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The g- factor of the 482 Key (Kiloelectron volt) state in Ta 
181 

and the half -lives of the 25.6 Key and 74.5 Key states in Dy161 have 

been measured by the delayed coincidence method. The g- factor of 

the 482 Key state in Ta181 was determined by observing the effects 

of an external magnetic field on the angular correlation of the 133 - 

482 Key gamma -ray cascade. A liquid source known to exhibit the 

unperturbed angular correlation was used. The source was prepared 

by dissolving neutron irradiated hafnium metal in 27N hydrofluoric 

acid. There have been a number of determinations of the g- factor 

for this level by the differential -delay and integral methods; while 

giving information of a more detailed nature than the integral method, 

the main advantage of the differential method is that it yields the in- 

teraction strength directly, independent of the lifetime of the state. 

The value of 1.32 + 0.04 obtained for the g- factor in this investiga- 

tion is consistent with previous determinations. 
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The Dylbl source was polycrystalline in the form of the oxide 

and was formed by the chain decay of neutron irradiated Gd2O3. A 

measurement of the anisotropy revealed that during the interval of 

interest, and within the limits of statistical fluctuations, there were 

no time -dependent interactions tending to reorient the nuclei. The 

slope of the delayed coincidence curve sufficiently far removed from 

zero time yielded the value of .27.78 + 0.28 ns (Nanoseconds) for the 

half -life of the state intermediate to the 48.9 - 25.6 Key transition 

and agrees well with the results of previous determinations. The 

evaluation of data by a method of numerical integration was required 

for the determination of the lifetime of the state intermediate to the 

57.2 - 74.5 Key transition due to the effects of finite time resolution. 

This yielded a value of 2.91 + 0. 26ns, which also was consistent with 

the results of measurements by other methods. 
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EXCITED STATE MEASUREMENTS IN Ta -181 
AND Dy -161 

INTRODUCTION 

A primary concern of low- energy nuclear physics is the deter- 

mination of the properties of individual excited states of nuclei and 

the character of the transitions between states. Improvements in the 

apparatus and techniques of nuclear spectroscopy, made principally 

in the last decade, have made systematic studies of many nuclides 

possible. Consistent decay schemes have been tabulated in many 

cases; for many others, probable decay schemes have been proposed 

on the basis of existing information (9, p. 5 -5 -93 to 5 -5 -108 and 6 -2, 

3 -265). Among the most extensively known nuclear properties are 

the energies, angular momenta, and parities of ground and excited 

states and the energies, transition probabilities, and character of 

the transitions between levels. Due to experimental difficulties stem- 

ming from the transitory nature of the excited states, knowledge of 

their associated electromagnetic moments is much less complete. 

There is presently considerable interest and activity in experimental 

studies to determine the electric and magnetic moments of excited 

states by the use of the Mössbauer effect or perturbed angular corre- 

lation studies. This thesis describes an experiment in which the 

magnetic dipole moment of the 482 Key excited state in Ta181 was 
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determined by the latter technique. In addition, the measurement of 

161 
the lifetimes of two excited states in Dy is described. These 

measurements were made as part of a preliminary program in anti- 

cipation of future experiments involving these nuclei. 

A gamma -gamma angular correlation experiment in which one 

observes the directional distribution of successively emitted radia- 

tions of a cascade, that is, those radiations which decay successive- 

ly through a short -lived intermediate state, is a standard tool of nu- 

clear spectroscopy for determining angular momenta of the excited 

states and multipole orders of the individual radiations. Frequently, 

the angular correlation can be perturbed by the interaction of the 

electromagnetic moments of the intermediate state with extranuclear 

electric or magnetic fields. If the intermediate state is relatively 

long -lived, e. g.> 10 -8 seconds, the angular correlation can be stud- 

ied as a function of the time between formation and decay of the state 

by fast -delayed coincidence techniques. In such cases, the details 

of the perturbing interaction are revealed in the time dependent be- 

havior of the angular correlation, and a knowledge of the external 

fields allows a determination of the nuclear moments. 

Brady and Deutsch (3, p. 558 -566) first noted that the g- factor 

of an excited level intermediate to the successive radiations of a 

gamma -gamma- cascade could be determined by observing the effects 

of an external magnetic field on the angular correlation. The first 
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successful g- factor measurement was done by Aeppli, et al. (1, p. 

370 -371) for the first excited state in Cd1 
l l Similar measurements 

have since been made for more than thirty other nuclides; the results 

have been tabulated by Steffan and Frauenfelder (23, p. 65 -67) and 

others. 

The g- factor of the 482 Key excited state in Ta181 has been 

the subject of numerous investigations and is well -known (see Table 

I). The experiment described in this thesis was performed in order 

to provide an operational test of the apparatus and technique to be 

used in proposed future work on the 25. 6 Key level in Dy161 The 

measurements of the lifetimes of the 74.5 Key and 25. 6 Key states 

were performed for a similar reason. Level schemes of Ta181 and 
161 

Dy showing the principal features of the parent decays are shown 

in Figures 1 and 2, respectively. The results of prior determina- 

tions of the lifetimes of the 74.5 Key and 25. 6 Key excited states are 

given in Tables II and III. 
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Table I. g- Factor measurements of the 482 Key excited 
state in Ta -181 

Method g- factor Reference 

Integral Rotation 1.20 + 0. 12 (19, p. 1689-1690) 

1.25 (13, p. 336 -337) 

Integral Rotation 1.30 + 0.07 (14, p. 834 -838; 
4, p. 463 -506) 

Integral Attenuation 1.23 + 0.05 (15, p. 536-537) 

Integral Attenuation 1.08 + 0.10 (16, p. 519-536) 

Differential -delay 
constant -angle 1.336+ 0.015 (2, p. 126 -127) 

Differential -delay 
constant -angle 1.36 + 0.03 (5, Unpublished) 

Integral Rotation 1.20 + 0.20 (25) 

Differential -delay 
constant -angle 1.29 + 0.02 (17, p. 656 -669) 
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Table II. Results of lifetime measurements for the 74.5 Key 
excited state in Dy -161 

Method Half -life Reference 

ß (48.9 Kev)/ ) delayed 
coincidence 

ß (74.5 KevY) delayed 
coincidence 

y (48.9 KevY , 74.5 Key 

2.3 + 0.7 ns 

3.0 + 0.3 

(24, p. 

(12, p. 

579 

630 

-584) 

-643) 

Y -delayed coincidence) 3. 1 + 0. 6 (7, p. 16) 

Table III. Results of lifetime measurements for the 25. 6 Key 
excited state in Dy -161 

Method Half -life Reference 

p(25. 6 Key y) delayed 
coincidence 28 + 2 ns (12, p. 630-643) 

(48.9 Key y , 25.6 Key 
Y delayed coincidence) 27 + 2 (24, p. 579-584) 

(48.9 Key Y , 25.6 Key 
Y delayed coincidence) 28 + 2 (12, p. 630-643) 

Y (25.6 Key Y) delayed 
coincidence 29 + 3 (7, p. 16) 
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THEORY 

Treatment of the theory of the angular correlation of successive 

nuclear radiations is extensive and complete. The early papers of 

Hamilton (11, p. 122 -131) and others provided the initial formulations 

of the subject, and several review articles now exist which treat all 

aspects of angular correlation phenomena in detail, e. g. (8, p. 531- 

599). The general theory of angular correlations is not simple, and 

a rigorous mathematical treatment is beyond the scope of this thesis. 

It will be useful, however, to consider the qualitative aspects of the 

unperturbed angular correlation process in order to provide insight 

into this phenomenon. The description is then modified to include 

perturbation by an external magnetic field to show how the g- factor 

of the intermediate state can be determined. 

Gamma -Gamma Angular Correlation 

The fundamental idea of an angular correlation evolves in the 

following way: A nucleus decays from an initial excited state A 

through the emission of radiation R1 having direction k1 to an 

intermediate state B which subsequently decays to state C by the 

emission of a second radiation R2 having direction k2. The angu- 

lar correlation is the relative probability W(6)d2 that R2 be emit- 

ted in a direction k2 at an angle 6, with respect to k1, into the 
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element of solid angle 62. W(e) depends in general upon the angular 

momenta of the states involved and upon the multipole order of the 

radiations. 

The general features of an experiment designed to measure an 

angular correlation are shown in Figure 3 (21, p. 13). The source 

consists of a large number of excited nuclei undergoing the transi- 

tions y and y shown. The basic apparatus consists of a fixed 

and a movable counter for detecting y and y respectively, and 

a coincidence circuit for selecting photon pairs emanating from a 

common nucleus. N(e) is the observed true coincidence counting 

rate as a function of the angle e and is proportional to the angular 

correlation function. However, N(e) is an average over angles 4 

distributed about the angle e due to the finite size of the detectors 

and must be corrected for solid angle to yield W(e). 

The existence of an angular correlation arises because the 

probability of emission of a quantum of radiation by an excited nucle- 

us depends in general on the orientation of the nuclear spin axis with 

respect to the emission direction. The observation of the first radi- 

ation of the cascade in the direction of the fixed counter as shown in 

Figure 3 selects an ensemble of nuclei which has a non -random dis- 

tribution of spin orientations. In the absence of extranuclear pertur- 

bations, the initial orientation of Ib, the nuclear spin of the inter- 

mediate state B, persists and the direction of the second radiation 

, 

2 
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of the cascade will be correlated with that of the first. In quantum 

mechanical notation, the transitions take place between states char- 

acterized by the angular momentum quantum numbers Ia, Ib, and 

Ic, with projection quantum numbers ma, mb, and mc. The radi- 

ations carry angular momentum L1 and L2 with projection quantum 

numbers M1 = ma - mb and M2 = mb - mc. Present scintillation 

techniques cannot resolve the energies of the closely spaced compo- 

nents corresponding to different M1 values so that although the indi- 

vidual components of y are anisotropic, the observed radiation 

pattern represents a sum over all Ml values and is isotropic in gen- 

eral. A similar situation occurs for y Thus the radiation pat- 

terns of both y and Y2 are isotropic when detected singly in 

either counter. This would not be the case if either of the observed 

radiations emanated from an ensemble of nuclei with non -random 

spin orientations. This condition is realized with the coincidence re- 

quirement in the following way: Choosing the quantization axis, i.e. , 

the axis with respect to which the projection quantum numbers are 

defined, to coincide with the axis of the fixed counter selects only 

those component transitions of y for which M1 = + 1 since a 

photon can carry only intrinsic angular momentum parallel to its di- 

rection of propagation. Thus, the y 2 
radiations in coincidence with 

this selected set of y radiations emanate from a non -uniformly 

populated set of mb substates transitions representing a 

1 
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summation over the mb substates are no longer observed and the 

resulting radiation pattern of Y with respect to y is not in gen- 

eral isotropic (8, p. 531 -599). The theoretical expression for the un- 

perturbed angular correlation function is given by (8, p. 548) 

W(e) = 1 + AkPk(Cos e), k = 2,4,... (1) 
k even 

where the Ak are functions of the spins of the nuclear levels and of 

the angular momentum carried by the radiations of the cascade. For 

the case of a pure multipole transition, the Ak are given by (8, p. 

549) 

Ak = Fk(Ll IaIb)Fk(L2IcIb); (2) 

values of Fk for k = 2, 4, which include most cases of interest, 

have been tabulated by Frauenfelder (23, p. 447). 

Perturbation by an External Magnetic Field 

The angular correlation function W(6) will generally be atten- 

uated when the nuclei in their intermediate level B are subjected to 

torques tending to reorient the nuclear spin axis. The interaction of 

the magnetic dipole moment µ with an extranuclear magnetic field 

B causes transitions among the mb substates and Y2 is emitted 

from a level with an altered population distribution. Although a quan- 

tum mechanical development is necessary to fully explain the 

L ) 
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phenomenon, the semi -classical picture of a precessing nucleus ade- 

quately describes the situation when the external magnetic field is 

static. 

The precession frequency wB can be obtained by considering 

the interaction of the magnetic dipole moment with the external mag- 

netic field. The torque T experienced by the magnetic moment is 

given by 

T= µ x B = -B x µ (3) 

and must be equal to the time rate of change of angular momentum. 

However, µ is related to the angular momentum L by 

N- = gµNI = gµN L (4) 

where µ is the nuclear magneton, I is the nuclear spin of the 

level, and g is called the g- factor, a dimensionless factor of the 

order of unity. Thus we may write 

dL -gN 
dt B x L . (5) 

Now for a vector L preces sing about B with angular velocity (.0B 

as shown in Figure 4, 

OL I- 605. 

pt L I Sin e. (6) 

(7) 

In the limit, 

dL 
dt = al, x L 

- 
N 

= 

I I 

i"i 

Ti 

At 
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Comparing this result with (5) and using the definition (4) for p. , we 

obtain 

_ 
gµNB 

N B 
IE (8) 

which is just the classical Larmor precession frequency. Hence a 

measurement of the precession frequency allows a determination of 

the g- factor. 

Figure 4. Precession of a nuclear magnetic moment in an 
external magnetic field 

r S 
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The application of a magnetic field along the axis of the fixed 

counter causes the nuclei in the intermediate level B to precess 

about the direction of the magnetic field B; however, since the B 

direction coincides with the previously chosen quantization axis, the 

projection quantum numbers mb remain unaltered and the angular 

correlation function is unchanged. If the magnetic field is applied 

transversely to the plane of the detectors however, the precession 

of the nuclear spins about the magnetic field B induces periodic 

transitions among the mb projection quantum numbers resulting in 

a periodic attenuation of the angular correlation. The perturbed an - 

guiar correlation is simply rotated about the magnetic field with an 

angular velocity of twice the Larmor precession frequency, and be- 

comes (23, p. 17) 

W(8, t, B) = 1 + 

max 

k =2 
k even 

Ak Pk [Cos(6 + wBt)] (9) 

An observation of the correlation as a function of time between emis- 

sion of Y and Y then permits a direct measurement of the pre- 

cession frequency and hence the g- factor. 

k 
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APPARATUS 

These investigations were conducted using a two -counter scin- 

tillation spectrometer capable of providing the following information 

about the y -ray cascade of interest: 1) the angle between the direc- 

tion of emissions, 2) the genetic relation between the y -ray pairs, 

3) their temporal relation, and 4) the energies, which identify the 

components of the cascade. A block diagram of the apparatus is 

shown in Figure 5. 

This information is obtained in the following way: Correspond- 

ing to the detection of a y -ray in either counter, there appears at 

its output a pair of pulses designated as "fast" and "slow." The 

amplitudes of the slow pulses are proportional to the energies of the 

corresponding y -rays thus the components are identifiable by pulse- 

height selection. Fast pulses are developed across the anode load 

resistor of the photomultiplier tube and fed to a fast limiter circuit. 

Appearance of a fast pulse on the grid of the limiter cuts off the 

standing plate current of 18 milliamperes in a Western Electric 

404 -A sharp cutoff pentode. The output of the pentode is a pulse of 

2 volts amplitude, 2 to 4 ns rise, and several hundred nanoseconds 

duration. This pulse is then clipped with a 12552 shorted delay ca- 

ble of the proper length to produce a square pulse of desired time 

duration. Now fast pulses from the two limiters are then fed to a 
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time -to- pulse- height converter which produces an output pulse if the 

temporal separation of the fast pulse pair is within the overlap time 

of the clipped square pulses. Moreover, the amplitude of this pulse 

is proportional to the temporal separation of the fast pulse pairs; 

thus, in this manner, the genetic relation of the two radiations of the 

cascade is established. After amplification, the slow pulses are 

either accepted or rejected by the single- channel analyzers as cor- 

responding to events of the desired energies. If a slow pulse corres- 

ponds to an event of the desired energy, the single - channel analyzer 

produces a pulse which is fed to a 2 microsecond coincidence cir- 

cuit. The simultaneous appearance of pulses at each of the inputs of 

the coincidence circuit produces a 4 microsecond gate pulse which 

enables the multichannel analyzer to accept and analyze the output 

pulses from the time -to- pulse- height converter. The fast pulses re- 

quire less time to process and are stored in a delay line of appropri- 

ate length to await the arrival of the slow pulse gate at the multichan- 

nel analyzer. Calibration of the time -to- pulse- height converter then 

allows the data stored in the memory of the multichannel analyzer to 

be converted back to a time scale. 

The detectors are 1 by 1. 5 inch NaI thallium activated crys- 

tals optically coupled to Phillips type 56AVP photomultiplier tubes. 

The optical light pipe is polyvinyl - toluene material and was used 
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with the additional shielding shown in. Figure 6 to reduce the effects 

of magnetic fields on the operation of the photomultipliers. 

high i 
steel 

light 
pipe 

netic co -netic 
high }t high }t, low flux 

shielding shielding 

detector 

cap 

Figure 6. Shielding arrangement for the photomultipliers 

The time -to- pulse- height converter is a slightly modified ver- 

sion of the converter described by Green and Bell (10, p. 127 -132). 

This circuit is shown in Figure 7. The 6BN6 pentode is biased so 

that no charge flows in the quiescent state. Moreover, the biasing 

is such that there is no plate current unless the fast pulses overlap 

in time; the amplitude of the resulting output pulse is proportional 

to the overlap time of the fast pulses. There are two overlap condi- 

tions which produce an output pulse of the same size, the order of 

overlap depending on which counter receives the first radiation of the 
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cascade. This ambiguity is removed by the energy selection re- 

quirements of the slow pulse circuitry. 
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Figure 7. Time -to- pulse- height converter circuit 

To complete the circuitry, Baird -Atomic Model 215 non -over- 

loading amplifiers and Atomic Instrument Model 510 single - channel 

pulse- height analyzers are used in the slow channels. A Borg - 

Warner DZ4 coincidence unit is used to provide gating of the Nuclear 

Data 512- channel analyzer. 
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OPERATIONAL TESTS OF APPARATUS 

Operational testing of the spectrometer consisted of a study of 

the time resolution and linearity of the system, and calibration of the 

time -to- pulse- height converter. The 510 Key annihilation photons 

formed in the positron decay of Na22 were used as a source of 

prompt events. The response of the system to these prompt y -ray 

pairs was obtained by scanning the output of the converter for a fixed 

value of delay inserted between the converter and limiter. The linear 

response of the system was checked by repeating the above procedure 

for various values of delay and observing the shift in the centroid of 

the response function. Least squares fitting a straight line to these 

data yielded the time -to- channel calibration for a given gain setting 

of the multichannel analyzer. The linearity of the time-to- pulse- 

height converter is shown in Figure 8. Resolution curves obtained 

under different biasing conditions of the single - channel analyzers are 

shown in Figure 9. Curve (a) was obtained by biasing both single - 

channel analyzers to accept slow pulses corresponding to the 510 Key 

annihilation energy of the Na 
22 source. The bias conditions under 

which curve (b) was obtained were such as to correspond to energy 

losses in the scintillators of about 57 Key and 75 Key, respectively. 

The resolving time T, or resolution of the system, is defined by 

the full width 2T at this half maximum of the response of the 
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coincidence circuit to prompt events. Considerable broadening of 

the resolution function occurs when detecting the less energetic 

events. 

Single- channel analyzer settings were determined by running 

singles energy spectra and adjusting gain and window settings to ac- 

cept the desired photopeaks. The energy spectra of Ta181 and 

Dy161 are shown in Figures 10 and 11; the desired window settings 

are also indicated on the diagram. Instability of the system was 

checked by maintaining a running plot of the position and slope of the 

leading edge of the delayed coincidence curve at two hour intervals. 

The steepness of the slope of this portion of the curve makes it a 

sensitive indicator of small drifts in the apparatus. In this manner, 

instability was ascertained to be not greater than + 0. 3 channels 

(corresponding to + 0. 34 ns shift along the time axis) over a period 

of one week. 
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EXPERIMENTAL MEASUREMENTS 

g- Factor Determination 

The g- factor of the 482 Key excited state of Ta181 was deter- 

mined from the details of the periodic attenuation of the angular cor- 

relation caused by a perturbing external magnetic field of 19.68 kilo - 

gauss applied transversely to the plane of the detectors. The axes of 

the counters were aligned to intersect at a fixed angle 6 
0 

of 1 5° and 

delayed coincidence curves were obtained in a series of two -hour 

runs made alternately with negative and positive direction of the mag- 

netic field. This is known as the differential -delay reversed -field 

method. 

The poles of the magnet were 4 inches in diameter, tapering to 

1 inch with a gap separation of i inch. Within the limits of + 3 per- 

cent for the available measuring instruments, the field was homo- 

geneous over the dimensions of the source. The source was prepared 

by dissolving a few milligrans of neutron irradiated Hf181 powder in 

27 N hydrofluoric acid, and was contained in a cylindrical cavity 

3/16 inches long and 1/16 inch in diameter in a fluorethylene rod; 

the walls of the cavity were 1/32 inch thick (21, p. 65). The experi- 

mental setup was completed with the source positioned at the inter- 

section of the axes of the counters and at the center of the pole pieces 

of the electromagnet. Typical delayed coincidence curves with the 

: 



28 

magnetic field applied in opposite directions are shown in Figure 12. 

The delayed coincidence counting rate is proportional to the proba- 

bility that the emission of y occurs within the interval t to t + dt 

after t = 0, the time of emission of y and to the probability that 

y is emitted at an angle e to the direction of emission of Y in- 

to the solid angle d2. Then 

dN (e, t) 
d t true = 

E lw.l 

47r 

E W 

W(e,t)ke-kt 
4n 

(10) 

where E. and w. denote the detection efficiency and solid angle sub- 

tended by counter i, respectively, and X is the decay constant for 

the intermediate level of the cascade. In addition, a correction for 

the beta decay of the source must be made by inclusion of the factor 

-,`t' 
N e where No the initial activity of the source. 

o 0 

Thu s 

dNtrue(e't't1) = N 
elwl E2W2 e-k't'W(e,t)e-kt (11) 

d t o 4ir 4n 

If the channels of the multichannel analyzer are labeled by the inte- 

gers j = trot = 1, 2, 3 . . . , the true coincidence counting rate 

per channel is given by 

j +1 a t 
Elwl E2w2 k't' (' -kt 

Ntrue (e' i Ot, t' = No 4n 4n 
e J W(8, t)e dt 

j pt 
(12) 

, 

i i 

( 

represents 

. 
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Thus 

E1431 

E 2 
-k't' Ntrue(e'J At, t') = No 4Tr4Tr eW(e'JOt)(1-et)e-AjOt. 

(13) 

The coincidence rate due to chance or accidental coincidences is the 

same for each channel and is given by 

2 2ptNo 
E E2)2 

' t 
20tNN = Nchance 4Tr1 4Tr 

e-2 
(Appendix B -5) 

where NI and N2 are the slow channel singles counting rates. The 

true to chance ratio is then 

N (6, j pt, t' ) k't' -.At -kj,t true e W(e, jAt)(1 -e )e 

Nchance 2No At 
(14) 

This ratio can be made large by increasing At, however the reso- 

lution of W(e, t) is destroyed, so that in practice, At is chosen for 

suitable resolution and the source activity is varied to increase the 

true -to- chance ratio. Throughout these investigations, the true -to- 

chance ratio in the peak channels of the delayed coincidence curve 

was greater than 50. 

The difficulty of extracting caB directly from the delayed coin- 

cidence curve was overcome by forming the function 

W(eo, t, + B) - 
o 

w(e ,t, - B) 
coo, t) - W(eo, t, + B) + W(00, t, - B) (15) 

- 

o 
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For a constant angle O 
o 

= 37/4, and k max = 4, (15) reduces to 

(23, p. 61) 

C(0 , t) _ 
o 2[8 + 2A2 + 

A4 
8 

(9 -35 Cos 461130] ] 

(12A2 + 5A4) Sin 2coBt 

(16) 

if the effects of finite time resolution are not considered. C(0 ,t) 
o 

is an oscillating function with period it /c.B; the periodicity is unal- 

tered by the effects of finite time resolution. The quantities actually 

measured are the single channel counting rates and the coincidence 

counting rate, so that substitution of equation (13) into (15) above re- 

sults in 

C(0o, t) - N true (0 
, t, +B) N1(-B) - Nt true (0 , t, -B) N1( +B) 

N (8 , t, +B) N ( -B) + N (0 , trB) N ( +B) true o 1 true o 1 

(17) 

E16)1 -k't' where N1( +B) = No 4n 
e . The inclusion of N1 (or alter- 

natively N2) not only accounts for the decay of the source but also 

effectively normalizes the data to the counting rates of the least sta- 

ble channel. The precession frequency o , evaluated from the data 

in Figure 13, was 1.25 x 108 + 0.005 x 108 radians per second; 

the g- factor was then determined to be 

g = 1. 32 + 0, 04 

and agrees well with previous determinations. 
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Lifetime Measurements 

If the angular correlation is time -independent, the delayed co- 

incidence curve behaves as a pure exponential in time, and decays 

with the characteristic lifetime of the state. However, Simms and 

Steffan (Z0, p. 1459 -1461) have shown that even when perturbations 

are present, the effects due to any time - dependent behavior of the 

angular correlation can be made negligible by making the angular 

resolution as poor as possible, that is, when the scintillation crys- 

tals subtend a solid angle of nearly 4 rr. A logarithmic plot of the de- 

layed coincidence curve then yields a straight line whose slope equals 

the decay constant of the intermediate state. 

Newton (18, p. 49 0) developed a method of determining decay 

constants from coincidence experiments that is also useful here. Let 

f(t)dt be the differential probability of detecting coincidence counts 

in the interval t to t + dt; F(t) and P(t) represent the experimen- 

tal delayed coincidence and prompt curves, respectively. If all of 

these quantities are normalized to unit area, then .F(t) is given by 

the convolution of P(t) with f(t), i.e. , 

SP(x)f(t-x)dx F(t) = = SPtx)fx)dx. (18) 
-oo -oo 

Now f(t) = 0 for t<0 since the second gamma -ray of the cascade 

fit cannot be emitted before the state is populated. For t >0, f(t) =ke 

ro 
( 
J 



Then with y = t -x, equation (18) becomes 

t 
F(t) = 

-At r eXY P (y) dy 
-ao 

Differentiating, we have 

dF(t) 
dt 

34 

(19) 

X. [P(t) - F(t)] (20) 

This shows that the maximum of the delayed coincidence curve oc- 

curs at the intersection of F(t) with P(t) and provides a further 

operational check of the apparatus. 

Differentiating the logarithm of F(t) yields 

d 
[.QnF(t)] c 

[P(t) - F(t)] 
= _X.[1 - P(t)/F(t)] (21) - 

dt F(t) 

which shows that the lifetime of the state may be safely determined 

from the slope of the logarithmic plot of the delayed coincidence 

curve only in the region where P(t) « F(t), i.e. , where the data are 

not influenced by the finite time resolution of the system. Typical 

delayed coincidence curves for the 25.6 Key and 74.5 Key states are 

shown in Figure 14 (a) and (b), respectively. 
161 

A source of Dy was made by evaporating a solution of the 

oxide in hydrochloric acid onto a thin gold mylar film. The counters 

were positioned in 180° geometry a few millimeters from the source. 

For the lifetime measurement of the 25.6 Key state, the single chan- 

nel analyzers were biased to accept events corresponding in energies 

ke 

_ 
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to the 48.9 -25.6 Key gamma -ray pair, and a series of delayed coin- 

cidence curves were accumulated. After correction for chance coin- 

cidence events, the data constituting the tail of the logarithmic plot 

of N (t) true was least squares fitted to a straight line whose nega- 

tive slope yielded the decay constant X.. An average of the results 

of six independent runs yielded a value of 

Ti = 27.78 + 0. 15 ns i - 
for the half -life of the 25.6 Key excited state, and is in excellent 

agreement with the results of previous measurements. The energy 

resolution of the spectrometer was fairly broad so that the photo - 

peak corresponding to the 48.9 Key transition also included the 57.2 

Key transition and the 46.0 and 45.2 Key x -rays accompanying its K- 

conversion decays, along with the 74.5 Key escape peak and Compton 

distribution. The x -rays, however, are isotropic and merely add a 

constant amount to the background except in the region of zero time 

(Appendix C), while the 57. 2 -74. 5 Key and 57, 2 -48.9 Key transitions 

are in "prompt" coincidence. Thus the effects of finite time resolu- 

tion and the inability to select only the 48.9 -25.6 Key transitions re- 

sults in a preponderance of events which detracts from the exponen- 

tial behavior of the delayed coincidence curve around zero time. The 

logarithmic plot of the delayed coincidence curve shown in Figure 14 

clearly shows this deviation from linearity; all data around zero - 

time was thus excluded from the determination of the half -life. 
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The experimental techniques used for the measurement of the 

lifetime of the 74.5 Key state were essentially the same as those used 

for the 25.6 Key state. The single channel analyzers were biased to 

accept events corresponding in energies to the 57.2 -74.5 Key gamma - 

ray pair which proceed through the intermediate state of approxi- 

mately 3 ns. The lifetime of the state was determined by the numer- 

ical integration method of Newton since the data are everywhere influ- 

enced by the finite time resolution of the system. An average of the 

results of several independent runs yielded a value of 

T1 = 2.91 + 0.26 ns i - 
for the half -life of the 74.5 Key excited state. This compares fa- 

vorably with the results of previous determinations as listed in Table 

II. 
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CONCLUSIONS 

The interaction of the magnetic moment of the 482 Key excited 
181 

state in Ta with an external magnetic field has been studied by 

observing its effect on the angular correlation of the 133 -482 Key 

gamma -ray cascade which results from the beta decay of Hf181 

The periodic attenuation of the angular correlation occurred with a 

frequency which is just twice the classical Larmor frequency of pre- 

cession, and was evaluated by the centroid shift of the periodic func- 

tion C(6 
o 

,t). The value of 1.25 x 108 + 0..005x 108 radians per - 

second for the angular frequency corresponds to a g- factor of 

g = 1.32 + 0.04 

in good agreement with the previous determinations listed in Table I. 

In addition, the lifetimes of the 25.6 Key and 74.5 Key excited 
161 161 states in Dy , which is formed by the beta decay of Tb , were 

determined to be 27.78 + 0.15 ns and 2.91 + 0. 26 ns, respectively. 

The lifetime of the longer -lived state was determined from the slope 

of the delayed coincidence curve while the lifetime of the 74.5 Key 

excited state was determined using the method of Newton due to the 

influence of the prompt curve. The uncertainties associated with 

these results were computed considering only the statistical fluctua- 

tions of a number of measurements; uncertainties in the calibration 

of the time -to- pulse- height converter were not considered since 

. 
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limits on the Amphenol type RG /63 -U delay cable were not available 

in the manufacturers specifications. It is perhaps reasonable to as- 

sume an uncertainty of about 1 percent associated with the delay ca- 

ble, which, upon propagation, would overshadow the statistical un- 

certainty associated with the lifetime of the 25. 6 Key state, while not 

appreciably affecting the uncertainty in the lifetime of the 74.5 Key 

state. The modified results are then 

and 

T1 = 27.78 + 0.28 ns 
i 

T1 = 2.91 + 0. 26 ns 
i 

which probably represent slightly more realistic values. These val- 

ues agree well with the prior determinations listed in Tables II and 

III. 

- 
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Appendix A. Dependence of the delayed coincidence counting 
rate on the angular correlation 

In an angular correlation measurement the number of delayed 

coincidences per unit time is observed experimentally rather than 

the angular correlation itself and one asks for a quantitative connect- 

ing relation. This can be obtained in the following manner: Let r(t1) 

be the probability per unit time that a Y photon is detected by 

counter number one. The differential probability that a `/ photon 

be detected by counter two in the interval t" to t" + dt" after the 

detection of N is represented by s(t ")dt" and is proportional to 

the probability of emission of Y 
2. Then f(t') = dF(t' ) /dt' is the 

differential probability per unit time of detecting N 
2 

in coincidence 

with Y and is given by 

dF(t' )/dt' = f(t' ) = r(t' )Sa s(t")dt" (Al) 

The true coincidence rate depends on the following quantities: 

No - the activity of the source 

w. - the solid angle subtended by counter i 

E 

1 
- the efficiency of slow channel i for registering Y . 

W(0, t) - the angular correlation of the cascade 

t - the time of emission of Y2 with respect to t = 0, 
the time of emission of N1 

t' - the elapsed time from the beginning of the experiment 
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X' - the decay constant for the beta -decay which populates 
the I 

a 
state 

- the decay constant associated with the Y decay of the 
intermediate level Ib 

pt - the time interval represented by each channel of the 
multichannel analyzer 

2 Now r(t' ) = No 
E 

4Tr1 
e-k t and s(t")dt" - 4 X e-kt dt" 

so that 

f(t ) = dd t' ) - (No 4nl e-X't' )( E 42 Ae-kt"dt") . (A2) 

Then the true coincidence counting rate per channel is given by 

(j+1)At 
Wl 4)2 -X.' t' (' -Xt" 

= NoE 
lE2 4Tr 4Tr 

e 
true t, t' ) t) ñe d t" (A3) 

jOt 

For isotropic radiation, an integration over all time yields 

Wl W2 -kit' 
Ntrue (t') N e 

lE 2 4Tr 41r 
e (A4) 

as expected. The differential nature of equation (A3) is revealed by 

performing the indicated integration. The result is 

WI. W2 -X't' -k,t -XjOt 
Ntrue(8'jOt,t ) = No E1 E2 

4Tr 4Tre 
W(6,j.At)(1-e )e 

(A5) 

and will be purely exponential in time if the angular correlation is 

not time- dependent and if the experiment is performed in a manner 

such that equal observation intervals At are used The lifetime of 

J 

o 

- 
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the excited state can then be determined from the slope of a logarith- 

mic plot of N (t). true 
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Appendix B. Random or chance coincidences in coincidence 
circuits 

In experiments such as those described in this thesis, two de- 

tectors are exposed to the same source of nuclear radiation and con- 

nected to a coincidence circuit which delivers an output pulse only if 

"simultaneous" pulses from the detectors appear at its input. If the 

circuitry associated with the detectors has a resolving time T (as- 

sumed to be the same for each channel) then random pulses occuring 

in each channel within the time T may be accepted by the single 

channel analyzers as corresponding to true coincidences. An expres- 

sion for the contribution of these random coincidences is obtained by 

referring to Figure B1 (6, p. 791). 

Channel 1 

Channel 2 

true 
coincidence 

random 
coincidence; 

channel 1 

followed by 2 

Appendix Figure B1. 

true random single single 
coincidence; pulse in pulse in 

channel 2 channel 1 channel 2 
followed. by 1 

coincidence 

Schematic illustration of true and random 
coincidences in a two - channel coincidence 
counting circuit 

/7/ b 
1, 
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Let N1 and N2 be the average true rate at which channels 1 and 

2 receive random pulses, and N12 the true coincidence rate. In 

channel 1, the non -coincidence rate is evidently (N1- N12), while for 

channel 2, it is (N2- N12). The random coincidence rate due to sin- 

gle pulses in channel 1 being followed by single pulses in channel 2 

within the resolving time T is equal to the rate of random pulses in 

channel 1 times the total number of pulses in channel 2 that occur 

within a time T . Thus if NR1 designates these random coinci- 

dence s , 

NR1 = (N1- N12)[(N2 - N12)-r]. (B1) 

Similarly, coincidences resulting from a single pulse in channel 2 

followed by a single pulse in channel 1 within the resolving time T 

is 

NR2 = (N2 - N12) [(N1 - N12) T ] . 

The total random coincidence rate is the sum of (B1) and (B2) 

NR = 2 T (N1 - N12) (N2 - N12) 

(B2) 

(B3) 

Multiple random coincidences, such as would be caused by several 

pulses occurring in one channel during the resolving time of the other 

channel, have not been considered as their contributions can be made 

negligible by keeping NIT « 1 and N2 T « 1. In practice, the true 

coincidence rate is small compared to the singles rates, thus (B3) 

becomes approximately 



ti 2 r N N = 2 T N 
2 E1("31 E2W2 e-2't' 

NR 
1 2 o 4Tr 4ir 

48 

(B4) 

If the analyzer accepts only those converter pulses which stem from 

the same events that produce the slow coincidence gate pulse, that is, 

only one pulse per gate pulse is accepted, (.B4) can be written in 

terms of the channel width At (21, p. 59), thus 

E W 

1 

E2w2 e-2 't ' NR ti 2ptN1N2 = 2ptNo 
4Tr 4Tr 

(B5) 

This is a reasonable assumption since the analyzer is internally 

biased off for a minimum time of 15 microseconds after accepting a 

pulse as compared to the 4 microsecond gate pulse Since the sin- 

gles rates N1 and N2 depend on the source strength, the random 

coincidence rate is proportional to the square of the source strength; 

an upper limit is thus imposed on the useful source strength by the 

condition that the true coincidence counting rate be at least as large 

as the random coincidence counting rate. 
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Appendix C. Accidental coincidences resulting from a 
two-stage decay 

The 57.2 Key excited state of Dy161 is strongly internally con- 

verted; the resulting Ka 
1 

and Ka2 x -rays have energies of 46.0 

Key and 45. 2 Key, respectively. These energies are very closely 

spaced to the desired 48.9 Key transition and their photopeaks from 

the NaI crystal are so broad that no bias setting will successfully ex- 

clude events of unwanted energy without also excluding a portion of 

the events of desired energy. The x- radiation is isotropic, however, 

and can only add to the accidental background by coincidences with 

the 25. 6 Kevy -rays through a two -stage decay. Letting the detec- 

tion of an x -ray in counter 1 denote zero -time, we ask for the rela- 

tive probability of a 25. 6 Key Y -ray being detected by counter 2 in 

a time t" to t" + dt" after zero -time. Now the 25. 6 Key Y -ray 

can appear only after the appearance of a 48.9 Key Y -ray, the lat- 

ter state being populated by the emission of the x -ray. 

Let f(t)dt = dF(t) be the differential probability that a 48.9 

Key Y -ray is emitted in the time t to t + dt after zero time. Sim- 

ilarly, let f(t' )dt' = dF(t') be the differential probability that a 25. 6 

Key Y -ray is emitted in the time t' to t' + dt' after emission of the 

48.9 Key Y -ray. Now 

and 
f(t) = 0 for t< 0 

f(t) = e lt for t >0 



and 

f(t') = 0 for t' < 0 

f(t') = 2e 
-X?t 

for t' > 0 
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The differential probability dF(t ") = f(t ")dt" that a 25.6 Key Y -ray 

is emitted in a time t" to t" + dt" is obtained by integrating over 

all possible contributions. Thus 

t" 
f(t")dt" = dF(t") = f(t' )f (t)dt' dt 

o 

t" 
dt" (Cl) 

o 

since dt = dt ". Hence 

dF(t") - 
k1X.2 

X1-2 
(e-X2t" e-X. lt') (C2) 

Now the number of x -ray- 25.6 Key coincidence counts per channel 

is proportional to dF(t "), and decays with the characteristic lifetime 

of the 25.6 Key state for times such that X1t" » .2t ". Since 

1/X.2'+, 
10, only the first few channels of the delayed coincidence 

curve are affected by this two -stage decay. 

Substitution of either 
X1 

or 
X`2 

= oo yields the expected pure 

exponential decay for a single -step transition; no coincidences are 

possible for a stable state, i.e. for ?.. = 0, thus infering the cor- 
e 

rectness of expression (C2). Hence, the delayed coincidence curve 

is merely displaced vertically, except for the region around zero -time. 

¡ 
X. 

J 

2e le 
1<1(t t )dt' 

dt" 


