. For distinction, the 

fixed counter and its electronics are termed channel 1, 

while the moveable counter and its electronics are 

channel 2. 

The detectors consist of Ij in. by 2 in. Nal(Tl) 

21 
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scintillation crystals mounted on RCA 6^10 fourteen stage 

photomultipller tubes. The tubes are run at +2800 volts 

to insure a large response from the first photoelectron 

detected. 

To reduce the extraneous counts due to scattered 

gamma rays, the crystals and the tubes are shielded by 

lead of two inch thickness (see Figure 4). This lead 

extends two inches over the head of the phototube. A 

lead plug 2 in. thick fits into the shield in front of 

the crystal. The crystal Is surrounded on the sides by 

3lt in. of steel to absorb the lead I-ray. The lead plug 

has a conical aperture cut in it to reduce back-scattering 

and to define the solid angle. The two detectors are 

mounted horizontally at a height of one foot above their 

massive supporting table. The phototube is held in the 

pipe by a spring-loaded base which keeps the tube face 

flush with the crystal. 

The voltage divider for the phototubes is diagramed 

in Figure 8 (Appendix A). Two separate pulses are 

required for the experimental analysis: the first 

suitable for energy analysis, and the second suitable for 

coincidence determination. The first pulse, taken from 

Dynode 6, is positive and is sent through amplifiers to a 

pulse-height analyzer (either a single channel or the 256 

channel analyzer) which provides energy selection. The 

.3y«f capacitor was inserted to ground to improve the 
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linear response of the tube to gamma rays of energies 

above 1 mev. The 1.5M resistor was inserted for the same 

reason. In every other respect, the voltage divider 

network is that recommended by RCA in the literature 

aceompanying the tube. A positive voltage is applied to 

eliminate the noise effects of charge accumulating on the 

surface of the phototube, which were considerable at a 

negative voltage. The pulse to be sent to the nanosecond 

coincidence circuit is taken from the anode, pin 10, and 

is negative. 

Due to the long response time of the NaI(Tl} crystal, 

the integrated '̂ output" pulse from the anode of the 

phototube is much too long for coincidence analysis. This 

pulse must, therefore, be shaped so that only a short 

pulse from the first few photoelectrons is fed to the 

coincidence circuit, permitting a very short resolving 

time for the fast coincidence circuit. Iha method selected 

for this shaping was delay-line clipping. A pulse having 

a steep leading edge is fed down a section of coaxial 

cable whose far end is short-circuited. The pulse 

reflected from the short-circuit is of the same size and 

shape as the input pulse, but of opposite sign, and this 

cancels all of the input pulse except that part occurring 

within the first 2p seconds, where p is the one-way transit 

time of the coaxial cable (17)• The clipping cable u>:.od 

was RG-62U, and the length varied with the ri^e time of 
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the pulse, as this varied between the two tubes• 

The clipped pulse then enters the nanosecond coinci

dence circuit diagramed in Figure 5» The purpose of a 

coincidence circuit is to provide an output pulse only 

when input pulses appear at both inputs simultaneously 

(within the resolving time of the circuit)• The circuit, 

thus, indicates coincident events, and no other information 

about the events is obtained. '^Is particular circuit was 

designed by Franzini (18), and was selected for this 

experiment because of its very short resolving time, its 

simplicity of design, and Its steady performance. The 

circuit uses two 1N2939 tunnel diodes and two 1N914 silicon 

diodes.. For a single input pulse, only one tunnel diode 

switches to a conducting state, and a piilse of 0.01 v. 

appears at the output. If coincident pulses arrive, 

however, both tunnel diodes switch, and a pulse of 0.5 v. 

appears at the output. The ratio of coincidence to non-

coincidence output pulses Is, thus, 50 to 1 in the static 

limit. The positive tall of the clipped pulse switches 

the tunnel diodes back to the non-conducting state, thus 

reducing the dead time of the circuit. The circuit is 

followed by an emitter follower, which has an output of 

0.0 to 0.2 V. 

The input pulse size to this coincidence circuit can 

be adjusted by the 2K miniature potentiometer; the 500 ohm 

potentiometer is used to provide a threshold of 0.6 v. for 
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switching the tunnel diodes. 

Some further advantages of this circuit are listed 

(18) as follows: 

1. Discrimination on the input pulses; only 

a current greater than 1 ma* can switch 

the tunnel diodes. 

2. Limiting of the input pulse amplitudes; 

pulses from a phototube with a wide range 

of amplitudes can be applied directly to 

the circuit without having "feed-throughs'' 

(output for a single input). 

3. The switching speeds of the components are 

no limitation to the resolving time 

compared to the rise times of pulses from 

any presently available phototubes. 

4. Large ratio of the amplitude of the 

coincidence signals to 'feed-througha", 

on the order of 10 to 1 in practical 

cases. 

5. Versatility; the circuit can be uaed as a 

coincidence circuit, or, if one of the 

switches is closed, the circuit can be 

used to count singles. 

Many more advantages of the circuit are listed in (18), 

but these comprise the essential points. 

To condition the coincidence signals for acceptance 
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by the slow coincidence circuit, it was necessary to 

lengthen and invert the pulse taken from the 2N769 

transistor. This pulse was 10 nanoseconds long and had a 

maximum height of 0.2 v. The pulse conditioning circuit 

appears in Figure 10 (Appendix A). The output signal 

from this circuit is î  ̂ sec. in length and has a height 

of 5 V. 

Both the coincidence circuit and the conditioning 

circuit require a regulated -6 V D.C. power supply. This 

supply, employing a 1N706 Zener diode, is shown in Figure 

9 (Appendix A). 

It is now expedient to trace the employment of this 

apparatus in this experiment. The pulses from counter 1 

are fed to the nanosecond coincidence circuit and to the 

pulse height analyzer, which is set to pass only those 

pulses occurring in the 880 kev peak. The output of the 

pulse height analyzer is fed to the slow input of the 

slow coincidence circuit. The pulses from counter 2 are 

fed to the nanosecond coincidence circuit and to the 256 

channel analyzer. The output of the nanosecond 

coincidence circuit is fed to the fast input of the slow 

coincidence circuit and properly delayed to be in 

coincidence with a pulse at the slow input, if these two 

occurred in coincidence. The output of the slow 

coincidence circuit triggers the multichannel analyzer to 

accept the properly delayed pulse from counter 2, which 
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was in coincidence with the 880 kev pulse received in 

counter 1. Thus, the energy spectrum of IB in counter 2 

which is in coincidence with an 880 kev gamma ray in 

co\mter 1 is obtained. 

Results 

The results of this experiment are obtained from the 

coincidence-energy spectra recorded by the multichannel 

analyzer. Ideally, the nanosecond coincidence circuit 

should select only those pulses in which one detector 

received an IB and the other detector an 880 kev gamma 

ray. The slow coincidence circuit, then, selects only 

those coincidence pulses for which an 880 kev gamma ray 

was received in detector 1. The result displayed on the 

multichannel analyzer wovild then be the continuous energy 

IB spectrum. That this idealization is not the case is 

evident from an observation of the peaks In Figure 6A, 

which is a graph of the coincidence-energy spectrum when 

the counter axes are at 180*̂ . An alternative process to 

electron capture is positron emission, which competes 

with orbital capture if the disintegration energy is 

greater than 1.02 mev. The positron and an electron 

annihilate producing two gamma rays, each with an ener̂ ŷ 

of 511 kev, emitted at 180" with respect to each other. 

This annihilation radiation is in coinciaenc^ witu the 
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successive nuclear gamma ray (within the resolving time 

of the coincidence circuit), and this explains the large 

peak at 511 kev in I'lgure 6A. The peak at 1.02 mev 

probably also represents a real coincidence, as the decay 

of Rb*^ sometimes leaves Kr^ with an excited energy of 

1.90 mev. If this nucleus decays to the intermediate 

state by the emission of a gaimEa ray of 1«02 mev and then 

to the ground state by emitting a gamma ray of 880 kev, 

the 1*02 mev gamma ray will be detected in coincidence 

with the 880 kev gamma ray. The peak at 880 kev and many 

of the counts in the 511 kev and 1.02 mev peaks probably 

result from scattering. The energy spectra must be 

corrected for the latter effects before the true 

coincidence spectrtaa can be obtained. 

The contributions of the apparatus as well as the 

contributions of backgroixnd to the coincidence energy 

spectrum are termed -̂random" coincidences. The random 

coincidence spectnim must be subtracted from the total 

coincidence spectrum to yield the true coincidence 

spectrum. 

This random energy spectrum la obtained by InGcrting 

sixty feet of RG-62U cablo betv/een counter 2 and the 

nanosecond coincidence circuit. The 2:: potentioiiieoer is 

adjusted so that the pulse into the coincidence circuit 

is the same height as it was before the 60-root cable v;as 

Inserted. The other apparatus is identical to the 
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non«»randoB case, and the random speetrun is sisdlarly 

rtGorded* A sample random coincidence spectrum, obtained 

Just bofore ths coincidence spectsrua in Figure 6A, is 

given in Figure 6B. The random spectrum using a delay 

line was determined to be essentially the same as that 

found using the two source method. All random runs were, 

therefore, obtained by the delay line method. 

of 8 days the decay was essentially linear. Thus, we 

could average results from the first of this period and 

the last of this period and assume the average 

represented the results at the center of the period. The 

following sequence of experimental runs ̂ âs devised to 

correct the spectra for the decay rate of the isotope and 

to mlnlmi«e the results of any regular drift In the 

apparatus. 

1. Coincidence Run at 270® 

2. Random Run at 270 *» 

3. Random Run at 180** 

4* Coincidence Run at 180** 

5. Random Run at 225*" 

Since IB spectra are of low intensity, it is jl 

necessary to accumulate information over a long period of i! 

time. The half-life of Rb^^ is 33*0 days. Therefore, 

the decay rate of the isotope must be considered to 

remove any changes in the coincidence counting rate due j 
9 

to change in decay rate. We assumed that over a period > 
f 
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6. Coincidence Run at 225"" 

1. Random Run at 225'' 

8. Colnaldence Run at 180'' 

9* Random Run at l̂ O"" 

10. RandcMB Run at 270*' 

IX* Coincidence Run at 270"" 

The data from these runs are given a^ the 

experlsental results in Table 1. I&ese data are divided 

into two sections. The first section represents 

radiations whose energies are between .975 and 1.175 mev. 

This energy range was selected because of the expected 

low intensity peak at 1.02 mev in colnaldence with the 

.88 mev gamma ray. The upper curve in Figure 7 is the 

experiiaiental curve for thl£> section. The second section 

of data represents all radiations v/hose energies are 

above 1.175 izisv* Nothing but IB is expected in this 

energy range. The re.;>ults in the final coluxur; of Table 1 

(adjusited real counts} reprasent the data nonaali!̂ ed to 

84,000 sec. wit.h the randoms subtracted froa the total 

coincidences. 

To test the prediction of (3) at maximum IB cnurgy, 

all the counts above 1.175 mev are recorded in Table 1, 

and the results graphed as the lower curve in Figure 7* 

The method of determining the relationship of a 

particular channel in the multichannel analyzer co the 
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energy of the radiation is discussed in Appendix B. 

In Figure 7, the horizontal line represents the 

uncertalnity in the angle between the counter axes due to 

a finite solid angle; the vertical line represents the 

statistical uncertainty (error) in the experimental 

point. 

In comparing the experimental data with the results 

predicted fr<M, equation 6), one assumes that only the 

Bxj moment contributes to the correlation function. One 

then determines the experimental coefficients ^ > ^2> ^̂ ^ 

^ of the Legendre polynomials by taking ratios of the 

counts at 270^, 225**, and 180° (to remove the j, 
Jl 

proportionality constant) and solving the remaining three 9 

linear, simultaneous equations. The coefficients are: 

.975 - 1^175 mev Above 1^175 mev 
Experimental Theoretical Experimental Theoretical 
t9^ 

X 0 0 .98 -.05 

^2 " -l^OO -.02 -.01 -.04 

<=^^ » -1.00 -.19 -1.30 -.26 

These coefficients are not at all similar to those 

predicted by Koh, Miyatake, and Watanabe (Appendix C). 

The probable reason for this difference is that not only 

Bij contributes to the correlation function, but nothing 

conclusive can be stated. 

Anlsotropy is defined as (Wx80° "" ̂ *90®)/̂ 90''» where 

W is the total number of adjusted real coiints at the 



37 

particular angle. As it Is felt that sereral species of 

first forbidden beta«-«aoment8 contribute to the decay, we 

here report the anisotaropy of the total experimental 

correlation function. In the first energy range, the 

anlsotropy is 17'^ where both IB and the 1.02 mev gamma 

ray can contribute to the result. For the energy range 

in which only IB occurs, the anlsotropy la 31)^. These 

anisotropies are in good agreement with the theo2:^tical j 

magnitudes (Appendix C) of 16)S aad 25^f respectively, J 

for the partial aorreiatlon function. i 
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TABLE 1 

EXPERBIENTAL RESULTS 

A. Results for energies between .975 mev and 1.175 mev. 

Run 

1(270<») 
2(270° 
3(l80« 
4(180» 
5(225^ 
6(225* 
7(225® 
8(180*» 
9(180«» 
10(270** 
11(270° 

Channels 
Total 
Counts 

91 
92 
89 

86 
85 
84 
S3 

81 
79 

110 
111 
104 
107 
102 
102 
103 
100 
107 
96 
94 

3757 
1962 

2768 
1025 
2174 
639 
3112 
1014 
1253 
2390 

+ 61 
i 44 
+ 3^ 
i 5̂  
T 32 
± 47 
•*- 25 
T 56 
+ 32 
+ 35 
+ 49 

Time of 
Run (sec) 

84,000 
84,000 
84,000 
84,000 
51,000 
102,000 
51,000 
84,000 
84,000 
84,000 
84,000 

Adjusted 
Real Counts 

1795 ± 76 

1333 i 65 

420 ± 62 

2098 i 64 

1135 + 60 

B. Results for energies above 1.175 aev. 

Run 

1(270'*) 
2(270**) 
3(180 
4(180 
5(225*̂  
6(225** 
7(225* 
8(180* 
9(180° 
10(270* 
11(270* 

) 

) 

Channels 

U l - 256 
112 — 256 
105 - 256 
108 - 256 
103 - 256 
103 - 256 
104 - 256 
101 - 256 
108 - 256 
97 - 256 
95 - 256 

Total 
Counts 

2982 -^55 
1772 T 42 
1661 " 41 
2271 + 48 
896 T 30 
I663 + 41 
687 + 26 
2457 + 50 
1040 + 3-
1492 + 39 
1827 + 43 

Time of 
Run (sec) 

84,000 
84,000 
84,000 
84,000 
51,000 
102,000 
51,000 
84,000 
84,000 
84,000 
84,000 

Adjusted 
Real Counts 

1210 + 68 

610 + 63 

66 i 57 

1417 ± 59 

335 ± 58 

I 
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CHAPTER IV 

CONCLUSION 

The partial angular correlation function calculated 

by Koh, Miyatake, and V/atanabe for Rb^^ has been presented 

to indicate the tendency toward anlsotropy. An anlsotropy 

of 39^ was predicted to show the magnitude of the 

anlsotropy at the maximum energy of IB (I.84 mev). 

This thesis has presented the experimental angiaar 

correlation function. The magnitude of the anlsotropy 

for IB was 31^ for all IB of energies greater than 1.175 

mev. Since the anlsotropy is expected to be a maximum at 

maximiim energy, and since the IB spectrum is more intense 

at lower energies, this result is in good agreement with 

the theoretical prediction* 

Two ftirther experiments are suggested by the results 

of this thesis. Due to the greater intensity of the IB 

spectrum at lower energies it would be valuable to 

consider the coincidence-energy spectrum of IB below 

1.175 mev. To do this, it is necessary to remove the 511 

kev peak (from annihilation quanta), which is in 

coincidence with the .B^ mev gamma ray. This removal can 

be accomplished by use of an anticoincidence circuit 

triggered by a positron detector, and this is currently 

being assembled. The measurement of the angular 

correlation function of IB over a larger energy range 

40 
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would probably yield more definitive results than are 

presently available on ang\aar correlation of IB in Rb^^. 

The second experiment is to examine the angular 

correlation between the 1.02 mev and the .^B mev gamma 

rays. To do this, it would be necessary to subtract the 

contribution to the correlation due to IB near 1.02 mev, 

but the results of the first suggested experiment should 

Biake this possible. The angxilar correlation of these two, 

successive gamma rays would provide Information about the 

spin of the 1.90 mev level of the excited Kr°4 nucleus, 

which is not presently known. 
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TABLE 2 

TOLTAGES ON MODEL 6810 PHOTOMULTIPLIER TUBE 

5 

Pin 

20 0 

19 110 

2 150 

17 220 

3 300 

16 370 
4 440 

15 ^0 

600 

14 7̂ ^ 

6 940 

13 1140 

7 1450 

12 1750 

8 2100 

11 5̂50 

9 2100 

10 2750 

These voltages are typical for an input voltage of +2800 

V. All voltages are measured with respect to ground. 
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As mentioned in c^vipt^r III, the response of the 

phototube is linear with energy—this linearity is at 

least as good as the experimental res\ilts. The response 

of the Nal(Tl) crystal is very lin3ar, as is that of the 

electronics. Thus, the channel number in the 

multichannel analyzer is assumed linear with respect to 

energy: 

C - aS + b» 

Here, a and b are constants to be detearmined by two fixed 

points in the energy spectrum. The two points are the 

511 kev annihilation quanta peak and the 880 kev peak. 

The program which follows is designed to convert channel 

number to energy in kev for the 270** runs, the 180° rims, 

and the random coincidence runs. 

Program 

2 C « 0»0 

DO 4 I « 1|256 

G -= C + 1. 

El « (C - 6.8)/.0894 

S2 = (C - 8.4)/.0921 

E3 « (G - 11.7)/.0907 

E4 - (C - 6.3)/.113^ 

E5 « (C - 6.7)/^llll 

^6 « (C - 5•9)/.1206 

E7 '̂  (̂  - 8.8)/.1178 



52 

E8 - (C - 6.1)/*1192 

B9 - (C - 3*6)/.1192 

3 PUNCH 4, C, El, £2, E3» E4t 25, S6, S7, E8, E9 

4 FORIUT (F 4.0, 9F 7.0) 

D «« 0.0 

PUNCH 1 

1 TORMAt (17 HEND 270,BEGIN 180) 

DO 5 J «» 1*256 

D « D + X. 

SEl - (D - 3.3)/.0894 

SE2 «. (D - 8.5)/.0949 

SE3 « (D - 10.)/.C9S9 

SE4 « (D - 11.2)/.1111 

SE5 « (D - 4*2)/.12r/ 

SS6 «• (0 - 2.2)/.1287 

PUNCH 5, D, SEl, SS2, SE3, SE4, SE5, SE6 

5 FORMAT (i? 4.0, 6F 7.0) 

B « 0.0 

DO 6 K - 1,256 

B » B -r 1. 

CEl « (B + 1.5)/.09^9 

CS2 « (B + 2.9)/«0772 

CE3 « (B + 4.8)/.0867 

CE4 « (B + 4.3)/.0799 

PUNCH 6, B, CEl, GS2, CE3, CE4 
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FORMAT (F 4 . 0 , 4F 7.0) 

END 
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Using eqtiatlon 6) and the paredlcted values (3) of 

the a's, one can detertiine the coefficients "^1$ '^z* ^^^ 

°<^ of the Legendre polyn«mlals (if Ga « Cy^'). These 

coefflolents are determined for an (average) intermediate 

energy: 1.075 «®v for the .975 to 1.175 mev range, and 

1.45 mev for the energy range above 1.175 aev. The values 

for these coefficients are the following: 

1.075 msv 1,45 raev 

^X •• 0 -..05 

^2 "• -.02 -,04 

^j « -.19 -.26 

Using these coefficients, one can determine the 

theoretical corarelation curve. The constant of 

proportionality is removed by dividing all terms by Wg'̂  

calculated at 90^. The theoretical curve for the partial 

correlation function V/ĝ  is presented in figure 11. 

The anlsotropy predicted by the theory for the 

partial correlation function is approximately X6% at 

1.075 mev and 25^ at 1.45 mev. To obtain the predicted 

anlsotropy at ^^^x* 1^ 1^ necessary to replace -a^^ with 

a^i in the graph of these coefficients appearing in (3). 
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