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.ABSTRACT 

The atomic-beam magnetic-resonance technique with radioactive 

detection has been used to investigate several radioactive gallium 

isotopes. The nuclear spin of 21-min Ga 7 0 has been determined to 

be 1, and the hyperfine structure separations of 68-min Ga 
68 

and 78-hr 
67 67 . 

Ga have been measured. The Ga has been measured 1n both the 
2

P
3

/
2

and the 
2

P
1

/
2 

electr.onic states, allowing a determination of the 

differential hyperfine structure anomaly 
67 o69 , defined by 

67 669 = 67 L>. 69} - 67 L>.6(i r (~v)jlt'~ )69 -I. 

The Ga
68 

has been measured in the 
2

P
3

/
2 

state and has shown a very 

small magnetic moment, causing an inversion of the energy levels, 

For an assumed positive magnetic moment the decreasing energy 

level sequence is F = 5/2, 1/2, 3/2. The measurements made on 

these isotopes 

2 
p3/2 a 

2 
p3/2 b 

2 
p1/2 .6.v 

1-LI 

Q 

yield the following results: 

Ga67 

175.092 (9) Me/sec 
2 

= 

= 71.940 (25) Me/ sec 
2 

2457.733 (30) Me/sec 
2 

= 

= 1.8454 (,8) nm 

= 0.219 (11) barns 

p3/2 

p3/2 

p3/2 

·ca68 

\a\= 3,75 (20) Me/sec 

\b I = 11.7 (1.0) Me/sec 

b/a > 0 

!1-LI != 0.0263 (14) nm 

\OI = 0.0356 (31) barns 

The nuclear moments are obtained by the use of the Fermi-Segre' 
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formula and the previously measured moments and interaction 
69 constants of Ga . The magnetic moments quoted do not contain 

any diamagnetic correction. If we compare the interaction constants 

of Ga 
69 

with our values for Ga 
67

, we obtain 
67 o 69 

::= (6 ± 5) X 10- 3 o/o. 
The neutron-deficient isotopes were produced by bombarding 

copper with a particles, The gallium was separated chemically from 
70 

the copper by an ether-extraction technique. The pa was produced 

by neutron bombardment of gallium and was transported from the 

reactor to the atomic-beam machine by helicopter, due to the short 

half life involved, Isotopic detection was accomplished by exposing 

collector "buttons'' to the beam and then counting their radioactivity 

in either low-background scintillation or Geiger counters, depending 

on the characteristic radiation emitted, 

The theory of the experiment, experimental apparatus and 

techniques, methods of data analysis, and results are presented, 

A brief history of studies of gallium is also given. 
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I. INTRODUCTION 

Gallium was discovered spectroscopically by Lecoq de Boisbaudran 

(BOI 76) in 1875 in a specimen of zinc blend. In the same year he 

obtained the free metal by electrolysis of a solution of the hydroxide 

in potassium hydroxide, which is essentially the method used today. 

He described it as a metallic element of steel-gray color melting at 

30°C and boiling at about 1700°C, and recommended it for use m 

high-temperature thermometers, More recent measurements 

(HAR 28, KEL 35} have shown the boiling point to be 2071°C,-.-,w.ith~a 

melti~g point of 30°C, At 1349°C, the vapor pressure is 1 ~Til. '.'wl:ii:Ch 

is about the normal operating pressure inside the oven used in atomic

beam research. 

Gallium is one of the scarcest elements, although it is widely 

distributed through nature in minute quantities, occurring in many 

zinc blends and almost always in bauxite. de Boisbaudran processed 
. I 

4300 kg of rich Bensberg ore (BOI 78) and determined that gallium 

was present in the amount of 16 mg/kg of ore. At the present time 

it is valued at $1360 per pounds roughly three times the value of gold, 

Remarkably hard and resistant even at a temperature little below its 

melting point, it is but slightly malleable and flexible, Its chief 

physical and chemical properties had been predicted six years before 

its discovery by D. I. Mendeleef, who called it eka-aluminum. 

However, de Boisbaudran chose to name it gallium in honor of his 

native country, France. 

Early spectroscopic studies were rather difficult because of the 

scarcity of material and the fact that gallium is liquid at low tem

peratures. However, the difficulties were overcome, and by 1922 a 

number of lines had been measured. (FOW 22, PAS 22, UHL 22) 

In 1925 electron spin was postulated and Sawyer and Lang combined 

this with previous results and their observations {SAW 29) to obtain 

a ground state of 4s
2
4p

2
Pl/Z with a fine- structure separation of 

-1 2 . 
826 em from the P

3
; 2member of the doublet. Recently the 

measurements have been extended into the ultraviolet and infrared 

regions (GAR 50, MEG 52), and all the term values have been 
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recalculated and summarized by Moore (MOO 52), Approximately 70 

lines have now been classified, 

A productive approach toward understanding the structure of the 

nucleus has been provided by measurement of vari-ous intrinsic nuclear 

properties, such as spin and multi pole moments. · These experimental 

results can then be compared with theoretical results calculated from an 

assumed nuclear model and thus can lead to a comprehensive theory of 

nuclear structure. This method has aided greatly the development of 

the shell theory of the nucleus (MAY 55). the collective model of Bohr 

and Mottles on (BOH 53). and various other theories (HOH 50, BLI 57). 

Several experimental methods have been extremely useful in 

furthering the knowledge of ground- state nuclear properties. The prin

ciple techniques used are microwave spectroscopy, optical spectroscopy, 

paramagnetic resonance, electron-nuclear double resonance, atomic and 

molecular beams, and 13- andy -ray spectroscopy. 

The earliest nuclear information was obtained by using optical 

spectroscopic methods, In 1931 Campbell and Bacher (GAM 31) 
·. . 2 2 . 

observed three components of the 4p P 1; 2--5s Sl/Z line at 4032 A, 

indicating a nuclear spin of l/2. The relative intensities also agreed 

with this result, although their resolution was very poor. In 1932, 

Jackson (JAC 32). using a higher-resolution interferometer, decided 

the nuclear spin was 3/2 for both Ga 69 and Ga 
71

, although he could not 

exclude the pas sibility that I was 0 for one isotope, in which case he 
' 

could not say anything about the spin of the other isotope. (This was 

obviously before the discovery of the neutron!) He later improved his 

accuracy {JAC 32a) and observed that the magnetic moments were roughly 

the same for both isotopes, indicating equal spins, i.e. I= 3/2. 

Campbell (CAM 32) used a 21-ft grating to measure the hyperfine 

structure of Gaii and also obtained I = 3/2. The following year he noted 

that the lines of the two isotopes are separated because of differing 

magnetic moments and obtained the ratio of the moments as 1.27. 

{CAM 33) Historically, this was important since it was the first instance 

in which isotopes of the same nuclear spin were found to possess differ

ent magnetic moments. Goudsmit (GOU 33) calculated the magnetic 

\j 

lr' 
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69 moments from the results of .Campbell and obtained iJ. = 2,01 nm and 

f.L 
71 

= 2,55 nm, in very good agreement with present-day results, In 

1936, Schuler and Korsching (SCH 36) made observations on the 
3 3 

4s5s s 1-4s5p P
0 1 2 

triplet of Gaii to obtain the quadrupole moments. 
' ' Their values are in rather poor agreement with present-day values, 

The experimental method that tTeats the atom in the most isolated 

state is that of atomic and molecular beams, Also, when used in con

junction with the technique of radioactive detection, this method allows 

a measurement using as few as 10
10 

ato:ns of the isotope in question, 

At present this is far less material than is required by any of the other 

methods. Thus we see the atomic-beam method is ideally suited for the 

determination of atomic and nuclear properties of an isolated radioactive 

atom, These properties may best be obtained from a study of the inter

action of the nucleus and its associated electrons with an external 

magnetic field. 

The atomic-beam magnetic-resonance technique was originally 

developed by Rabi (RAB 38). In 1942 Zacharias (ZAC 42) introduced 

the flop-in modification which greatly enhanced the signal-to-nois.e ratio, 

permitting measurements. on isotopes with low relative abundance. 

Development of the radioactive detection technique {SMI 51) resulted 

in another reduction in the amount of material requied to perform an 

experiment. This latter method is especially useful for measurements 

on isotopes having half lives greater than several minutes and less than 

a month. 

Renzetti (REN 40) was the first to perform atomic-beam measure

ments on stable gallium, using the zero-moment method to obtain rough 

values of a and b for both stable isotopes. In 194 7, Kusch and Foley 

(KUS 47) applied the much .more accurate magnetic-resonance method 

to the problem and obtained good results. They noted a discrepancy in 
2 2 

the values obtained for gJ for the P l/2 and P 3 ; 2 states, and by com-

bining their results with the value of gJ for sodium, they were able to 

measure the anomalous magnetic moment of the electron for the first 

time. (FOL 48, KUS 48) Shortly after this, Becker and Kusch (BEC 48) 

obtained the values of a and b with an uncertainty of 5 kc/sec and 
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measured the magnetic moment of both isotopes directly, using a 

.6m
1 

= ± 1, .6m
3 

= 0 transition at 5000 gauss. Using the values of !J.I 

and a they calculated<~ and thus obtained :th:e fir~st good values 
r. ~y 

of the quadrupole momehts"from their values of b. 

In the same year, Pound (POU 48) used nuclear-resonance tech

niques to obtain the magnetic moments of Ga 69 and Ga 71 Kusch pointed 

out (KUS 50) that there was a discrepancy of 0. 7 o/o (about three times the 

experimental limits of error) between the values obtained by Pound 

and those obtained by using atomic-beam methods. This discrepancy 

was explained by Foley (FOL 50) as due to perturbation of the hyper

fine structure of the 
2

P
1

/
2 

state by the 
2

P
3

/
2 

state. Clendenin 

(CLE 54} has calculated this effect using relativistic electronic wave 

functions and obtains good agreement between theory and experiment. 

The main effects are a change in apparent nuclear g · factor and a com

mon lowering of all
2

P l/Z sublevels. 

The latesltexperirnents on stable gallium will be mentioned in the 

main body of this thesis and have resulted in very good values of 
69 71 

a, b, .6 v, and gi for Ga and Ga. • (LUR 56, DAL 54, RIC 55, WAL 

55) This has allowed the determination of the hyperfine-structure 

anomaly for these two isotopes. 

The atomic-beam experiment presented in this thesis is part of 

a continuing program of the Atomic Beam Laboratory of the University 

of California for the systematic study of the nuclear properties of 

radioactive isotopes. During the previous four years, a total of 80 

nuclear spins have been measured, of which nine are confirmations 

of work done elsewhere, The half lives involved range from 10 min 

to 24,000 yr. The hyperfine-structure separations of many of these 

isotopes have also been measured, which allowed determination of the 

nuclear multi pole moments. 

The atomic-beam flop-in apparatus used in the work described 

here is discus sed in detail in the Ph. D. thesis of Robert J. Sunderland 

(SUN 56). In essence, the system is as follows: Neutral atoms are 

thermally ejected from a source oven and enter a high-vacuum chamber, 

where the mean free path is much longer than the length of the chamber. 
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The beam of atoms is directed sucessively through three magnetic 

fields, denoted the A, C,. and B fields. The A and B fields are very 

inhomogeneous and thus are able to deflect a neutral atom possessing 

a magnetic moment. The C field, situated between the A and B fields, 

is extremely homogeneous and thus has no effect on the direction of i: 

travel of the neutral atoms. A r adiofrequency magnetic field is super

imposed on the C field and is capable of inducing transitions between 

the energy levels of the atom as it passes through the C field. The 

frequency necessary to cause a transition is dependent upon the 

strength of the C field and upon the atomic and nuclear constants of the 

atom. If the atom undergoes a transition that results in a change in 

sign of its magnetic moment, the A and B fields act in such a manner 

as to focus the atoms onto the axis of the apparatus. If such a transi

tion does not occur, the A and B fields will ''throw out 11 the atom. 

By placing a suitable detector at the focal point of the machine, one 

can determine when transitions have been induced. From a measure-

ment of the strength of the C field and the frequency at which a trans

ition occurs, various atomic and nuclear constants can be determined. 

The experiment presented here resulted in the determination of 

the nuclear spin of Ga 70 ··and the hyperfine-structure separations, 
67 

magnetic dipole moments, and electric quadrupole moments of Ga 
68 

and Ga . Preliminary values of these constants had been obtained 
. 67 68 

prev1ously for Ga (WOR 57) and for Ga (HUB 58). The accuracy 

with which the experiment was performed also allowed the determin

ation of the differential hyperfine-structure anomaly for Ga
67

. 
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II. THEORY 

A. The Hyperfine-Stru'cture Interaction 

1. Interaction of a Nucleus with Its Atomic Electrons 

In the previous section we noted that one of the advantages of the 

atomic-beam method is that the a.tom is studied in a highly isolated state. 

Thus it is unnecessary to consider interactions between neighboring atoms 

and in the absence of an external field we need consider only the inter

action between the nucleus and its atomic electrons. Perhaps the most 

fruitful approach is to consider the nucleus as situated in the electric and 

magnetic fields caused by the moving electrons. We can then expand the 

electron field in terms of its multipole components and consider the inter

action of each component with the corresponding multipole moment of the 

nucleus. The· advantage of this method i'S that there are certain theoretical 

restrictions on the order of nuclear multipole moments which serve to 

reduce the number of terms required to describe the system. They may 

be summarized as follows: (RAM 56, pp. 58, 70) 

(a) For a nuclear spin I, it is impossible to observe a nuclear 

multipole moment of order 2k for k > 2I, 

(b) If there is no degeneracy of nuclear states with different parity 

and if the nuclear Hamiltonian is unaltered by an inversion of coordinates, 

then: 

( 1) if all nuclear electrical effects arise from electrical 

charges, no odd (k odd) electric multipole can exist; 

(2) if all nuclear magnetic effects arise from the circulation 

of electrical charges, no even {k even) magnetic multipole 

can exist. 

Analagous theorems are applicable to an atom with atomic angular momen

tum J. Thus a nucleus possessing a nuclear quadrupole moment P > i) 
can have no quadrupole interaction energy with an atom whose J is i . 

The advantages of this method are now evident. The only inter

actions possible between the nucleus and its electrons are electric monopole, 

magnetic dipole, electric quadrupole, etc., and the number of terms is 

limited by the smaller of I and J. The electric-monopole interaction is 
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well-known and leads to the first-order structure of the atom. It 

will not be discussed further here. The higher-order terms account 

for the hyperfine struc:ti..u:e of the atom. Schwartz has given an excel

lent discussion of this in his papers (SCH 55, SCH 57). In practice, 

the magnetic-octupole interaction is not observable within the 

~ccuracy of the machine used in this experiment and will be ignored. 

Thus we need .consider only the magnetic-dipole and electric-quadrupole 

interactions. 

For the case of the dipole interaction, the Hamiltonian has 

the form \JJ --+ -o\ D =- f.li. BJ (II. 1) - --+ 
where f.li is the nuclear magnetic-dipole moment and BJ is the 

magnetic field at the nucleus due to the circulating electrons. There 

is a general theorem (RAM 56) to the effect that 

f.li -IJ-1 = 
-+ 
I (II. 2) 

I -for a nucleus of definite spin I. Also B J can be taken as proportional -to J for matrix elements diagonal in J. (The implications of..:::this 

will be discussed later.) We can combine these facts and write 

\J --+ --+ o\. D = ha I • J ' (II. 3) 

where h is Planck 1 s constant and a is a proportionality constant 

having the dimensions of frequency. Constant a is usually called 

the dipole interaction constant and is defined by 

ha = - (II.4) 

Casimir (CAS 36) has evaluated this expression for a and has 

obtained 

a= [2L(L+l)J<~ \ ~ 
J(J+l) r)/ Av 

(II. 5) 

where the average must be taken with respect to the outer electron 
having orbital angular momentum L. Here ~s a relativistic cor

rection .. factor given by Casimir (::::: 1), f.l is the Bohr magneton en 0 
( -

2
- ) , and 
me 
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gi is the nuclear g factor defined by 

f.LI 
(II. 6) gi = 

f.l I 
0 

and referred to in units of Bohr magnetons. 

We note that the majority of the quantities in Eq. (II. 5) depend 

only on the electronic structure of the atom. Consequently, they will 

not vary between two neighboring isotopes if we assume a point 

nucleus. If we then compare the dipole-interaction constants for two 

isotopes, 1 and 2, we obtain 

al gi 
1 = 

a2 ':gi 
2 

(II. 7) 

This is the familiar ' Fermi-Segre formula. 

}( Q = 
hb 

[3 (!." i)2 + i (tJ) - I(I+ 1) J(J + 1_i] (II. 8) 
2 I (2I-l) J (2J-l} 

where b is the quadrupole interaction. constant defined by 

hb = 

Here Q is called the nuclear electric-quadrupole moment and is 

defined by 

Q = 1 
e 1 

T 
n 

2 2 
p (3 z - r ) d T , 

nii n n n 

(II. 9) 

(II. 1 0) 

where the subscript n indicates nuclear coordinates and p is the 
. . . . nii 

nuclear charge dens1ty when the nucleus 1s 1n the or1enta-

tion state with mi = I. The quantity qJ is defined by 
{:. --: -

• 
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(II. 11) . 

This has also been evaluated by Casimir with the result 

b ; •:Q (z~~3)(~ 'v Q • (II. 12) 

where{;(_ is a relativisti'c correction factor, We also see that we can ob- · 

tain the analogue of the Fermi-Segre formula for this case: 

= 

Since it is difficult to evaluate (r~~ , 

eliminate this quantity. We see that we ct:rf do 

(II. 13) 

it would be desirable to 

so by combining Eqs. 

. (II. 5) and (II. 12) . For L = 1 and J = 3/2 we then obtain 
2 of 

Q 
8 b gi fJ·o 

= (R, 3 a 2 
e 

(II. 14) 

Since gi can be measured directly with a nuclear-resonance experiment, 

and a and b can be obtained accurately with an atomic-beam experi

ment, we can obtain a reasonably correct value of Q by using this 

formula. 

Up to this point we have assumed the atom to be in a pure state 
I 

of angular momentum J. The extent to which this holds true can be 

determined if a can be evaluated for two different states of the atom, 

since, from Eq (II. 5), 

aJ o;ti' 
1 5 

Jl 
= 

4J aJ 
2 2 

(II. 15) 

for L = 1 {p electron). 

In the case of gallium, this becomes 

(:~;~-' ~ "5.41, 
ture state 

(II. 16) 

while the experimental value is 
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(II.l7) 

This poor agreement indicates the necessity of including the effects 

of configuration mixing. Koster (KOS 52) has considered this problem 

for gallium and has found it necessary to mix only the 4s4p5s excited 

state with the (4s )24p ground stat~. He obtains, in place of Eq. (II. 5 ), 

2 
2 gi 1-Lo 

h 
r_ -3 L 0.280 a

0 -2.67~<~J 
2 Av 

(II. 18) 

and 2 

~.837 
2 gi 1-Lo -3 

a3 = - a 
3h 0 

2 
1.61 ~< ~\ J, (II, 19) 
. 2 r ?v 

and for Eq. (II. 12), 

2 

(;i b 
2 e Q R 

= Sh 
Av 

(II. 20) 

Equation (II. 20) is the same as Eq. (II. 12) with L= 1, i.e. the 

formula is not changed in this case. This is reasonable, since we are 

exciting an s electron to a higher s state and thus would not expect 

it to have any effect on the quadrupole interaction. 
69 

a3' and gi for Ga (DAL 54, 

2 expressions. We obtain 

is approximately 5.29 X 10- 9 

Using the experimental values for a 1 , 

LUR 56, RIC 55), we can evaluate these 2 

/._ !~ = 3.46 a - 3 (a , the Bohr radius, \i ·17Av o o 
em). To check the validity of this result, we note that now 

= 6.67. (II. 21) 

int. 

This is now within 5 o/o of the experimental value of Eq. (II. 17) and 

represents a considerable improvement over Eq. (II. 16). 



-16-

We must now consider the effect if J is not a good quantum 

number, that is if we have a near-by level of different J. This is 
2 2 

certainly the case for gallium, where the P l/2 and P3; 2 states 

have a fine-structure separation of 

o = 826.24 cm-l = 2.48 X 10
7 

Me/sec (II. 2 2) 

Clendenin has discussed this problem, using relativistic wave 

functions and second-order perturbation theory (CLE 54). He concludes 

that a in the 
2

P 1/ 2 state must be replaced by 

,, 
a 1 = a - (II. 23) 

where 

a" 1 
= - Tb 

'6 2 2 4 4 (1- 1.39 Z a - 0.121 Z a + .. ) (II. 24) 
a 

Evaluating this for Ga 
67

, we find that 

= 0.4 kc/sec (II. 25) 

which is smaller than the accuracy attained in the experiment and thus 

can be ignored. In this calculation the effect of the quadrupole term 

has been neglected. However, because of the rather small quadrupole

interaction constants of the gallium' isotopes and the relatively large 

fine-structuT.e separation, this effect is not expected to be significant. 

Clendenin also discovered that gi obtained from Eq. (II. 5) would 

be altered by about 0.6% due to this effect. However, this is of no 

consequence to us, because gi can be measured directly for stable 

isotopes by using nuclear-resonance techniques. Then gi for the 

radioactive isotopes can be obtained by the use of Eq. (II. 7). 

2. Interaction with an External Magnetic Field 

If we now place the nucleus and its associated electrons in a -magnetic field, H, the Hamiltonian for the interaction with the field 

will be 

}(M - - - - (II. 26) = - flJ H f.LI H, 

-where f.LJ is the magnetic moment of the electron system. 
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Since we have 

-+ f.lJ -f.lJ = - J 
J 

(II. 27) 

·-and Eq. (II. 2) holds for f.l I ' we can rewrite Eq. (IL 26) as 

y f.lJ 
M - - -

J 
- -J . H- f.li - -I · H . (II. 28) 

I 

In terms of the g factors, we can rewrite Eq. (11.28) as 

(II. 29) 

where g
3 

is the atomic (Lande) g factor defined by 

g = J 

and gi is as defined in Eq. (II.6 ), 

(II.30) 

We can discuss the behavior of this system in a magnetic field 

roughly by cal~ulating the magnetic field at the nucleus due to the 

electrons. For a single s electron, this field is approximately 

2f.l 
0 

--3 
a 

0 

or about 
5 

10 gauss. The nuclear moment is about (l/2000)f.l .or 
0 

-24 I 5Xl0 ergs gauss. The interaction energy is thus about 

5Xlo- 19 ergs, or 100 Me/sec if frequency is used as the unit of 

energy. This represents a rather strong coupling of the nuclear spin 

to the electronic angular momentum. On the other hand, the atomic 

g f.l H 
precession frequency in a magnetic field, if uncoupled, is J h 0 

, or 

about 2.8 Me/sec-gauss. Thus it would take an external fieid of 

several hundred gauss .to completely decouple the nuclear and 

electronic systems. 

In view of this we can describe the behavior of the system in - -weak fields as a coupling of I and J to form a resultant total angular - - ..... momentum F = I + J. The other good quantum number will then be m, -the projection of F along the magnetic-field direction. Figure la - - -shows how I and J couple to form a resultant F which precesses in -a weak magnetic field H
0

: • -In a strong magnetic field I and 
pendently precess about a magnetic field 

--.. 
J are decoupled and inde-
-+ 
H as shown in Fig. 1 b. In this 

0 
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-representation, mi and mJ, the magnetic quantum numbers of I and -J , are good quantum numbers. 

3. Solution of the Secular Equation 

a. Case I; No magnetic field 

When there is no magnetic field, the Hamiltonian is 

}e 
0 

= Jf D + }( Q (II. 31) 

or 
-- -+ = ha I · J + hb [ 3 <i· J)2 

2I(2I-l) J(2J-l) 

+ ~ <i·j>- I(I+l) J(J+lU (II.32) 
2 

At zero field, F and m are good quantum numbers and the solution 

of the equation •is fairly simple, since the matrix is diagonal in the 
_,. _,. 

( F, m) representation. We need the matrix elements of I · J in this 

representation. They are easily obtained by noting 
-- 2 ---- 2 . ~2 -- 2 -- ...... (F) = (I+J) = (IJ + (J) + 2 I • J, (II.33) 

for ~which we can write [ J 
1 T· J = ± F (F+l)- I(I+l)- J(J+l) = 2 c. (II. 34) 

Thus the expression for the energy becomes 

1 ha C + ___ h_b ___ _ 

2 2I(2I-l) J(2J-l) 

x[~ C (C+l) - I(I+l) J(J+l~. (II.35) 
4 

We note that this expression is degenerate in m. We shall see later 

that this degeneracy is removed by a magnetic field. 

When J = 1/2, we have no quadrupole term and there are only 

two possible F values, F =I+ 1/2 and F =I"" 1/2. The hyperfine

structure energy separation between these levels is .customarily de-

signated L::.v (in units of Me/sec) and is given by 

L::.v = WI+l/2- WI-1/2 =a (1+1/2) . (II.36) 

h 
For J > 1/2, we must include the quadrupole term, and the computation 

becomes more involved, although by no means difficult. To eliminate 

the tedium involved in the calculation, Baker (BAK 60) has utilized 
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the IBM-653 computer to obtain tables of coefficients relating 

~vF F to a and b. Using these tables, we obtain for J=3/2, 

I =l;l' 2 5 ~ b ~v5 3 = 2 a+ 4 

2' 2 
3 9 

~v 3 1 = 2 a - 4 b ' (II. 3 7) 

2 ' 2 
and for J = 3/2, I = 3/2; 

~v 
3 2 

= 3 a + b 
~v ' = 2 a - b 
A 2, l b .w.v 1 ,

0
=_a-. 

The order of the various levels 

(II.38) 

depends on the ratio b/a=g. 

It is of interest to determine the dependence. If we write our energy as 
W' - W - 1 C g . 

- ha - 2 + 2I(2I-l) J(2J-l) 

;:.[i C {C+l)-I(l+l) J(J+l)] (II.39) 

we can plot W 1 against g, Marino (MAR 59) has done this and ob

tained Fig, 2 for J = 3/2, I = 1, and Fig. 3 for J = 3/2, I = 3/2. 

b. Ca.se II: Magnetic field 

When the effect of the magnetic field is included, the Hamiltonian 

becomes 
'}( =J-Co+ ~{M (II.40) 

or 
}-( = ha I· J hb 

+21(21-1) J(2J-l) 

x[3 (I· 1>2 + i {i·J)-I(I+l)J(J+lil 
...... ...... -+ ._.... 

- gJfloJ . H -glflo I. H. 

(II.41) 

We have already obtained the. matrix elements of ){ 
0 

in Eq. (IL 35 ), 

Ramsey (RAM 56) gives the diagonal matrix elements of )/( M as 

(F )I \J) IF )- H F(F+l) + J(J+l)- I(I+l) 
'm o'. M . 'm -- gJflo 2F(F+l) m 

H F(F+l) + I(Hl) - J(J+l) 
-giflo 2~F(F+l) m ·-

"' (II.42) 

There will be off-diagonal elements of }{ M in the (F, m) repre-
....... -+- __,.. --+-

sentation due to the terms in I and J (from I · H and J · H). Now, z z 
since F z = Iz + J z is diagonal in F and m, we will have 

(F,m I I IF', m 1 ) =- (F,m I J I F 1 ,m'). (II.43) z z 
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Also, since J can connect only states for which F changes by ±1, 
z 

and since the matrix of J is diagonal in m (EDM 57), the only 
z 

nonzero off-diagonal matrix elements of }< will be o~ the form 

(F,mi}(\F±l,m)=(-g3 +gi)f.l
0

H{F,m ,.Jz IF±l,m) 

(II.44) 
where (RAM 56) 

(F, m .:fz F- 1, m) = (F- 1, m I Jz I F, m) 

= _ f (F- I+J)(Jo+ I --Jt~I+J + 1 + F)(I+J + 1- F)(F
2 
-m 

2)T/
2 

\. 4F2 (2F-l)(~F+l) J 
(II.45) 

The sign of the last matrix element is a phase factor and therefore is 

arbitrary. 

Because the matrix is diagonal in m, it can be arranged as a 

group of submatrices along the diagonal, each corresponding to a 

different m. The maximum order of these submatrices is given by 

the number of different possible F values, This method of arrange

ment greatly facilitates the solution of the determinant, 

For the case J = 1/2, we have two different F levels, Conse

quently the secular equation is quadratic, and the solution can be ob

tained in closed form, This solution is known as the Breit-Rabi 

equation~ (BRE 31) 

where 

h.D.v 
W(F, m) = - 2(2I+lr 

h.6.v 
g tl Hm ± 2 

I 'o 
I, 4mx 
~ + 21 + 1 

2ll/2 
+xj 

(II,46) 

(II.4 7) 

and .D.v is the hyperfine-structure separation, The sign of the square 

root is positive for the state F = I + l/2 and negative for F = I - 1/2. *'. 
If we plot the energy in units of h.D.v as a function of x, we ob-

tain what is called a Breit-Rabi diagram. Figure 4 shows such a 

diagram for the case J = 1/2, I = 3/2. 

... 

.. 

For J > 1/2, the secular determinant has a dimensionality 41 

greater than 2 {unless I = 1/2} , and a solution in closed 

*Ewbank (EWB 60) has recently pointed out that this rule does not 
hold for the F = I + 1/2, m = - I - 1/2 level, but instead we must use 
the positive sign for x ..:::__ 1 and the negative si.gn for x > 1. 

(Footnote continued on following page) 

• 
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form is not attainable. In this case, two methods of solving the 

problem are available; we can obtain an approximate solution by using 

perturbation theory1 or we can obtain an exact solution by using numeri

cal methods on a high- speed digital computer. 

Although in principle any accuracy desired can be obtained by 

using higher-order perturbation theory, in practice the problem be

comes rather complicated beyond third order. The author has written 

a program for the IBM 653 that solves the problem to third order 

(Appendix B 1). In terms of the only nonzero matrix elements of our 

Hamiltonian (Eq. {II. 41)] 1 the appropriate equations for the energy of 

the level (F, m) are: (CON 57) 

this 

WF,m = W F,m + W F,m + W F,m + W F,m 
0 1 2 2 + .... 

W F,m 
2 

W F1m _ W F -l,m 
0 0 

(II. 48) 

(Footnote contihued from p. 20) The difficulty arises because for 

level the quantity in brackets becomes 

J J 1 2 2 2 2 
t X] = ~ - 2x t X G 4mx 

L + 2I+ 1 = 1 - x. (II. 47a) 

we see that as the value of x passes through l, the quantity 1 - x 

changes sign. Because we always take the positive square root of the 

quantity in Eq. (II. 46). we see we much choose the negative sign for 

this level for x > 1. -
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(F,m IJfMI F+l,mh(F+l,ml}f.M IF+l,m)-(F,mlJf.M!F,m)]' 
W 

F,m _ 
3 . - -------~-----------;):--:=:-2------

( W
0

F,m _ W
0

F +l,m 

+ 
(F, m IXM I F-1, m)

2 
[(F-1' m IXM IF-1, m)-(F, m f}f'M rF. m}]. 

We can easily obtain the first-order expression for the frequency 

of a .6.F = 0, .6. m = ± 1 transition. Since J.f 
0 

is degenerate in m, we 

can write 

v = 
WF,m_WF,m2 1 1 

h 

F(F+l) + J(J+l)-I (I+l) 
2 F(F + 1) 

+ F(F+l)+'I(I+ 1)-J(J+l)l 
gi 2F{F+l) J 

X 
P.oH 

h 

We intr?duce a quantity gF defined by 

gF 
= r. F(F+l)+J(J+1):..I(I+1) F(F+l)+I(I+1)-J(J+1)] 

LgJ 2F(F+1) +gi 2F(F+1) 

F(F+1) + J(J+1)- I(I+1) 
2 F(F+1) 

(II. 50} 

where we can neglect the last term to first order because gi ~ {1/2000) 

Since 

v = 

we have m
1
-m

2 
= ± 1, Eq. (IL 49) now becomes 

p.oH 
gF -h- (II. 51) 

Higher-order expressions for the frequency are listed in Appendix B l. 

A method of solving the secular determinant exactly has been 

developed by Nierenberg (NIE 58) and has been programmed for the 

IBM-653 computer (Appendix B 3). The method utilizes two properties 

of the matrix; there is one submatrix corresponding to each m value, 

and there are no matrix elements more than one off the diagonal. 

The solution is simpler if we rewrite our Hamiltonian in the following 

manner (using Me/sec as our unit of energy): 
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\pi= a 't. J + b 
0' 2I(2I-l)J(2J-l) 

- -2 3- -[3(I · J) + -z{I · J)- I(I+l)J(J+l)] 

(-gJ + gi) 1-loH 
+ h J z 

F. 
z 

We temporarily neglect the last term and define: 

an= {F,mii· fjF,m) 

3 a ~ + ~2 a - I (It 1) J{J + 1) 
b 

n 
= n n 

2 I (2 I-1) J(2J -1) 

en = (F,ml JziF,m) 

dn = (F,ml JziF,+ l,m)
2

. 

The diagonal elements of a given m submatrix will then be 

given by 

A 
n c • 

n 

and the square of the elements one off the diagonal will be 

H 2 

En = [(-gJ + gi) 1-1~ ] dn. 

(II. 52) 

(II. 53) 

(IL 54) 

(IL 55) 

Now let H be the submatrix for the particular m value we are 
p 

interested in, and let X be an eigenvalue of that submatrix. Then we 

must solve the determinantal equation 

D = IH - X I I = 0' p p 
(II. 56) 

where I is the identity matrix. If we riow let D
1 

be the lxl determinant 

in the lower right-hand corner of the submatrix, D 2 be the 2x2 deter

minant in that same corner, etc., then we. see that the following 

recursion relation holds true: 

D = (A - X) D - E D 
n n n-1 n-1 n- 2, (rL 57) 

when we define D _
1 

= 0 and n
0 

= l. We can differentiate this with 

respect to X to obtain 

- D - E 
n-1 n-1 

{II. 58) 
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Other derivatives can be obtained in a similar manner, for example, 

an 
n 

1fH"" = (An 

- E n-1 

2E D 
n-1 n-2 

H 
(II. 59) 

Using these recursion formulae, we can use Newton's 

method to solve the equation Dp = 0 for the eigenvalue of interest. 

problem of root identification and other details are explained in 

Appendix B 3. 

The 

Since we neglected the last term in Eq. (IL 52}, the eigenvalues 

calculated in this manner will not be the true energies but will be 

related to them by 

W (F, m) =X - m. {II. 60) 
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B. The Hyperfine-Structure Anomaly 

We noted that the derivation of Eq. (IL 7}, 

= (II. 7) 

involved the assumption of a point nucleus. Actually the requirements 

for this equation to hold true are not that stringent. If the nuclear 

radius and the distribution of nuclear magnetism and charge are the 

same for the two nuclei involved, the electronic part of Eq. (II. 5) 

should be the s arne for both, and thus Eq. (II. 7) would still be valid. 

In 1949, Bitter (BIT 49) noted a discrepancy when applying 
85 87 

Eq. (II. 7) to Rb and Rb . He ascribed it to a difference in dis-

tribution of nuclear magnetism for the two isotopes. Bohr and 

Weisskopf (BOH 50) developed a theory to explain the quantitative 

effect this would have on the hyperfine structure. This made it 

possible to use the experimentally observed hyperfine-structure 

anomaly ~.6. ~ • defined by 

= ( 1 + 1~.2) {II. 61) 

as an indication of the distribution of nuclear magnetism. The subject 

has been ably reviewed and extended by Eisinger and Jaccarino 

(EIS 58). In essence, the method used is to calculate the fractional 

hyperine-interaction reduction, E , for a given isotope from the 

fractional contributions of spin and orbital moment to the nuclear 

magnetic momenL The anomaly will then be given by 

(II. 62) 

The value of 
1

.0.
2 

will depend on some coefficient b which represents 

the density at the nucleus of the electrons responsible for the hyper

fine structure. 

Other effects can also enter into 
1

.0.
2

, but in general the only 

one of importance for heavier nuclei is the Breit-Rosenthal effect 

(ROS 3 2, CRA 49}, caused by a difference in the d,.istribution of charge 

in the two nuclei. Theoretical estimates indicate that its effect on 

,.. 
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. 1 
A 

2 1. s 1. n 1 1 th t · 1 04 
~...). genera es s an one par 1n However, in some cases 

it may exceed the Bohr- Weisskopf effect. 

For an atom in the s
1

;
2 

state, the anomaly is generally of 

the order of 0.3 o/o. For an atom in a P 1; 2 or P 3 / 2 state, the anomaly 

is much smaller, since the p-electron wave function vanishes at the 

origin. The majority of the anomaly for a P state arises from the 

s-electron components of the relativistic wave function (bp l/~b~l/ 2 
~ z 2 

a
2

) and from admixture of excited s-electron states ~ith the 

ground state. 

We see from Eq. (II. 61) that in order to determine ' 
1~2 it is 

necessary to measure both a and gi very accurately for two differ

ent isotopes. The a's can easily be optained by use of the atomic-beam 

method,' The gi's can be measuredby use of nuc~ear-resonance 

techniques if the isotope is present in sufficient relative abundance. 

Unfortunately, for the case of radioactive isotopes where there is 

an extremely low abundance, this method can not be used. The 

atomic-beam method can be used to measure gi if the atom is in an 

s 1/
2 

state, but the accuracy leaves something to be desired. 

However, we note that if we write Eq. {II. 61) for two 

different states, J = 1/2 a~d J = 3/2, we have 

1 2 
(l + ~ 1/2) 

and 

1 2 
( 1 + ~ 3/2). 

(II. 63) 

(II. 64) 

Since the ratio Of the moments is entirely independent of 

the state of the atom, we have 

(:II) =(;II) ·, 
I2 1/2 ' I2 3/2 

(II. 65) 

and therefore we can take the ratio of Eq. (II. 63) to Eq. (II. 64) to 

obtain 



(~) 
(:;) 

1/2 

3/2 

= 
I 1 2. ' 
X 1 + 6. 1/Z) :::: 

( 1 
1 2 . 

+ 6. 3/2) 

1 2 1 2 
1 + 6. 1 1 2 - 6. 3/ 2 · 

We now define the differential hyperfine- structure anomaly as 

16 2 = 
1 2 

6. 1/2 .., 
1 2 

6. 3/2 

and obtain 

1. 

(II. 66) 

('II. 67) 

(II. 68) 

Thus we see that if we can measure the value of a in two different 

states of the atom, we can obtain the difference between the anomalies 

in the two states. 

The ratio of the anomalies depends only on the difference in 

electronic density at the nucleus for the two states involved. Thus we 

should expect the ratio to vary only slightly from one pair of isotopes 

to another pair of the same element. Therefore if the ratio can be 

measured directly for a pair of stable isotopes, the value obtained 

can be used in conjunction with Eq. {II. 67) to obtain the individual 

anomalies for a radioactive isotope. The advantage of the method is 

that it eliminates the necessity of measuring gi directly. 

We shall now attempt to calculate the ratio of the anomalies 

for gallium. Normally, we should expect that 
1

6.
2

1
; 2 is much 

greater than 
1

6.
2
3

/ 2 because of the much smaller density of P3; 2 
electrons at the nucleus. However, if we consider configuration 

mixing, it is possible to have a noticeable admixture of excited s 

states contributing to both anomalies. For that case, we must replace 

the electron-density coefficient, b, by an effective value given by 

(SCH 55a) 

= (1 - 13.) hp. + 13- b . 
J 'J J s 

(II. 69) 

Where 13., the fractional contribution of s-electrons to the hyperfine 
J 
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structure in the state 
2

P J' may be calculated from a 1/ 2 and a 3; 2 
by the use of (SCH 55) 

131/2 = 

(, -5 e a3/2) 
\ al/2 

(II. 70) 
1 + 5 e 

and 

where e is a relativistic correction factor :::: 1.10. For gallium, 

we have a 1; 2/a3/ 2 = 7.02 and we obtain 13 1/ 2 = 0.033, 13 3/ 2 = - 0.23. 

Also, b _ /bp. for Bohr- Weisskopf theory is 23 and so we get 
_Y ~/2 

2 b = 1.7b 
pl/2 eff pl/2.' 

and (II. 71) 
2 

b -5.3 b p3/2 eff = ' • 
pl/2 !~, 

where we assume b. ., is zero. 
p3/ 2 69 71 

The experimental values for the anomalies of Ga and Ga 

are,in per-cent, (DAL 54, RIC 55, SCH 55a, LUR 56} 

(II. 7 2) 

and 

69071 -4 o1 = ( 3 1. 4 ± 2 . 4 ) X 1 0 to 

The experimental value of the ratio of the two anomalies is 

(::~~~(2\ = _ 4.1 ± 1.5, 

~ 1/2) Expt. 

(II. 73) 

while the value calculated from Eq. (II. 71) is 



(II. 74) 

~Theo.} 

Perhaps the best comparison of theory and experiment is made 

by taklf: ;:f;z \_ = - o.so ± .16 

\ ~ Expt. 
and comparing it to the theoretical value, 

r::::~~z). . = _ 0.76. 

~ Theo. 

The excellent agreement indicates the validity of the 

theoretical assumptions used. 

(II. 75) 

(II. 7 6) . 
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C. Nuclear Structure 

10 Individual-Particle Model 

It is of interest to attempt to correlate observed nuclear 

spins and moments with a theory of nuclear structure 0 The theory 

which at the present time gives the most consistent interpretation of 

observed data is the shell theory of Mayer (MAY 55). 

The discovery of the neutron in 1932 opened the way for the 

development of models of nuclear structure. Early attempts were 

made to develop individual-particle models patterned after the elec

tronic configurations in atoms. All these models assumed LS 
I -

coupling, since jj coupling was not expected because of the very 

small absolute values of the nucleon magnetic moments. 

Because of the failure of the individual-particle models to 

explain nuclear discontinuities, or "magic numbers" for heavier 

nuclei, interest turned toward the liquid-drop model of Bohr and the 

uniform model of Wigner. However • in 1948 Mayer (MAY 48) listed 

an impressive accumulation of experimental evidence {spins, moments, 

isomers, binding energy, and pairing energy) for closed nucleon shells 

at the magic numbers 2, 8, 20, 28, 50, 82, and 126. Since the 

liquid-drop and uniform models are inherently incapable of predicting 

any discontinuities, attention immediately returned to the individual

particle model. 

It was not until Mayer (MAY 49) and, independently, Haxel, 

Jensen, and Suess (HAX 49) introduced strong spin-orbit forces that 

the individual-particle model was able to explain the observed magic 

numbers. The only justification for introducing these forces with 

the resultant jj coupling lay in its noteworthy su~cess in matching 

experimental facts. 

The basic assumption of the individual-particle model is that 

each nucleon can be considered as moving independently in an average 

central potential due to all the other nucleons. By as·suming a nuclear 

potential intermediate between the harmonic oscillator and square

well potentials, with a strong spin-orbit interaction, we obtain the 

nuclear energy-level order shown in Fig. 5. 
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Fig. 5. Shell-model energy-level sequence. The levels 
without spin-orbit forces are shown on the left. 
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A note concerning nomenclature should be injected at this 

point. In atomic models, the principle quantum number n determines 

the first-order term for the total energy of the state, and is included 

in the notation. Thus an electron state with n = 3, orbital angular 

momentum i. = 2, and total angular momentum j = 3/2 would be 

designated 3d
312

. In a nuclear potential well, the energy does not 

depend primarily on n, but on i. and the radial quantum number r 

(= n - i. ), Thus a nucleon with n = 3, i. = 2, j = i. - s = 3/2, would 

have r = 1 and would be denoted ld
3
/Z' L e. r takes the position 

occupied by n in the electronic notation, 

2, Nuclear Spins 

In order to correlate the observed nuclear spins with the 

shell model, it has been necessary to adopt the following empirical 

coupling rules (MAY 55, NOR 51}: 

(a) The ground states of all nuclei with an even number of 

protons and neutrons have zero angular momentum, 

(b) In nuclei of odd A, the ground- state properties are 

determined only by the type of nucleons present in odd number, 

(c) In a nucleus of odd A, the nucleons of the type that is 

present in odd number will usually couple their spins in such a way 

that the total nuclear angular momentum is that of the last partially 

filled orbit, j, 

(d) (Nordheim's Strong Rule). In an odd-odd nucleus, if one 

of the odd nucleons is in a level with intrinsic spin and orbital angular 

momentum parallel, and the other is in a level where they are anti

parallel (j = i. ± 1/2, j = i. ;1:; l/2), the total angular momentum 
n n p p 

of the ground state is the smallest possible one, I = I j - j I· 
n p 

(e) (Nordheim's Weak Rule), In an odd-odd nucleus, if both 

odd proton and odd neutron are in levels in which intrinsic spin and 

orbital angular momentum are parallel (j = i. + 1/2, j = i. + 1/2) 
n n p p 

or if both are in levels in which these quantities are antiparallel 

(j = i. - 1/2, j = i. - 1/2), the spin should be I > lj - j I , n n p p n p 
(Recently Gallagher and Moszkowski have advanced coupling rules 
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for odd- odd nuclei based on the collective model (GAL 58); however, 

these rules are not necessary to explain the spins presented here.) 

In applying this theory to gallium (Z = 31}, we see from Fig. 5 

that for the odd-A isotopes we need consider only the three 2p
3
/2, 

protons outside the closed shells. From the coupling - -

rules, we expect I= 3/2 for all odd-A isotopes. This has been borne 

out for all the isotopes for which the spin is known. 
68 

In the case of the even-·A gallium isotopes, for Ga we have 

N = 37, and we expect the lfS/Z neutron to couple with the Zp
3

/
2 

proton 

to give I = J. For Ga 
7 0

, we expect the thirty-ninth neutron to be in the 

2p1/ 2 level and to couple with the 2p~/,? proton to again give spin l. 

Both are predicted by the strong rule and h~ve been verified by the 
! 

experiment presented in this thesis. 

3. Nuclear Moments 

One of the first attempts to correlate nuclear angular momenta 

with nuclear magnetic dipole moments was made by Schmidt (SCH 37 }. 

He assumed a single-particle model in which the spin and magnetic 

moments for odd-A nuclei are due only to the one odd nucleon. Using 

'this assumption, he calculated the moment to be expected for odd

proton and odd-neutron nuclei. The results are listed in Table I. 

Table I 

Schmidt formulae for nuclear moments 

Type of 
nuclei 

odd proton 

odd neutron 

Parallel 
I = i. + l/2 

1-1 = I - l/2 + 1-1 p 

Anti parallel 
I = i. - l/2 

I 
jJ. = - I+ l 11-n 
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If we substitute the emperical values for the proton and 

neutron magnetic moments -- f.Lp = 2. 79 nuclear magnetons (nm) and 

f.L = ::.. 1. 91 nm, we obtain what are called the Schmidt limits. If we 
n 

substitute the Dirac values - -f.Lp = 1 nm, f.Ln = 0; we obtain the Dirac 

limits. Although few moments lie on these limits, it is interesting 

to note that almost all nuclear moments lie between the two limits. 

This would indicate that there is some "quenchipg" of the anomalous 

magnetic moments of the proton and neutron when they are bound to 

the nuclear core. Qualitatively, this is to be expected from meson 

theory. 

Several modifications of the theory have been developed. 

Consideration of intermediate coupling and configurational mixing 

has given promising results. {NOY 58) The collective model of 

Bohr and Mottleson (BOH 53) has been extremely useful in regions 

far removed from closed-shell configurations and has also shown 

some promise for calculating quadrupole moments. For an excellent 

review of the subject of nuclear moments, the reader is referred to 

Blin-Stoyle (BLI 57). 



-39-

III. EXPERIMENT 

A. Experimental Apparatus 

1. Atomic-Beam Machine 

The atomic-beam machine used in this research is described 

in detail in the thesis of Sunderland (SUN 56). Several modifications 

were made to it and are discussed by Shugart (SHU 57). The essential 

principles of operation of an atomic~beam machine are discussed in 

the introduction to this thesis. Figure 6 is a schematic diagram of 

the machine used and shows the trajectories followed by two different 

atoms in the machine. Atom 2 undergoes a transition in the C. field 

which changes the sign of its effective atomic magnetic moment, and 

so it is refocused onto the detector D. Atom l starts out along the 

same path as atom 2 but does not undergo such a transition and thus 

is ''thrown-:- out". The stop wire, S, is an obstacle which prevents 

the high-eriergy tail of the Maxwellian velocity distribution from 

traveling undeflected through the machine and reaching the detector. 

Figure. 7 is a photograph of the atomic-beam machine used in 

this research. Since many of the samples used in this machine were 

quite radioactive {about 50 roentgens per hr at 4 in.), various pre

cautions were taken to protect the experimenters. The lucite box 

shown mounted on the machine served to surround the side oven 

loader while ovens were being inserted into or removed from the 

machine. This prevented stray particles of radioactive material from 

being dropped on the floor. A vacuum cleaner with a special filter 

was attached to the box and kept it at a negative pressure to prevent 

radioactive dust from entering the room. 

To protect personnel from receiving too much radiation while 

operating the machine, a portable lead shield was place around the 

machine after the oven was inserted. This proved to be rather unwieldy 

and provided insufficient protection so it was replaced by the lead 

shield shown in Fig. 8. This shield consists of 4 -in. - thick lead 

bricks supported by a steel frame. Lead doors encased in steel can 

be opened to allow insertio~--a:nd removal of ovens. The chalk numbers 
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Fig. 6. Schematic arrangement and trajectory in an atomic
beam flop-in machine. 
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Fig. 8. The atomic-beam machine with the lead shielding 
installed. 
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vi s ible on the l ead bricks indicate the radiation i n milliroentgens 

h h . h 1 d " . L 14 0 1 per r at t os e po1nts w en an extr e me y ra 1oactl ve a samp. e 

was placed in the machine . The radiation is normally about a factor 

of ten lower than that shown . 

Two ovens w ere used while the machine was in operation; the 

radioactive ov en contained the sampl e of interest , wh ile the calibration 

oven contained RbCl and some cal cium filings . The calcium reduces 

the RbCl at moderate temperatures and the beam of Rb atoms c oming 

f rom the oven was used to calibrate the C fi e l d . Originally, the cali

bration oven was mounte d on a sta nd in the oven c h a mber of th e 

machine . However , this me a nt that refilling th e o v en involve d 

opening th e machine and working in th e rather rad i oactive oven 

chamber . Thus it was deemed adv isable to build an ov en l oader for 

the calibration oven , utilizing a large p o rt avail able on top of the oven 

chamber . It was decided to plac e another larger ov en l oader i n this 

port , in addition to the calibration ov en l oader (see F i g . 9 ). The larger 

l oader was designed to ac c omodate snouted ovens of the type shown 

in Fig . 10 and to provide independent heating of the body and the snout 

of the oven . This permits operation of the snout at extremely high 

temperatures which allows dissociation of polymers given off by some 

substances such as antimony . Several attempts have been made to 

obtain a beam of antimony, but to date the result s hav e not been 

promi sing . 

Carbon ovens of the type shown in F ig . 11 were u sed to obtain 

a beam of radioactive galliu m atoms . The oven wa s p l a c e d in the 

mac hine through the side oven l oader and was heated to the prope r 

t emperature by e lectr on bombardment. F i gu r e 12 show s the filament 

and high -voltage power supplies used for this p urpose . 



-44-

ZN-2361 

Fig. 9. The calibration oven loader in operating position 
on the left with the snouted-oven loader on the right 
removed. 
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Fig. 10. Snouted ovens of the type used for antimony. 
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Fig. 11. Carbon ovens of the type used for Ga. Tantalum 
screws were used to hold the slits in place. 
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Fig. 12. Power supplies used for electron-bombardment 
heating of the oven. 
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2 . R a d iofr eguency E quipment 
68 70 . 

The measurements on Ga and Ga were all rn a de 1n the 

frequ e nc y r ange from 0 . 5 to 35 Me/sec. ATektron.i.x Type-19 0 s i gnal 

generator was used to cover this range ., The frequency was measu red 

with a Hewlet -Packard 524 f u •quency counter with a 525A plug - in 

unit. Th e internal crystal of this counter was chedced weekly by 

comparison with a National A t cmichron time stand rd . 

An Airborne Instruments Model 124c power oscillator was 

used to supply the rf field for the work on Ga 
67

, where freque n cies 

between 250 and 2500 Me/s ec we re d e sired . Because of the h igh -

power output o f this os illator,, it w2.s necessary to monitor the power 

continuously with a Hewlett-Packard Model 4 3 0CR microwave power 

meter . T he frequen c y was determined by beating against harmonics 

of a H ewlett- P ackard 540A *-rans fe r oscillator . The freque nc y of the 

540A wa s then measu!"ed w1th the 524B a nd a 525B plug-in unit. 

Figur e 13 s h ows much of th e :rad i ofreq •.1ency e quipment used in t h i s 

experiment. 

Since the width of a resonance line is i nver s ely proportional 

to the length of the rf field throu gh which the atom passes , it is 

des irable to make this length a"' grea t as possible , Unfo r tunat ely, if 

the length is too great th e inhomogeneities of the C f1eld · ill wash 

out any a d v a ntage gained . Thus a c: ornpromi se mu s t be reach ed , 

Since th e rf hairpin jn the m achine was a simple loop {SHU 57 ), it 

was felt th at s ome in1provement c ould be made ., The h airp in shown 

in F i g . 14 was installed and , indeed , cut down t he line width by a 

facto r of three or f our . However , this design did cause som e d ifficulty 

in the measurement of 6. m = 0 transitions , since they a r e excited 

by a n rf field p arallel to th.o C field . As the atom trave rses the 

hairpin it sees two comp onents of the rf field 180 deg out of phase with 

each other . Thi s tends to g i ve line shapes of th e type discussed by 

Ramsey , (RAM 56 , p . 132 } and , indeed , several were obse rve d . 

While thes e lines permit greater accuracy in some type s of w o rk, th ey 

prove d to b e somewhat of a hindrance when t he radio ' ctive d etection 

method was used . 
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Fig. 13. The radiofrequency equipment. 
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Fig. 14. Sketch of the radiofrequency hairpin. 
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3 . Counting Equipment 

The radioactive detection technique invol ves the collecting 

and counting of radioactive sampl es . In gene ral , the counting rates 

of the samples are very low (often 5 counts per minute ) and so it is 

desirable to have counting equipment possessing a very low background 

counting rate. Since most neutron-deficient isotopes decay by K 

capture, the problem can be solved for this case by using a very thin 

Nai(TI.) crystal in conjunction with a photomultiplier tube (SUN 56 ). 

A single-channel pulse-height analyzer can then be used to d i scriminate 

against all but the desired K x -r ay counts . Because of the small size 

of the crystal , few higher-energy gamma rays are absorbed . In 

practice, background counting rates of the order of 1 count per minute 

(cpm) are achieved . Figure 1 5 shows a collector button and the 

assembly in which the crystal and photomultiplier are mounted . 

Since the crystal counters described above have an extremely 

low efficiency for observing beta rays, it was felt desirable to 

design a f3 counter for use in this work . The c ontinuous - flow Geiger 

counter shown in Fig . 16 seems to give the best resuits . (PET 60 ) 

The collector button is inserted directly into the ac t i v e v olume of the 

counter . The small tungsten wire i s kept at about 3200 v 'wi th-respect 

to_ g r o •.u n d , and the pulses aris ing from ionization in the chamber 

are amplified by a pre- amplifier and counted by a scale r . Various 

gases were tested, but methane se e ms to give the best results , 

y i elding a background of about 2 cpm . This is qui t e tol e r able , since 

the efficiency of the counters is quite high a nd the s a mpl e c ou nting 

rates are generally at least 10 c pm . Since the counting cha mber s are 

open , some dust collects in them t ending t o rais e the background . 

Thus they must be cleane d out peri odically . 

The counting equipment used in this experiment is shown in 

Fig . 17 . Four counters of each type we r e used i n orde r t o increase 

the counting time for each sampl e and thus reduce the stati stical 

uncertainity . The counting equ ipment is situ ated i n a room some 

d i stance away from the atomic - b e am machines to prevent the very 

radioactive samples in the machines from affecting the counter back -

gl' Ounds . 
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Fig. 15. (Top) Nal (Tl) crystal and photomultiplier 
assembly, (Bottom) Sample collector or button. 
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Fig. 16. Cross-sectional view of the counting head for 
continuous -flow Geiger counter. 
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Fig. 17. Counting equipment, showing 13 counters in fore
ground and K x-ray counters in background. 

ZN-2363 
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·4 . Pulse-Hei ght Analze r 

In the p r oduction of isot opes, it is often of i n teres t to obt ain 

an i dea of the rel ative amounts of the v arious is otope s produce d and 

t o identify a ll the isotopes pre senL One method of doing this i s to 

analyze the decay curve of the sample into its component decay curves . 

Howev er , this implies that the half lives of all the isotopes present 

are known. Often this is not t h e cas e . 

A fa r better method of is o tope i dent ificat i on is to l ook at t he 

gamma -ray spec t rum of th e sample. This can b e done with a s i ngl e 

c hannel anal yzer , b ut a t b est the procedur e is v e r y l abor i o s . The 

acqui siti on of a R adiation Cou nter Laborat ories Model- 2 06 11 2 56 -ch annel 

puls e - height analyzer has made the t ask t rivial and has p rov e d i nval u

able i n identification of isotopes . Figu r e 18 shows the ana. yz e r with 

the associate d Mosel ey Au t og raf p l o tter . 

The procedur e empl oyed is to l ook at t h e s pectrum of the 

sample at a convenient high voltage . Th e e n e rgy scale is th e n cali 

b rate d b y using radioactive s sources of kno wn gamma - ray energy . 

From this , the gamma-ray energies of th e sample m ay be obtaine d , 

and a correlation can be made with t h e isotopes wh i ch are expec te d to 

be present. A t ypical gamma - ray spec trum fo r Ga 6 7 i s shown in 

F i g . 19 . 
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Fig. 18. RCL 256-channel pulse-height analyzer and Mosely 
x-y plotter. 



(J') 

1-
z 
::> 
0 
u 

65, 535 

> 
w 
~ 

r<l 
(j) 

> 
w 
~ 

C\J 
co 

-57-

COUNTS FULL SCALE 

300 400 

ENERGY (KEV) 

25 5 

Ga
6 7 
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GAMMA-RAY SPECTRUM 
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Fig. 19. Ga 
67 

gamma-ray spectrum obtained with the 
256-channel analyzer using a Nai(T1) crystal. 
2-in-1ong by 1-3/4 -in-diam. 
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B . Experimental Tec hniq u es 

l. Isotope Production and P reparation 

Th e isotopes used in this experiment were produced by two 
6 7 . 68 

different means . The 78-hr Ga and the 68 - mm Ga were produced 

by a- particle bombardment of copper, and the 2 1-min Ga 
70 

was 

p r oduced by neutron bombar dment of gall i u m . This meant that the 
6 7 68 

Ga and Ga had to be separated chemically from th e c opper, while 

th e Ga 
7 0 

could be us e d j us t as it came from the reactor . 

The Ga 
67 

was produced from C u 
65 

by an (a , 2n) reaction , while 

th e Ga 
68 

was p roduc e d from the same isotope by an (a, n ) reaction . 
. 66 

Unfortunate l y , a great d eal of 9 - h r Ga w as a l so produced by the 
. 65 66 6 3 66 66 

react10ns Cu (a., 3n ) Ga a nd Cu (a , n) Ga . The Ga p resente d 

no probl em in the work on Ga 
67

, sinc e th e target wa s a llowed to cool 
66 

for about 36 hours and most of the Ga had d ec ayed away by that 

time . Ho wever, in the Ga 
68 

experiments , the Ga 
66 

background pre -
66 

sente d quite a probl em . The amount of Ga p roduce d by the (a, 3n) 

reac tion could be reduced by d ecreasing the energy of the bombarding 

particles , since the e ros s section for this reaction drops to ze ro at 
66 

about 25 M ev . Ho wever, the a mount of Ga produced by the (a. , n ) 

reaction can not be reduce d , since t he same reacti on is used to p r oduce 

Ga 
68

. This is especially a probl em because the Cu 
6 3 

is preserit in 

69% rel ativ e aboundanc e while C u 
65 

is only 3 1% abundant. The problem 

coul d b e s olved by using copper enriched in the Cu 
65 

is otope , but the 

c ost would be prohibitive. The procedure adopt ed was to bombard th e 

c opper for about 45 min . and perform the chemical separation as 

rapidly as possible . 

The a. - par ticle bombar dme nts wer e done using the internal 

probe of the Berkeley 60 -in. cyclot r on . The probe was extended until 

t he target was at the 19 -l / 2 - i n . rad iu s , giving a maximum energy 

of 33 Mev for th e a. p articles . A lower energy would have been 

desirable but could not be att ained because inserting the probe furthe r 

had the effect of detuning the cyclotr on . The tar g e t itself was a copper 

foil, 1-3/4 - by l-l /2 - by 0 . 0 10 in. which was mounted on the probe 
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and wa s water-cooled on the back face . Sin ce c opper is a v er y g ood 

c onductor, it was possible to run with fair l y h igh beam cur rents . Tre 

ave rage current was g enerally about 100 f.la , but sever a l ta rgets were 

run at more than 120 f.la without sho wing v isibl e dam age . The Ga
67 

tar gets wer e bombarded for about 4 hr for a total of 400 !J.amp - h r s, whil e 

th e Ga
68 

t argets u sually received ab ou t 7 0 f.lamp - hr . 

The usual method of separating gallium fro m coppe r is t he 

eth er-extraction m ethod rep orted by S wift (SW 2.4 ) . H e r eports a 

97o/o e ffi cienc y for the dieth yl- ether extraction of GaC1
3 

f rom a 6N HCl 

so ution . The procedu r e used i s a s follows (WOR 57a) . The c opper 

ta rget was d i ssolved in ab out 20 m l of l 2N H N0
3 

whi c h c ontain e d about · 

20 mg of gallium carrier . This wa s evap orated t o near d rynes s by 

using a hot p late a nd a hot nit rogen j et. The solut ion wa s then re

dis solved i n 60 m l of 6N HC l wh ich had previou s ly been saturated with 

ethe r . This was then pou red into a separatory funnel whic h contai ned 

6 0 m l of ether saturated wi th 6N HCL The solution w as s tir \t' e d 

vi gorou sly; a shaded - pol e arc -less s tirring mot o r was u sed to reduce 

the d anger of the ether fu mes e xploding . Th e HCI c ontain i ng th e 

c opper c h l o rid e w as then separated off while the gallium chl oride 

r emained in the eth er . Th e ethe r s olution was wa she d with 30 m l and 

then 2.0 ml of 6N HCl t o remov e any c opper c h l oride that m igh t h ave 

gone into the eth er . Th e G a C 1
3 

was extracted f rom th e ether with 15 

m l of d is t illed H
2

0 , whi c h wa s then dr ained off i nto a beaker c ontaining 

s ome b romc:re ol - gree n indicator solution . Since some HCl got into 

the solution , the solutfon. was fair ly acid i c at t h is point , causing th e 

ind icator to be y e llow . A p ipette was use d to add ON NaOH drop wise 

until the solution turne d blue, indicating a pH of about 5 . A B eckm an 

Model-G pH m eter was then used to m easur e the pH accurat ely . 

Ten percen t acetic acid a nd 1 ON NaOH were a dde d dropwise t o adjust 

the pH to exactly 5 . 5 . A t th is point , the gallium p recip itate s as 

Ga (OH )3 . After the solution was centr i fug e d a nd the supernat-ant p our.'e d 

off , t he Ga(OH )
3 

was redissolved i n one or two drops of l ON NaOH. 

The Ga wa s t h e n electroplated onto a shor t length of 0 . 006 - in . diam 

platinum wire by using a current of 0 . 5 a mps at a bout 8 v . For Ga 
68 

the electr oplating was dis c ontinu ed after about 15 m in due to t h e s h ort 
'l 
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67 
h alf life, but fo r Ga it was allowed to continue for about 45 mm . 

S ince the temperature of the soluti on was above the melting point of 

Ga , a nice globule of Ga formed on the wire and was easily scraped 

off into the oven . The entire separation procedure took about 45 

m i n e xclusive of the electroplating . Generally , separation efficiencies 

of the o r der of 60o/o were achieved for Ga 
68 

and up to 85o/o for Ga 
67 

for 

wh ich the chemistry could be performed more carefully because of 

th e longer half life . 

Since the targets , parti cularly those used for the Ga 
68 

experiments , were very radi oac tive (about 50 r /hr at 3 ft ) the enti re 

chemical separation was performed inside the cav e shown in F i g . 2 0 . 

The lead walls of the cave are 2-in . -thick while the lead-glass window 

is 7-in . -thick . The radiation at the surface of the cave was generally 

about 10 mr /hr for Ga ~ 8 and negligibl e for Ga 
67 

targets . All operations 

were performed remotely by using the manipulators . The pipettes 

we re controlled with a syringe mounted outside the cave . A Mag - mix 

stirr er was used to stir the soluti on while reagents were being added 

dropwise and an Electro Model -D-612T power supply was used for 

elec troplating. Figure 21 shows the interior of the cave as it is 

v iewe d through the l e ad-glass window , while iFig . 22 shows a v iew 

through the open s i de door of the cave . 

In the case of Ga 
70

, no chemical separation was necessary, 

since it was produced by neutron bombardment of stable gallium . 

Th e main problem in this case was transportation , because the 

gallium was bombarded in the General Electric Tes t Reactor at 

Vallecitos Atomi c Laboratory near Pleasanton, California , some 40 

mil es from the campus in Berkeley . Since the Ga 70 has a half life of 

only 21 min , if it were transported by land most of the material would 

h ave de cayed by the time it arrived . The possibility of transporting 

th e atomic - beam machine to Vallecitos Laboratory for the experiment 

was briefly considered, but both the cost and labor involved were 

prohibitive . The thought of using a helicopter arose and the Office of 

Nav al Research was contacted . Th e y made arrangements and per 

mission was granted to the Commanding Officer of the Oakland Naval 

Air Stati on to provide helicopter service for us . Lieutenant-Command er 
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Fig. 20. The cave in which the chemical separations were 
performed, showing the pH meter and electr oplating 
power supply on the left. 
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Fig. 21. The interior of the cave as seen through the lead
glass window. Note the separatory funnel and centri
fuge on the right and the electroplating electrodes held 
in the manipulator tong on the left. 
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Fig. 22. The interior of the cave as seen through the op e n 
side door. Note the pipettes and pH-meter electrodes 
in the background, and the ether and 6N HCl-CuC1 2 
layers in the separatory funnel. 
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Fig. 23. The helicopter used to fly the Ga 
70 

samples from 
Vallecitos Laboratory to Berkeley. 

ZN-2355 
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Fig. 24. 
7

(fhe nesting containers used for transporting the 
Ga samples. (Left) containing box; (center) 80-lb 
lead container; right, 35-lb uranium container and 
polyethylene capsule. 

ZN-2368 
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R . E . Roby was assigned to fly the samples from Vallecitos Labora 

tory to Berkel ey, using the helicopter shown in Fig . 23 . 

All the planning for the experiment centered aroung making 

every operation as rapi d as possible . In o r der to save the time it 

woul d take to transfer the bombarded material to an oven after 

arrival in Berkeley, the enti re o v en was bombarded with the material 

already in it. This was possible because of the extremely low neutron 

capture eros s section of carbon . Although the tantalum screws became 

slightly a c tivated this d i d not inte rfere with the experiment. Usually 

about 3 0 mg of Ga were us ed . Fou r mg of CsF wer e a l so placed i n 

the ov en to aid in lining it up when p l a c ed in t he atomic-beam machine. 

The o v en w as placed inside a 2-by 1 - 1/ 16 - i n . d i am . polyethylene 

c apsule which was then filled with helium and seal ed . The entire 

capsu le was then bombarded in the hydrau li c shutt le tube at the 

reac tor . This facility was chosen becau se the sample could be re 

mov ed from the core in about 20 sec , much less than the other 

facilities requi red . The flux used was about 10
14 

neutrons/cm
2 . 

The nesting containe rs u sed to hold the s a mple during trans

portation are shown in Fig . 24 , along with one of the small polyethyl e CJ. e 

capsu les . These containe r s again we r e designed for utility and spee d . 

The outer box and 80 - lb l ead c ontainer were pl ace:l in readiness i n 

the h e licopter as soon as it landed at Vallecitos Laboratory . The 

3 5 - lb u r anium container was at the exit of the shuttl e tube . As soon 

as the capsule was removed from the reactor it w as placed in the 

uranium containe r which w as then c arried to th e helicopte r . Alt hough 

the radiation through the wall s of this contai ner was fairly high , it 

was handled for such a short time that ver y little danger was involv ed 

for the p e rson carrying it. When i t reached the helicopter , the 

uranium container was placed inside the 80 - lb lead container , the box 

was latched , and the helicopter immediately took off . The radiation 

at the surface of the containing box was about 5 mr /hr . Since the 

near est crew member sat about 3 ft from the box, there was absol utel y 

no danger inv olved for any of the crewmen. 
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Kleeburger F i eld , an intramural playfield , was chosen as 

the landing spot on the campus in Berkeley s ince it was the largest 

field in proximity to the atomic - beam machine in LeConte Hall . The 

helicopter was able to approach from only one direction since there 

are obstructions on three sides of the field . This seemed to present 

no g r eat difficulty to the pilot and a beautiful landing was made each 

time . When the helicopter landed the containing box was immediately 

transferred to a truc k ( f:~ee F i g. 25 ) which was escorted to LeConte 

Hall by a police mot orcycle . Duri ng the trip to LeConte , the various 

c ontainers were opened . When the t ruck arrived at LeConte, the 

pol yethylene capsul e was dropped through a tu be which led directly 

into the portable glove box sho wn in Fig . 26 . The glove box was sit 

uated adj acent to the atomic-beam machine and contained equipment 

for opening the capsule . A 30 - amp current run through a nichrome 

wire made it hot enough to cut easily through the polyethylene . Two 

completel y separate nichrome - wire systems were set up in case of 

failure of one of the systems . Afte r the capsule was opened , the ov en 

was removed , placed on the o v en loader , and inserted into the atomic

beam mac hine . The timeta ble fo r a typ i cal run is shown below: 

Time 

12: 55 

13 : 55 

13 : 59 

14 :1 3 

14 : 1 5 

14: 18 

14 · 21 

14 : 24 

14 : 27 

Abou t 15: 00 

About 18 : 00 

Operation 

The c a psule is placed in the reac tor . 

The c ap sul e i s removed from reactor . 

H elic op t e r t akes off. 

Heli c opte r l and s in Berkeley . 

Truck arr ives a t LeConte , c apsul e is opened . 

Ove~· i s p l a c ed on loader and pushed i nto 

pump-out chamber . 

Oven is inser t ed i nto machine . 

O ven is l ined up by using CsF . 

Oven i s a t operating temperature ; exposure 

of buttons begins . 

Exposure of buttons e nds . 

Count ing of exposed buttons ends . 
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Fig. 25. Transferring the Ga 70 sample from the helicopter 
to a truck. 

ZN-2354 
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Fig . 26 . The portable glove box used for op ening the 
p olyethylene capsule. 
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2 . Beam Production and Detection 

A beam of gallium is easily produced if one has metallic gallium 
0 

i n a carbon oven at an oven temperature of about 13 00 C . This tempera -
67 

ture is easily obtained by electron bombar dment of the oven . For Ga 

and Ga 
68

, where the specific activity was controlled by the amount of 

gallium c arrier used i n the chemical separation, a good beam was 

usually obtained at a high v oltage of about 400 v and a bombardment 
70 

cur r ent of 350 rna . This represents a power of 140 w. For Ga , 

where the specific activity wa s much lower' power inputs as h i gh as 

210 w were required to get a good beam . 

A calibration beam of rubidium atoms was obtained by heating 

a mixture of RbCl and calcium filings to about 400° C . At this tempera

ture the Ca reduces the RbCl and a b eam of Rb atoms is obtained . The 

Rb beam is then used to calibrate the C field . The advantage of using 

a n alkali metal as a calibrating material is twofold. First , the atomic 

and nuc l ear constants ar e well known and J =l /2 so the Breit-Rabi 

equation can be used to solve fo r the field if the resonant frequenc y 

in the fiel d is me asured . Second , b ecause of the low ionization potential 

of th ese m ate rials they can easily be detected on a hot tungsten or 

r h enium wire , The hot wire i onizes the atoms with almost l OO% 

e ffic iency and the ions are then attracted to a collector plate . In thi s 

expe r iment, the ion current was measured with a Cary Model-31 

vib rating-reed electrometer . 

The easy dete c tab ili t y of the alkali m etals was also used to good 

advantage in lining up the radi o active oven , · A small a mount of alkali 

halide was placed i n the oven b efore it was inserted into the machine . 

The alkali compound would c ome out of the oven in molecular form at 

ve ry l ow temperatures (about 1 0-w input power ). Since the molecules 

have only very small molecular -rotational and nuclear - magneti c 

moments, the y were not d e flected by the A and B fields and thus could 

be detected with the hot wire when the oven was in the correct position . 

By observing ion cur rent ver sus oven position , we could position the 

oven at the point where the maximum amount of beam would go through 

the machine . Thi s of course was done with the stop wire removed . 
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The choice of an alkali halide to be used in lin i ng up the Ga 
70 

oven was complicated by the fact that the material was _put in the oven 

before the neutron bombardment and thus wou l d become activated . 

About 4 mg of CsF were used, since the activities produced from 

th is material w e r e l eas t likely to interfere with the ·experiment. 

Detection of the radioactive beam was accomplished by collect 

ing t he radioactive atoms on sulfur-coated collector buttons of the 

type shown in F i g . 1 5 and ·27 . T he buttons were then counted in 

scintillation or Geiger c ounters to d etermine the radioactivity collected . 

The sulfur s eemed to wo rk very well a s a collecting surface for 

gallium . 

Three d iffe r ent types of button exposures were made during a 

typical run . An exposure made with the magnetic fields off and the 

stop wire remov ed was termed a full-beam exposure . A half-beam 

exposure wa s identical to this except that the magnetic fields were 

turned on . These wer e used to check t he beam intensity during a run . 

A spin b utton was one exposed with the fie l ds on , th.e stop wire in 

place , and the rf field applied . 

The throw-out of the machine i s defined as 

1 _ half - beam counting rate . 
full-beam counting rate 

For gallium the throw - out was typi cally 60%. 

(III. 1) 
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ZN -2367 

Fig. 27 A collector button and a carrier used to transport 
the button through the pneumatic tube. 
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3 . Isotope Identification 

Since more than one isotope is usually present in the beam, 

some method must be used to identify the isotope of interest. Although 

the pulse-height analyzer is well suited for this type of work, in 

general the counting rates of the spin samples are too low to permit 

effective use of the analyzer . In this case , the best procedure is to 

obtain the decay curve of the sample and analyze it into its various 

components, since we know which isotopes will be present. This 

analysis is aided by a program written for the IBM-653 computer 

by H . B . Silsbee . (E WB 59 ) 
67 

In the case of Ga , we are parti c ularly fortunate because 

there are some low - energy gamma rays present Fig . 28) . This 

means we will be able to see these gamma rays with the K x-ray 

counters and thus will be able to discriminate against" counts caused 

by other isotopes . Figure 29 shows a typical counter response for 

Ga 
67

. By setting the high voltage on peak "A", we should be able to 

see Ga
67 

almost exclusively . 

4 . Experime ntal Procedure 

The ultimate object of an atomic-beam experiment is to measure 

the relative number of atoms . that reach the detector as a function of 

the frequency of the oscillating field. To this end , it is desirable to 

keep all other parameters as constant as possible . Ideally, the only 

variable that changes from exposure of one button to exposure of the 

next is the frequency . In practice , it is virtually impossible to keep 

all parameters constant. The beam intensity fluctuates, the magnetic 

field drifts , etc . The best that can be done is to minimize these effects 

and to correct them when possible . 

The pr i nciple problem is that of fluctuating beam intens i ty . 

Fortunately , a gallium beam does not generally exhibit any rapid 

short -te rm fluctuat i ons , but does show a long-term decrease of beam 

intensity . This can be compensated for by gradually increasing the 

temperature of the oven , but this is a rather haphazard procedure . 
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Fig. 28. The decay scheme for Ga67. 



w 
1-
<( 

0::: 

(!) 

z 
1-
z 
::::> 
0 
u 

Fig. 

-73-

A 

c 
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100 200 300 700 
HIGH VOLTAGE 

MU-13653 

29. Typical counter r~sponse for Ga 
67

• (A) the 92-
kev gamma ray of Ga07 ; (B) K x-ray peak; (C) region 
of excessive counter noise. 

. .. 
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The method adopted is to check the beai? intensity between spin-button 

exposures by taking a half-beam exposure. This provides a method 

of normalizing the counting rates of the spin buttons to the rates they 

would have for a constant beam. If the change in beam intensity becomes 

too large, the :temperature of the oven can be adjusted. 

The C-field power supply was quite stable at low magnetic 

fields, although it did exhibit some drift at higher fields. Since the 

majority of the experiments presented here were performed at fairly 

low fields, the drift was not a critical problem. The drift of the A and 

B fields did tend to change the value of the C field, but the current in 

these fields is now regulated, and therefore the drift is no longer a 

problem. In a typical run, the calibration frequency changed by about 

15 kc/ sec, which is within the accuracy of measuring the resonance 

peak. 

The length of time for which the buttons are exposed is deter

mined primarily by the half life of the material involved. For 78-hr 

Ga 
67

, the spin buttons were exposed for 10 min, while the half-beams 

were exposed for one min. In the case of 68-min Ga 
68

, greater speed 

was necessary, and the spin buttons were exposed for 4 min, with 

l-min exposures for half-beams. For 21-min Ga70 , speed was 

essential and the exposures were for 2.5 min and for 30 sec. 

The half-beam buttons were counted by the atomic-beam

machine operator in a counter located some 25 ft from the machine. 

Because of the high counting rate (from 200 to 2000 cpm) of these 

buttons, the higher counter background due to the proximity of the 

machine did not present a problem. The spin buttons were counted 

by a collaborator in the counters located about ?OO ft and four floors 

away from the machine. For short-half-life materials, it was 

essential to get the sample from the machine to the counters as 

rapidly as possible. A pneumatic tube was installed to transport the 

buttons (PET 60), using carriers of the type shown in Fig. 27. The 

average transit time is about 15 sec. Several carriers have made the 

trip in 2 sec under higher air pressure but then arrived in N pieces, 
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where N was generally greater than or equal to three. 

The length of time the samples are counted is determined by 

the half life involved. Generally an attempt is made to obtain the 

counting rate at intervals less than the half life with which the sample 

is decaying at the moment of counting. Also, it is desirable to have 

the sample cycled through all four counters before one half life has 

elapsed. 

The choice of operating frequencies depends on the type of 

experiment to be performed. During the first stages of work on a 

new isotope, the nuclear spin is unknown and must be determined. 

This is best done by noting from Eqs. (II. 50) and IL 51) that the 

frequency of a .6-F = 0, .6-m = ± 1 transition at low fields fs given by 

F(F+l) + J(J+l)- I(I+ 1) 
2 F (F + 1) 

f.l. H 
0 

-h- (III. 2) 

Since the electronic configuration. is usually well known, we know 

gJ and J. Thus for a particular F level, the resonant frequency at 

a field H depends only on L By calculating the frequencies cor res-

ponding to different values of I and exposing buttons at these frequencies, 

one usually obtaines one button with a high counting rate, indicating 

the value of the spin. This procedure is termed a spin search. In 

practice, the procedure is somewhat simplified since a likely value 

of the spin is usually known from shell theory and 13- and '( -ray 

spectroscopy. After the spin search has indicated the spin, a few 

resonances are taken at different magnetic fields to assure the correct 

field dependence of the transition and thus confirm the spin. 
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Once the spin has been determined, attempts are made to 

obtain resonances at higher magnetic fields in order to observe 

deviations from Eqo (IIL 2), since these deviations are dependent on 

the hyperfine-structure separations. Because the amount' of the 

deviation ~s not known, there is somewhat of a search problem in

volved. The usual procedure is to change the frequency by increments 

of about one third of the expected line width for each button exposed. 

Then when a high button is observed, smaller steps of frequency are 

taken about that poinL After each run, lh-e hyperfine-structure 

separations (or equivalently, the interaction constants a and b) 

are calculated from the results and are used to predict the fre

quency at a higher fieldo The next run then is an attempt to see the 

resonance at that higher field, etc When the transitions have been 

observed at such high fields that the hyperfine-structure separations 

are known to within a few Me/ sec, an attempt is made to measure 

them directly by observing the D. F = 1 transitons. Once these transi

tions have been observed and identified, the experiment has been done 

to the highest accuracy attainable with the machine 0 
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IV. RESULTS 

A. Data Processing 

The results obtained using the experimental procedure described 

in the preceding section will be the decay rates of the various samples 

which have been exposed at different frequencies. In the treatment 

of these data,we 0 must extrapolate the decay rate of the isotope of 

interest to some common time for all the samples and apply whatever 

correction may be necessary for variations in beam intensity. If the 

magnetic-field drift is excessive, a correction must also be applied 

to the frequencies at which the samples were exposed. The end result 

of this procedure will be a table of sample counting rate vs frequency. 

Theoretically, the points obtained should lie along a bell-shaped curve, 

with the actual resonant frequency determined by the peak of the curve. 

In practice, one usually observes distortions of the curve; however, 

in this experiment the distortions observed were not severe. Using 

the resonant frequency obtained with this procedure, we can calculate 

the hyperfine-structure separations, or, equivalently, the interaction 

constants a and b. 

The data analysis is aided greatly by several programs which 

have been written for the IBM~653 and IBM-'704 computers (see 

Appendix B) .. The Omnibus program {EWB 59) uses a least-squares 

method to analyze the observed decay curve and obtain the contribution 

of each isotope present to that decay curve. It then gives the counting 

rate (and statistical uncertainity} at time zero for each isotope. It 

will also fit a bell-shaped curve to the resonance obtained and give 

the frequency of the peak. 

Several different methods are used to calculate the hyperfine

structure seperations from the observed resonant frequency. Routine 

J0-7 uses third-order perturbation theory to solve the problem for 

arbitrary I and J. The Shugart routine performs the calculation 

for J = 1/2 by solving the Breit-Rabi equation. The J0-10 and Hyper

fine programs solve the problem exactly for arbitrary I and J greater 

than 1/2 by a least-squares method employing the interaction constants 

a and b as the parameters to be varied. 

• 
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Normalization of the sample counting rates to correct for 

variations in beam intensity can be accomplished in two different 

ways. The first method, half-beam normalization, depends on the 

assumptions that beam intensity is porportional to the half-beam 

counting rate and that no short-term fluctuations in beam intensity 

occur. This means that beam intensity can be measured by exposing 

a half-beam button between each pair of spin buttons. The normalized 

counting rate for a spin sample is then obtained by dividing the observed 

counting rate by the average. of the counting rates of the half-beam 

buttons taken before and after the spin sample. 

The second method, called ratio normalization, can be used if 

there are two different isotopes present in the beam, as in the case of 

Ga 
70 

and Ga 
7 2

. If the background isotope does not have a resonance in 

the frequency range that is being swept, we can assume that the amount 

of that isotope deposited on the spin sample is proportional to the 

intensity of the beam. By dividing the counting rate of the isotope of 

interest by the background isotope counting rate, we obtain·the nor

malized counting rate. The half-beam method is always applicable, 

the, ratio method only when two isotopes are present. When both 

methods can be applied, they can be used to check each other and 

generally yield nearly identical results, which indicates the validity 

of the assumptions made. 

The drift of the C field was generally quite small, and thus 

a correction can be applied quite easily. The procedure used is to 

assume a linear drift with time and choose the value the field had 

when the peak button was exposed.· 
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Preliminary values of the interaction constants a and b for 

Ga 
67 

had been obtained previously by Worcester (WOR 57a)o He also 

determined the signs of these quantities 0 Using his values we began 

a search for .6-F = l transitions in the 
2

P 
3

;
2
state 0 A resonance was 

observed at 2800775 Me/sec, and its field dependence proved it to be 

an u-nresolved doublet composed of the (2, 2) -0, l) and (2, l) -( l, 0) 

transitions, From this information, a search was begun for less 

field-dependent transitions, and several were observed. 

At this point it was observed that the (2, 0), (1, 0), and the 

(3, -1 ), {2, -1) levels are perturbed in such a manner that the frequencies 

of the transitions between them decrease at low fields. Since these 

frequencies must increase at high fields, we see that at some field 

their derivative with respect to field must be zero. Figure 30 shows 

the frequency of these transitions as a function of magnetic field. In 

the field-independent region we should expect to obtain very narrow 

line widths, yielding greater accuracyo 

These transitions were observed in the field-independent 

region and indeed yielded narrow lines 0 Some difficulty was experi

enced in that the resonances observed had the shape expected when the 

rf field has two components 180 deg out of phase (see disscussion in 

Sec. III, Ao 2)o The most extreme example of this observed is shown 

in Fig 0 31. To be certain that the resonant frequency was actually 

at the minimum of such a curve, the .6-F = 1, .6-m = 0 transition for 

K 39 was observed, since it is in the same frequency range. The same 

curve shape was observed, and the minimum was-at the correct 

frequency, within the limits of error 0 However, the agreement was 

not as good as could be desired, and thus slightly larger uncertainties 

than usual were as signed to these peaks 0 

The data observed on the 
2

P 
3

/
2 

state of Ga 
67 

is summarized 

in Table IL The first three digits of the run number indicate the run 

during which the resonance was obtained, while the fourth digit indi

cates the order in which the resonances were observed, if more than 

one was observed during the run. The first field-dependent transition 
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Fig. 30. The frequency of two ~F = 0 transitions as a 
function of magnetic field. Note the field-independent 
regions at the minima. 
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RUN 2151 

Ga 67 (77. 9 h) 

H = 60.149 GAUSS 
2 P312 (2,0)-(1,0) TRANSITION 

! 

!\ 

FREQUENCY (MC/SEC) 

MU-19577 

Fig. 31. The resonance shape observed when the rf field 
has two components 180 deg out of phase. The two 
points at 252.000 Me/sec were taken 3 hr apart, 
indicating the extent to which normalization is valid 
over long periods of time. 



Run 
No. 

2101 

2102 

214 

2151 

2201 

2202 

248 

Calibration 
a frequency 

1.656(25) 

1.647(30) 

1.629(25) 

29. 426(25) 

1.813(25) 

1.791(30) 

74.932(25) 
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.Table II 

7 2 
Summary of Ga P 3 ; 2 data 

Ga 
7 

frequency 

277 .882(75) 

278.439(75) 

597 .170(40) 

252 .058(40) 

278 .464(60) 

277 .838(75) 

575.736(35) 

2 

2 

3 

2 

2 

2 

3 

0 1 

1 1 

-I 2 

0 1 

1 1 

0 1 

-1 . 2 

aCalihration is in terms of Rb 85 frequency~ 
SumrriP.ry of least- squares fit: 

0 

1 

-1 

0 

1 

0 

-1 

Residual 

-0.053 

+0.038 

-0.012 

+0.000 

+0.029 

-0.045 

+0.010 

2 
a = 175.092 ± .005 Me/sec, b = 71.940 ± .014 Me/sec, x = 1.52. 
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observed is not included in the analysis, since it was an unresolved 

doublet and thus does not contribute to the accuracy of determing a 

and b because of the large uncertainties involved. The data was 

processed with the Hyperfine program with the results shown in the 

table .. The residual is the quantity f-X
1 

+ X
2

, where f is the observed 

frequency and the X' s are the term values calculated using the final 

value of a and b.· The x2 is low for this number of points, indicating 

a very good fit. If we look at a standard table of x2
, n, and probability, 

(FIS 46) we get P:::: 90o/o for this case (since n is the number of 

observations less the degrees of freedom, or n=5 for our case). Thus 

the actual values of a and b have a 90o/oprobability of lying within the 

limits of error given by the routine. To be on the conservative side, 

we increase the limits of error somewhat and obtain for our final 
2 

result for the P
3

/ 2 state: 

a = 175.092 ± .009 Me/sec 

b = 71.940 ± .025 Me/ sec 
(IV. 1) 

The Breit-Rabi diagram for these values of a and b is shown in 

Fig. 32. This diagram was c;:cric;u'l'at~dwith Routine J0-9 and was plotted 

with the aid of Routine J0-9A. 

Using the value of a obtained in the 
2

P
3

/ 2 state, we can pre

dict quite accurately the value to be expected for .6.v in the 
2

P
1

/
2 

state using Eq. (II. 68) and neglecting any anomalies that may be present. 

We then have 

(::) 3/2 = ( :~) 1/2 . 
(IV. 2) 

. 69 
Using Eq. (II. 36) and the values of .6.v and a for Ga , we obtain, 

since I= 3/2 for both isotopes, 

~v = -- ~v = 
( 

a67 ~) 
67 Predicted a69 69 

2457. 594 Me/ sec (IV. 3) 

A search was made at low fields for the .6.F= 1, _ .6. m = 0 transition with 

the result shown in Fig. 33. Several more observations were made 
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Ga67 (77. 9 h) I= 3/2 
a= 175.092 me/sec 

b = 71.939 me/sec 
2 

p3/2 

100 200 

MAGNETIC FIELD (GAUSS) 
MU-18751 

Fig. 32. 
6 

The Breit-Rabi diagram for the 2P 3 / 2 state of 
Ga 7 • 
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RUN 2541 

Ga67 (77.9 h) 

H = 3.419 GAUSS 

2P112 (2,0)..-(1,0) TRANSITION 

rf\ 
! ! 

\-55 KC/SEC _______. 

! ;f \ 
/! !~ 

o~~~~77~--71~----~~~----~~~--~=~~~~ 
2457.600 .650 .700 .750 2457.800 

FREQUENCY (MC/SEC) 
MU-18753 

Fig. 33. A resonance observed in the 
2

P l/Z state of Ga 
67

• 
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and are summarized in Ta?le III. The t::. v values were calculated by 

the Shugart routine" Again assigning conservative errors, we obtain 

as the final result for the 
2

P l/2 state of Ga 
67

: 

t::. v = 2457.733 ± .030 Me/sec. {IV. 4) 

The accuracy with which these constants have been obtained 

allows us to determine the differential hyperfine structure anomaly 

of Ga
67 

and Ga
6

9, which is defined from Eqs. (II. 68) and (II. 36) as 

67 6 69 = t::.v 67 /a67 

t::. v 69 a69 
1. (IV. 5} 

Substituting our values for Ga 
67 

and those previously obtained for Ga 69 

{DAL 54 • LUR 56}, we obtain 

= {6 ± 5) X 10- 3 o/o, {IV. 6) 

where all the uncertainty is due to the uncertainty in our value of a. 

We can now use the theoretical value of the ratio of the anomalies 

in the two states ( Eq. {II. 74)] to obtain approximate values for the 

individual anomalies. We get 

and {IV. 7) 

67 69 -3 
t::. l/2 = ·•• (1.5 ± 6) X 10 o/o 

where we have increased the limits of error slightly to include any 

uncertainty in Eq. (II. 74 ). 

The value of t::.v obtained can be combined with Eq. {II. 7) and 

the values of t::.v and 1.1~ for Ga 69 {WAL 53) to obtain the nuclear 

magnetic moment of Ga 7 Because we have I= 3/2 for both isotopes, 

Eq. (II. 7) becomes 

= {IV. 8 ) 
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Table III 

Summary of Ga 7 2 
P l/Z data 

Run Calibration Ga 
7 

Fl Ml Fz. M2 Calculated 
No. frequency 

a 
frequency .6.v 

2541 1.600(25) 24 57 0 7 28 ( 15) 2 0 l 0 2457 .726(15) 

2542 3 .660{25) 2457 0 740(40) 2 0 l 0 2457.729(40} 

2571 2.194(25) 2457 0 740{25) 2 0 l 0 24 57 0 7 3 6 ( 2 5) 

2572 2.946(20) 24 57 0 7 52 ( 2 0) 2 0 l 0 2457 0 745(20} 

aCalibration is in terms of Rb85 frequency. 

Wei~hted average:" .6.vo = 254 7. 733 Me/ sec 

.. 
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Substituting the measured values, we obtain the uncorrected nuclear 

moment, 

J.LI = 1.8454 ± .0008 nm, (IV. 9) 

69 where the uncertainty includes the uncertainty of the Ga moment 

and possible anomaly ef_£ects. _ 
3 

( 
1 

) 

Using Eq. (IL 20) and the value of 3.46 a for --,-- , 
o \r~ A 

Koster (KOS 52) finds that the quadrupole moment of v 

Ga 69 is 0.190 b?-rns. From this, using Eq. (II. 13) and our value of 

b, we get 

Q = 0.219 ± .011 barns {IV. 10) 

67 
for Ga . The uncertainty has been as signed in view of the implica-

tions of Eq. (II. 21) . 
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The nuclear spin of Ga 68 was found to be 1 by Worcester 

{HUB 58}, who also obtained rough preliminary values for a and b 0 

These values indicated the possibility that the energy levels might 

not follow the so- called normal order, in which any F level always 

lies below the {F + 1 }st leveL A more careful analysis of this data 

was made, and further experiments verified that the level order is 

invertedo 

The experiments involving Ga 
68 

were much more difficult 
67 

than those performed on Ga 0 One great disadvantage is the short 

half life 0 In general, the first button was not exposed until about 

100 min had elapsed since the target was removed from the cyclotron, 

because of the involved chemical separationo Since this is about one 

and one-half half-lives of Ga 68 , the experiment was rather marginal 

because of the large amount of Ga 
66 

produced [see Sec 0 (IIL B 1 )] 0 

A run was usually discontinued if no resonance was observed in the 

first 45 min of running, since continuance would have been futile 0 

Also, due to the statistical effects of the Ga 66 background, many of 

the resonances obtained were rather poor 0 

Another factor contributing to the difficulty of the experiment 

is that Ga 
68 

has an extremely small nuclear magnetic moment and 

thus shows large deviations from the first-order frequency expression 

[Eqo (IIL 2)] even at very low fields 0 The shift at 10 gauss is already 

about 3ol Me/sec for the b.m = 1 transition in the F = 5/2 leveL 

This makes the search problem more difficult unless the field is 

increased very little from one run to the nexL In spite of the experi

mental difficulties, a few good resonances were obtained for the 

b. m = ± 1 transition in the F = 5/2 leveL These indicated that the 

value of b/a = s is about 3 0 If we look at Figo 2 we see this value 

corresponds to a 5/2of'1YZ..x;r3/2-level ordero Figure 34 shows the 

Breit-Rabi diagram for Ga 68 using some preliminary values of a 

and b 0 We note that one consequence of this level ordering is that 

a transition in the F= 1/2 level is observable with an atomic-beam 

., 
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machine, while for normal ordering this transition is not observable. 

A search was made for this transition and a resonance was observed, 

establishing this level order. 

The Ga 
68 

data is summarized in Table IV 0 Worcester's 

data, as analyzed by the author, are also includedo Several poorer 

resonances have been omitted from the summary 0 While they were 

valuable as indications of the field dependence of the lines, they are of 

little value in determining the constants a and b. We note that if 

Run 5 is included in the summary, it has a residual three times larger 

than its uncertainty, whereas if it is omi~ted, the x2 
drops by a 

factor of sixo This would indicate that some error has been made 0 

Since the Ga 
68 

frequency was obtained from a graph made by Worcester, 

it seems that the only likely place for error is in the calibration fre

quency. In view of the poor fit for Run 5, it was deemed advisable to 

omit it from the final analysis 0 

Because of the very small magnetic moment of Ga 
68

, we can 

not reach any conclusion about its sign from our data. Thus we must 

list the absolute values of a and bo Also, we find that a x2 = 0.98 

for n = 7 corresponds to a probability of about 99o/o. However, in view 

of the experimental difficulties encountered, we feel that this good fit 

is rather fortuitous, and again we· shall be conservative and increase 

the errors by a factor of about 2o5. Thus ·we have 

Ia I = 3075 li: o20 Me/sec, 

lb I = 11.7 ± 1.0 Me/sec, (IV o 11) 
and 

b > 0. -a 

Using the method outlined in the previous section, we may ob

tain the uncorrected nuclear moments from these values 0 We get 

I ~I I = Oo0263 ± 00014 nm 
and 

lo I = 0.0356 ± .0031 barns, 
(IV. 12) 

where the limits of error are due only to the uncertainty in a and bo 

.. , 
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Table IV 

68 2 
Summary of Ga P 

3
/ 2 data 

Run Calibration Calibration Ga68 
Fl Ml F2 M2 Residuals 

isotope frequency frequency With run 5 Without run 5 

la K39 0.500(25) 0.800(50) 5/2 -l/2 5/2 -3/2 -0.006 ::o.oo6 

za K39 1.000(25) 1,630(60) 5/2 -1/2 5/2 -3/2 +0o003 +0.002 

3a K39 2.000(25) 3. 250(100) 5/2 -l/2 5/2 ~3/2 -0.083 -0.089 

4a K39 L000{25) 2. 145(50) 3/2 3/2 3/2 1/2 +0.000 -0.005 

sa K39 3.010(25) 5.030(50) 5/2 -l/2 5/2 ~3/2 ~0. :1.45 

6a K39 L500(25) 3.370(50) 3/2 3/2 3/2 1/2 +0.032 +0.0 19 
0 

...0 

7a 39 N 

K 2.000{25) 4.635(65} 3/2 3/2 3/2 1/2 +0.042 +0.022 0 

252 Rb85 2. 980(25) 8. 285(85) 5/2 ~1/2 5/2 -3/2 ~0.0 14 -0.048 

282 Rb85 4. 708{25) 14.435{!00) 5/2 -1/2 5/2 -3/2 +0.087 +0.018 

294 Rb85 2.294(25) 12.125(100) l/2 l/2 l/2 ~l/2 -0.012 ~0.006 

aData obtained by Worcester. 

Summary of least-squares fit, including Run 5 is a= 3.831 ± .083: Me/sec. 

b = 12.076 ± .410 Me/sec, and 
2 = 5.83. Not including Run 5. the summary is X 

a = 3. 752 ± .084 Me/ sec. b = U. 703 ± .417 Me/ sec. and X 
2 

::: 0.98. 
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D. Ga 
70 

S . h 1 . f G 7 O k h f' t 1nce t e nuc ear sp1n o a was not .nown, t e 1r s run 

consisted of a spin search. Whereas the hyperfine-structure separa

tions of the other odd-odd gallium isotopes are very small, causing 

large shifts in frequency at low fields, there was some concern that 

the same might hold true for Ga 
70

. Thus the search was conducted at 

the lowest field feasible with the machine used. Also, since the most 

likely spins were I= l and I= 3, buttons were also exposed at points 

200 kc/ sec above those for I = 1 and I = 3, in case the frequency 

should be shifted up. The normalized Ga 70 counting rates obtained 

from the search are shown in Fig. 35. This indicates the spin of Ga 
70 

to be 1, with the frequency shifted very little, if at all. If we plot the 

normalized Ga 
7 2 

counting rate of the same samples, we obtai~ Fig. 36. 

This confirms that Ga 
72 

has spin 3, as previously reported by Goodman 

(GOO 58). Since the points for I= 2, 3, 4, and 3 + 200 kc/sec lie 

so close together we see that we actually have a resonance curve for 

G 
72 . F' 36 a 1n 1g. . 

I d f . h . f G 7 0 f n or er to con 1rm t e sp1n o a , our resonances were 

taken at various magnetic fields. Table V gives a summary of all the 

data. All observable 6.F = 0 transitions were observed at least once. 

The data from Run 328 are plotted in Fig. 37 .. The two different 

methods of normalization are used; note how closely they agree. 

In the last column of Table V, the observed frequencies are 

compared with the frequency expected for an infinite hyperfine ... structure 

separation, that is, that given by Eq. (III. 2}. We see that the shift is 
70 quite small, which indicates that Ga has rather large nuclear 

moments. 
72 

Several resonances were also observed for Ga , confirming 

the spin. Transitions were seen in the F = 9/2, 7/2, and 5/2 levels, 

confirming that Ga 7 2 
has the inverted level order previously reported. 

(KIE 59) .. 
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Table V 

70 
Summary of Ga data 

Run Calibration Ga70 State F1 M1 F2 M2 v - v 
Noo frequency 

a 
frequency 

0 

321 1.510(20) Spin = 1 
2 
p3/2 

328 1.867(30) 4A70(90) 2 
p3/2 5/2 -1/2 5/2 -3/2 -0.011 

338 1.633(25) 1.135(100} 2 
p1/2 3/2 -1/2 3/2 -3/2 +00046 

365 1.730(25) 5.250(125) 2 
p3/2 3/2 1/2 3/2 -1/2 +0.176 

387 4.616(25) 11.125(90) 
2 
p3/2 5/2 -1/2 5/2 -3/2 +00045 

a Calibration in. terms of Rb 85 frequency o I 
. ..o 
0' 
I 
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RUN 328 

2p3/2 Ga70 (21.1 m) 

H = 3. 987 GAUSS 

!y HALF- BEAM NORMALIZATION 

RATIO NORMALIZATION 

f(!\ 
7 f~ 

'¥ 500 KC/SEC 
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I /f~ 
--r1 

o~---------4~.0-------4~.2-------4~.-4-------4~.6-------4~.8---------~ 

FREQUENCY (MC/SEC) 

MU-19580 

Fig. 37. Counting rate of Ga 70 versus frequency, using 
both methods of normalization. The ratio-normalized 
points have been shifted 50 kc/sec for display purposes. ·" 
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V. DISCUSSION OF RESULTS 

Ga67 

The results obtained for Ga 
67 

are perhaps the most interesting. 

Because of the relatively long half life and unique field-independence 

of several tran;itions, very accurate results were obtained, enabling 

the determination of the differential hyperfine-structure anomaly. 

One thing of interest is to note the relationship of the Ga 
67 

magnetic moment to the Schmidt and Dirac limits. We ·see from Table 

I that for an odd proton with parallel spin and orbital angular momen

tum- -as we have for the p
3 

/
2 

proton in Ga 
67

- -the Schmidt limit is 

3. 79 nm and the Dirac limit is 2 nm. Since the Ga 
67 

moment is 

1.845 nm, we see that it lies below the Dirac limit. Although there 

are several other nuclei with moments outside the Dirac limits, it 

is a rather rare occurence. No suitable explanation has yet been 

advanced to explain this phenomenon other than to say that the collec

tive effects of the nuclear core overcome the single-particle effects 

of the odd particle. 

If we plot the nuclear magnetic and quadrupole moments of 

the odd..:A gallium isotopes as a function of A, we obtain Fig. 38. If 

we assume that the contribution of the odd proton to the quadrupole 

moment does not change from one isotope to the next, then we may 

assume that the change in quadrupole moment is due only to a change 

in deformation of the core. Thus we see that as the deformation 

decreases, the magnetic moment increases, approaching the Schmidt 

limit. This is reasonable, since the Schmidt limit is calculated with 

the assumption that the magnetic moment and spin of the nucleus are 

due entirely to the single odd particle. Thus as the collective effects 

of the nuclear core decrease, we expect the single-particle properties 

to manifest themselves more strongly. 

It is difficult to draw any conclusions about the effect causing 

the hyperfine-structure anomalies because of their very small size. 

Since the spins are identical and the magnetic moments are nearly the 

same for the two isotopes, one would not expect a radically different 
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distribution of magnetism in the two nucleL Thus we do not expect a 

very large Bohr- Weis skopf effecL There is a possibility, therefore, 

that part of the observed anomaly is due to the Breit-Rosenthal effect. 

B. 

68 
The short half life and small magnetic moment of Ga greatly 

increased the difficulty of the experiment, leaving something to be 

. desired in the accuracy of the results. Nevertheless, it is quite certain 

that the level order is inverted, with the F = 1/2 level lying between the 

F = 5/2 and F = 3/2 levels. 

The accuracy with which a and . b are known would indicate 

that a search for the D. F = l transitions is now feasible. A search has 

been made over a portion of the region lying within the limits of error 

of a and b, but nothing has been observed. The search problem is 

tremendous, since only a small region can be covered on each run 

because of the short half life. 

The result obtained for the nuclear spin of Ga 
70 

is exactly 

that predicted by shell theory [Sec. (IL C. 2)] , indicating that we have 

strong coupling of the 
2

P l/Z neutron to the 
2

P 
3

/ 2 proton. This result 

is also in agreement with the prediction of beta-ray spectroscopy 

(WAY 55). 

However, one surprising result has been obtained; there is 

very little quadratic shift of the resonances that have been observed, 

indicating a large nuclear magnetic and/or quadrupole moment. Thlls 

is surprising in view of the fact that all the other odd-odd gallium iso

topes exhibit extremely small magnetic moments. It would be inter

esting to continue the experiment and obtain the moments accurately. 

However, in view of the difficulties involved in transporting the sample, 

and since only eight buttons can be exposed per run because of the short 

half-life, the extended search required to do this is not considered 

advisable at this time. 
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VIL APPENDIX 

A. Constants Used in Calculations 

Certain constants have been used in the calculations performed 

in this thesis. It was deemed advisable to list them for the benefit of 

anyone who might wish to repeat the calculations. The fundamental 

constants used are (COH 57): 

a = 5.29172(2) X 10-9 em 
0 

M 1836.12(2) -m 

a. = 7.2972.9(3} X 10- 3 

h 
-27 = 6.62517(23) X 10 erg-sec 

f-lo = 0.92731(2} -2o I X 10 erg gauss 

fl 0 
1.399677(57) Me/gauss. h = 

Various atomic and nuclear constants used in the calculations 

are (BED 52, DAL 54, KOS 52, LUR 56,. RAM 56, WAL 55): 

K39 I = 3/2 

~w = 4 61.7 19 71 ( 1 5) Me/sec 

tJ.I = 0. 39094(7) nm 

gJ = 2.00228{2) 

Rb85 I = 5/2 

~v = 3035.735(2) Me/sec 

tJ.I = 1.348190(5) nm 

gJ = -2.00238(4) 

Ga69 I = 3/2 

a = 19 0. 794270(55) Me/ sec 

b = 62.52249 0( 1 00) Me/ sec 

~v = 2677 .9875(10) Me/sec 

tJ.I = 2.01081 (52) nm 

Q ·- 0.190(10) barns 
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Ga 71 I = 3/2 

a = 242A339 55(55) Me/ sec 

b = 39 .399030(1 00) Me/ sec 

.D.v = 3402.6946(13) Me/sec 

ilr = 2.55492('26) nm 

Q = 0.120(6) barns 

Here, as elsewhere in this thesis, all moments listed are 

uncorrected for diamf!:gnetic or other effects. 

• 
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B. Computer Routines 

The principles and techniques used in the various computer 

routines discussed in this thesis are described in greater detail here, 

although only the basic principles involved will be considered. For a 

more detailed description the interested reader is referred tp the 

various program instruction sheets which have been prepared for 

internal distribution in the Atomic Beam Laboratory. Several of the 

routines used are discussed in other theses (EWB 59, MAR 59) and 

will not be considered here, 

The majority of the programs described here are written for 

the IBM-653 computer. With the installation of the new IBM-704 in 

Campbell Hall, we may expect that most of the routines in the future 

will be programmed for this more advanced computer, 

L Routine J0-7 

This ·program, written by the author for the IBM 653, solves 

the Hamiltonian given in Eq. (II,4l) (neglecting the g
1 

term) using 

third-order perturbation theory. If it is given the necessary hyperfine

structure separations, it will calculate the frequency of any transition 

satisfying the selection rules ~F = 0, ± l; ~m = 0, ± 1, and will 

print out tables of frequency versus magnetic field, If given the 

frequency of a ~F = 0, ~m = ± 1 transition and one of the adjoining 

hyperfine structure separations it will calculate the other adjoining 

separation, 

The expression for the energy of the (F, m) level is given to 

third order in Eq, (11.48), We see that the frequency for any ~F = 0 

transition can be expressed in the form 

B 
+ 

(VIL 1) 

( 
c+ c 

+ + ------
(~vF, F+l) 2 (~vF, F-1) 2 

w F,m _ w F±l,m 
where ~v = 

F, F±l 
0 0 and is independent of m. 

h 
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We can also solve this equation for .6.vF, F ± 1 , using the 

familiar quaqratic formula 

where 

a = 
. b = 

and 
c = 

.6.vF F 1 
' f 

(VII. 2) 

(VII. 3) 
\ 

To evaluate the constants A, B+, B_, C+, and C_, let us adopt 

the shorthand notation 

JFF = (F,m IJ I F,m}, ,m z 
and 

F± 1 I I JF =(F,mJ F±l,m), ,m z 
(VII. 4} 

where these matrix elements are given by Eqs. (II. 42) and {U. 45 ). 

We then find that for a .6.F = 0 transition where 6tn = m
1 
-m

2
, the 

constants are given by 

and 

where 

A = K rJ F 
lY'·mz J F J - F,m

1 

- (JF, ) J - J F-1 2 ~ F . F-1 J} 
,m2 I.- F,m

2 
F-l,m

2 
, 

(VII. 5) 
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The extension of Eq. (VII. 1) to a .6.F = 1 transition is easily 

accomplished by using the proper hyper fine- structure separations m 

the calculation and then adding the appropriate ~v to the result 

obtained. 

It should be mentioned that the usefulness of this routine is 

rather limited, in view of the other routines now available which solve 

the Hamiltonian exactly. However, it does possess one advantage; 

since the formula it solves is expressed in closed form, it is about 

a factor of ten faster than the other routines that use a numerical 

method of solution. 

2. ·Routine J0-8 

This program, written by-F. S. Baker (BAK 60) for the 

IBM 653, solves the zero-field Hamiltonian [Eq. (II. 32) plus an 

octupole te~m] to obtain the relation between the hyper fine- structure 

separations and the interactio:r; constants a, b, and c. The program 

calculates the differences of the coefficients of a_, b, and c, for all 

combinations of F levels corresponding to a particular I and J, 

using the formula 

where 

with 

and 

~v = F., F. h 
(VII. 6) 

c 
2 

1 J 
a = ~K .. 

lJ 
a + ~Kb. . b + ~K~. 

lJ lJ 
c, 

'3/4 C(C+l)- I {I+l) J (J+ 1) b 
2 I (2 I -1) J(2J-l) 

(VII. 7) 

+ 5 (c3
+4C

2
+4/5C[-3I{I+l)J(J+l)+I(I+l)+J'(J+l)+3] -4f;(I+l)J(J+l)} . 

4I (I-1){2I-l)J(J-l)(2J-l) c, 

- (F, m ll JlF, m) = F(F+l) -~ I(I+l) - J(J+l) 

I I + J I~ F ~ I I - J ,. 
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The values of ·.6.K .. have been tabulated for all values of I and 
lJ 

J from l to 8 0 The program can also be used to calculate these 

coefficients for I or J greater than 8, but it was not deemed nec

essary to tabulate themo 

3, Routine J0-9 

This program, written for the 653 by the author, is a modifi

cation of W 0 Ao Nierenberg's Routine 009 (MAR 59 )o It computes the 

eigenvalues of the Hamiltonian given in Eqo (II. 52) as a function of 

magnetic field, and prints out tables of frequency versus magnetic 

field for given values of a, b, and .6.H, the desired increment in the 

magnetic fieldo It will do this for any arbitrary transition, and the 

operator can choose either a dimensional or dimensionless outpuL 

The method of solution. employs the recursion formulae given 

in Eqs 0 {IL 57} and (IL 58) to solve the determinantal equation 

D (X, H) = Oo 
p 

(VIL 8} 

The calculation must start at H=O, where the root is easily obtained· 

and identifiedo This root is then used as the trial root after the 

field is incremented by the amount .6.H, and the equation is solved by. 

using Newton's method: 

D.. X 
D 

p 
an 

p 
ax 

{VIL 9) 

The next trial root is then taken as X' =X- .6.X, and Eqo (VIL 9} is 

again evaluated using X' 0 The iteration is halted when .6. X is smaller 
-4 I than some arbitrary number, usually chosen as 10 Me seco The 

result for that field is then printed out, the field is incremented by 

.6. H, and the procedure is repeatedo 

Because of the no-m-cross rule, we will not have different 

levels possessing the same m value crossing each other, and.thus 

it is safe to follow the root up in magnetic field by using the method 

we have described. (We need not -worry about roots of different m, 

-. 

) 
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since the particular submatrix we solve depends on the m value 

chosen.) However, if two levels of the same m approach each other 

closely, some caution must be used, since it is possible for the routine 

to jump levels if the increment in field is chosen too large. 

The routine also calculates the derivative of the frequency with 

respect to magnetic field, using Eqs. (II. 58) and (II. 59) and the 

relations 

and 

ax 
aH 

av 
aH 

4" Rout in~ JO- 10 

= 

an __ P 
a H 
an 
__l? 
ax 

(VII. 1 0) 

(VII. 11) 

This program, written for the 653 by the author, fits the 

observed resonances by a least-squares method, using a and b as 

the parameters to be varied" The program must be given starting 

values for a, b, and the term values for each transitions. The start

ing term values can be obtained with Routine J0-9" 

The problem is to find the minimum of the function 

N = 2: 
2 

(f. - x 1. + x 2.) w., 
1 1 1 1 

(VII. 12) 

where f is the observed resonance frequency and xl and x2 are the 

term values for that transition. The weighting factor ~·' i.s given by 

1 (VII. 13) 
w = 

where '& f and 6 H are the uncertainties in the observed frequency and 

magnetic field, while a f/ a H is calculated by the program. 
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The method of finding the minimum of Eq. (VII. 12) is based on 

the procedure developed by W. A. Nierenberg (NIE 59). The following 

equations in oa and ob are set up: 

a
2

N 
oa + a

2
N ob 

aN 
~ a aab = aa a a 

(VII. 14a) 

a
2

N 
oa + a

2
N ob aN 

a baa ~ = ab 
ab 

(VII. 14b) 

·using the starting value of a and b, we solve these eq.uations for Oa 

and ob, The new trial values of a and b are obtained from 

a 1 = a - oa 

b 1 = b ob. (VII. 15) 

This procedure is continued until N reaches its minimum and begins 

oscillating due to rounding-off errors. This value of N at the minimum 
2 

is of course x The variances in a and b are given by 

(.6a)2 = a 
2

N 
~ 

and (VII. 16) 

(&)2 

t::.' 

where t::. is the determinant of the system of equations (VII. 14 ). 

All the derivatives required for solution of Eqs. (VII. 14) may 

be obtained by differentiating Eq. (II. 57) .. These derivatives are 

listed by Marino (MAR 59). To calculate x
1 

and x
2 

we use the same 

procedure that was employed in Routine J0-9. The magnetic field and 

its uncertainty are calculated from the calibration frequency and its 

uncertainty by using the Breit-Rabi equation. 

Since gi is in general unknown, it is calculated after ·each itera-

tion, using the new value of a and Eq. (II. 7). This of course pre- _1 

supposes that a and gi are known for some other isotope of that element, 

which is usually the case. If we wish to test the sign of gl' we can run 
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the problem using both signs, and the x2 
will give~ an estimate of the 

probability that one assumption is favored over the other. 

4~ ,R'ciutine Hyperfine 

This program, written by D. H. Zurlinden for the IBM 704, 

is an improvement and extension of Routine J0-10. The improvement 

is that the program calculates the required starting values of x
1 

and X 2from the given starting values of a and b. If desired, it will 

also calculate xl and x2 anew after each iteration, starting from zero 

field and using the new value of a and b obtained from the previous 

iteration. This prevents the program from jumping levels and greatly· 

helps the convergence if very poor initial values of a and b are 

chosen. 

The program has also been extended to include gJ as one of 

the parameters to be fit by the data. This is very useful for work on 

the transuranic elements or some of the rare earths where the g
3 

is 

not known. The program is presently being rewritten to include g1 
as a parameter, and also to solve the problem for I or J = 1/2. 

The method of solution for more than two parameters is essen

tially the same as that outlined in the previous section, but now the 

system of equations is given by 

ax. ax. 
1 J 

ox. 
1 

= 
aN 
ax .. 

J 

{VII. 17) 

Using given starting values for the x., we solve these equations for the 
1 

ox. and then try the new values 
1 

X. 'I = X. 
1 1 

0 X. 
1 

This is repeated until N reaches a minimum. 

{VII. 18) 
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6. Consistency of Programs 

Since the programs described above are very complex, it is 

extremely likely that errors in programming will appear. Most errors 

can be found quite easily, but it is possible that a small but significant 

error might be overlooked. Since it is virtually impossible to do the 

calculations by hand, there is no way to check any one program. 

However, if there are two routines written independently by two 

different programmers which solve essentially the same problem, they 

can be used to check each other. 

Since there was some question as to whether or not the g
1 

term 

was being calculated correctly in Hyperfine, J0-9 was used to calcu

late fictitious frequencies at arbitrary fields using a certain value of 

a and b. This information was then used as input data for the Hyper

fine routine. If both routines were programmed correctly, Hyper fine 

should converge to the values of a and b (and gJ, if varied) that were 

used in J0-9 to calculate the frequencies, and we should get x2 = 0. 

The actual x2 
obtained was about 10- 3 , which is undoubtedly due to 

rounding-off errors. To be certain that the g
1 

correction was being 

applied correctly, the g
1 

for the comparison isotope was varied in such 

a manner a:s to give the unknown gi the values 0, l/2g
1 

, g
1 

, 3/2g
1 

, 
0 '0 0 

and 2g
10 

where g
1 

is the correct value. The result is shown in Fig. 39, 

where we have plgtted x2 versus g
1 

for the two different modes of 

operation of the program, that is ,first with only a and b varying, 

and then with gJ varying also. We see that we obtain a parabola 

with its minimum at g
1 

, which is exactly what we should expect to 
0 . 

observe if the programs have no errors. 

) 
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e a AND b VARIABLE, gJ FIXED 

--o-- a, b, AND gJ VARIABLE 

1.0 

I 
I 
I 

0.75 ? 
I 

I I 
\ I 

x2 \ I 

\ I 
I 

0.50 \ I 
\ I 
I I 
\ I 
\ I 
\ I 

0,25 \ I 
\ ? q 

\ 
\ 

\ 
'\ 
~ 

0 
0 1/2 I 3/2 2 

9r /910 

MU-19584 

Fig. 39. The value of x2 
obtained with Hyperfine as g1 is 

varied about its true value g
1 

, using fictitious input 
data calculated by .J0-9. o 
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