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ABSTRACT 

An atomic -beam magnetic-resonance apparatus of the "flop -in" type 

has been used to measure the nuclear spins and hyperfine -structure sepa

rations of the 
2s

1
/

2 
electronic ground state for several radioactive iso

topes of silver and gold, The results of this experimental work, together 

with calculated values of the nuclear magnetic -dipole moments, are as 

follows: 

Isotope 

Agll2 

Agll3 

Aul94 

Aul95 

Au196 

I 

Half -life 

3.2 h 

5.3 h 

39 h 

185 day 

6.2 day 

9. 7 h 

Spin 

2 

1/2 

1 

3/2 

2 

12 

hfs D.v 
(Me/sec) 

518.332 (10) 

2408.065 ( 10) 

3489.872 (10) 

6239 (13) 

{

24,100 (800) 

26,000 ( 1 000) 

fl. I 
(nm) 

± 0.0547 (5) 

±0.159 (2) 

± 0.074 ( 7) 

±0.148 (15) 

+0.61(3) 

-0.66 (3) 

All isotopes were produced by cyclotron bombardment. Beams of 

48 -MeV alpha -particles were used on a palladium target for the production 
112 113 . 196m 

of Ag and Ag , and on a platlnum target for Au . ; whereas, 

24 -MeV deuteron beams were used on a platinum target for the production 

ofAu
194

, Au 195 , and Au 196 . Resonance detection was accomplished by 

collecting the radioactive atoms on a sulfur -coated surface. The activity 

On the Surface due to Ag ll2, A 113 d A 196m t d · t· g · , an u was coun e 1n con 1nuous-

flow methane counters; whereas, the activity due to Au 194, Au 
195

, and 

Au 
196 

was counted in low -background scintillation crystal counters. The 

Fermi -Segre formula was used to calculate the nuclear magnetic moment 
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from the measured hyper fine structure separation .6. v with values of b.v 

and fJ.r previousiy measured directly for stable iostopes of the same 

element. 

A technique of multiple-quantum transitions was used for measure

ments on Au 
196

• since the .6. v of Au
196 

is so large that the standard 

transition could not be observed with the present atomic ·-beam apparatus. 

v 
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I. INTRODUCTION 

The atomic -beam magnetic -resonance experiments presented here

in are part of the continuing program of the Atomic Beam Laboratory 

of the University of California at Berkeley for the systematic study of 

. the nuclear properties of radioactive isotopes. Among the isotopes of 

silver and gold, this paper presents three additional measurements of 

1 . (A 112 A 113 dA 196m) f dd .. 1 nuc ear sp1ns ,g · , g ,. an u • our a 1tlona measure-
. . . 112 113 195 

ments of hyperf1ne str:ucture sepa1;:at1on (Ag , Ag , Au , and 

Au 196 ), and an improved measure:l:nent of the hyperfine structure separa

tion (hfs .6-v)of Au194. 

A brief discussion of basic theories involved in this research work 

is givenin Sec. II. Emphasis on the physical reasoning rather than 

rigorous mathematical treatment is employed. In Sec. III,· the experi

mental apparatus, working principle, and experimental procedure are 

described. The experimental results are given in Sec. IV,. along with 

a brief interpretation of the results in terms of the current theory of 

nuclear shell structure. 
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II. THEORY 

.A. The Hamiltonian of an Atom 

In this sec.tiona nonrelativistic discussion of the total Hamiltonian 

of an.atom will be ~iven. A neutral atom is assumed to. consist of a 

number ( Z) ofelectro11.s, and a nucleU:s in which there are Z protons 

and a numberof neutrons. Nonrelati_;istically,. an electron or a proton 

can be characterized by its electric charge,. magnetic dipole, and mass; 

a neutron, only by the .last two quantities. 

However, each nucleon moving inside the nucleus is closely bound 

dynamically by· a very strong nuclear force to form a fairly well-defined 

and rigid system. The nuclear force usually is classified as a strong 
I· ·., 

interactio:n which, according to yxperiment, is invariant under inversions 
. . . . -· . 

and rotations of the coordinate system, to a very good approximation 

(ELT 59). The nucleons moving under this fo~ce are .c'ombined dynamically 

to form some sort of inversion-_rotation symmetry relative to the center 
. ' . " ~ . .. . . 

of mass of the nucleus. From a group-theory viewpoint (HEI 60). a 

spin (ang~ar _momentum) ~nd a d~finite paritY, are associated ~ith __ the 

nucleus as a whole. Hence a nucleus may be treated as a single rigid 

particle ch,aracterized by a definite parity and a constant spin I. These 

characteristics, in turn. determine the dynamic distribution of electric 

charge and magnetic -dipole strength inside the nucleus. The interaction 

perturbation us.ually associated with atomic -beam work is too small to 

cause any appreciable mixing of the nuclear energy levels. 

The nature of the possible interactions of any pair of particles inside 

the atom (except nucleon-nucleon interaction) is considered mainly to be 

electric and magnetic, if the very small gravitational interaction of 

masses is ignored. 

We shall briefly discuss the possible types of electric-magnetic 

interaction of two particles in general, and then try to identify them with 

all the well-known interactions for an atomic syste. The term "dipole 

current" will be used for a moving dipole and the usual meaning will 

apply to "electric current. 11 The six different possible types of electric

magnetic interactions are as follows. 

... 
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Electric: 

( 1). Charge -charge interaction; the electrostatic Coulomb 

interaction. 

(2) Charge-dipole current interaction; a moving magnetic 

dipole interacts with the electric field .generated by other 

charges. 

(3) Dipole current-dipole current interaction; a moving mag

netic dipole interacts with the electric field generated by 

other moving .magnetic dipoles. 

Magnetic: 

( 4). Dipo~e -dipole interaction; magneto static interaction. 

(5) Dipole -electric current interaction; a dipole interacts with 

the magnetic field generated by moving charges. 

(6). Electric current-electric current interaction; a moving 

charge interacts. with the magnetic field generated by other 

moving charges. 

In. subsequent' discussion the interactions will be identified by the numbers 

listed above. 

In the case of elec.tron-electron interactions, the terms are easily 

identified: 

( 1) The Coulomb repulsion. 

( 2) Part of the spin-orbit interaction, due to the average 

Coulomb field of other electrons. 

( 3) Too small to be of interest in the atomic system. 

[ :::::( v )
2 

of spin-spin interaction] 
c . 

( 4) The spin -spin inte rae tions. 

( 5) The spin-other orbit interaction. 

( 6 ). The orbit-orbit interaction. 

In the case of electron-nuclear interaction (e., n), the nucleus differs . 1 

· fro:m an electron by its spin .I, which can be any integer (including zero) 

or half integer. This could cause a nonspherical distribution of charge 

and magnetic dipole strength inside the nucleus. In general a non· 

spherical distribution can be described by a multi pole expansion. 
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The six interactions in the preceding paragraph can be classified.as 

follows: 

{ 1) Electric multipole interaction 

(2) Nuclear part of spin-orbit interaction of th'e electron moving 

in the electric field generated by the nucleus, and of the nucleons 

rotating in the electric field generated by the electrons (the 

latter te.rm is zero for a point nucleus.}. 

( 3) Same situation as in the case of electron-electron interaction 

( 4), (5 ), and ( 6) •. Magnetic multi pole interactions, a combined 

effect of these· three types of interaction: 

In the description of the main features of the atomic energy levels, 

the spin-spin, the spin-other orbit,, and the orbit-orbit interactions in 

the electron.,.electron case are not important. They will be ignored in 

the later discussion. The spin-orbit interaction of electron-electron and 

elet'tron-micletts 'cases can be combined to form a total electron spin-

. orbit interaction in the average electric field generated by. the nucleus 

. and other electrons. In the electr<:m-nuclear case,, all electric multipoles, 

e:xceptthe rrionopo1e, and, all·:rp.agnetic rnultipoles are nuclear.,.spin

dependent, so they can be combined to form the well-known (hfs) ·· 

interaction.· 

To. summarize: the total Hamiltonian of an· atom is. assumed to 

con~ist of terms due to the motion of the center of mass of the nucleus, 

Jhe motion of all the eleCtrons, the electron-nuclear electric monopole 

interaction, the electron Coulomb repulsions,· t4e total spin-orbit inter-

.action, and the hfs interaction .. Symbolically; 

X · = X + ( JC . +X · . +X . 
. total · nucleus electron elec. monopole repuls1on 

+ JCs:pin-orbit) + JChfs (II-1) 

The sur:n gf.terms inside .the parenthe.ses is us:ually calleq the. atomic 

Hamiltonian. Each term will be briefly discussed below. The center 

of r:nass of the nuclel1s will be taken sirp.ple to 'J:?e at rest. Of course the 

nucleus can rotate about its ~is q£ symmetry. General references for 

this- seetionare (CON 57}, .(BCH55), (RAM 56),. and (EDM 57). 
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1. The Motion of Electrons 

In the absence of interaction, the Ifamiltonian of electrons is pure

ly1 kinetic and is represented by 

.,.fl2 
JC = electron 2m 

z 
I:. 

i=l 

The total energy of this Hamiltonian is .triv:ial.r It contributes a positive 

energy to. the nucl~1.;1s -electrons system and is equal to -the sum of the 

kinetic energy of all the. electrons. 

2. The Electric Monopole Interaction 

The expLicit -form of the Hamiltonian of this electron-nuclear 

. interaction is given 1:ly 

JC - = 
elec. monopole 

z 
·L 
i=l 

r. 
1 

(II-3) 

which contributes a negative energy (of order of 10 eV) to. the nucleus-

- electrons. system. When this .term is included with the first two terms, 

the sys_tem will form bound states provided the energy corresponding 

to JCelectron is less than.tl;lat corresponding to -this interaction for each 

electron. It then is. said that an atom is :formed. In the bound states, 

electror1s are· movin~ around the nucleus; and.the energy of each electron 

depends generally on _two parameters:. the radial quantum number nri 

and the orbital angular momentum number .£ .... - But in the Coulomb 1 . 

field the total energy of an electronis expressed in terms of the sum 

. of nri and li. So, in fact, the total ep.ergy depends on only one para

meter n. = n . + .£., the principal quantum number, which can hav:e 
· 1 r1 1 · · · · · 

values of 1., 2, • • • oo; whereas .£i can take 0, 1, • • ·, ~ -1 only. The 

energy increases with increasing.: n. The total energy of an atom is the 

sum of energies of all electrons, and therefore depends on Z parameters 

(n
1

, n
2

, • • ·, n
2

). -According to the Pauli exclusion principle, there is 

a limit to the total number of electrons .:having the same n, namely 
n-1 
L .· 2(2.£ +1). The electrons :having the_ same n (same energy} may be 

.£ '=0 . 

thought of as belongingto an energy i'shell" denqted by [n]k, where 

k is the number of electrons in shell. n .. For example,. an atom of 32 

electrons in its ground state may be described b:y:, a. structure of shells 
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like [ 1] 2 [ 2] 8 [ 3] 18 [ 4] 4 • 

3. The Coulomb Repulsion Interaction 

The Hamiltonian of this interaction is given by 
z 
\. e2 

JC =L 
Coul. repulsion i>j rij ' 

(II -4) 

which contributes a positive energy to the atom and prevents the electrons 

from coming too close together. The electrons will be distributed 

dynarr1ically with some type of· symmetry in spate. · As to the atomic 

energy this interaction serves two rol-es. 

a. Shielding effect (spherical)~ Its average value over all elec.trons 

except electron i (or the electrons outside closed shells) contributes a 

non-Coulomb central electric field added to the electric monopole field, 

so that the electron i sees a modified potential 

U.(r.)= [- Ze+·( 
1 1 r. 

1 

z 
1: 

j =i 
(II-5} 

known as the self-consistent field, usually calculated by the Hartree or 

Hartree -Fock method. In this modified field the energy of an electron 

will no longer depend only on ni but also on .fi, An energy shell now 

is broken up into sub-shells [n] = (nf
1

}(nf
2

) •·• (nfn-.1}, with a maxi

mum of 2( 21.+ 1} electrons in each sub shell. Also there will be a certain 

degree of mixing of the neighboring shells because - Ze
2 

is pe:rturbed 
2 r· · 

strongly by ( :. . ) av' The higher the atomic numb~r the greater 

the degree of mixihg. Now the energy of an atom is determined. by 

what is called the electron configuration, which is the sum of subshells. 

For the previous example of 32 electrons the configuration of the ground 

state is given ;by 

subshells: {ls)2 (2s} 2(Zp} 6 (3s} 2(3p} 6 (4s.} 2(3d} 10 (4p} 2 

shells: [3] 18 

Here a mixing of shells 3 and 4 is shown. No splitting of energy is 

. expected except for excited states. 
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b. Coupling effect {nonspherical). For electrons outside the closed 

shells {from here on, 'closed shell"may mean either closed subshell or 

shell), the orientation of the o~bital angular momentum ri and spin;i of 

one electron relative to any other is not unique. It can choose from a 

set of 2{21+1) possible ori€mtations allowed by the exclusion principle. 

Different choices, on one hand, couple to different total orbital angular 

momenta L = ~ Ti and to different .total electron spins S = L: ;i' and 

on the other hand present different electron-charge distributions. The 

. latter in turn yiel,d different ~ntera<;:tion_energies by the Coulomb 

repulsion. However, this relative distribution depends only on the -magnitude of L {or its quantum number L) but not on.the absolute orienta-

tion in space. In other words, the interaction energy is determined by' 

. L 2 {or L) only, but is dege~erate for different orientatiOil.S of L. The 

total electron. spin S makes no direct contribution to tbis energy. But, -because of the exclusion pri:r1ciple~ the choice of L is not arbitrary. It 

is restricted by the_ cho_ice: of S' from~ 's. This choice depends on the -relative orientation of all s.'s with respect to one another. Therefor~. ' ' ' 1 

the'interaction energy also depends indirec.tly on the magnitude of 

§7 {S 2 )'~ •: or the corresponding qua;ntum number S, .·but not on its direction. 

The. energy of a configuration is now split into a number of .terms, labeled 

by 2S+ 1L, according to different sets of L and S. 

In a closed shell there is only one way to couple to L and S so there 

. is no. coupling effect. In fact,. L = 0. and S = 0 for a closed shell. 

Since the co~pling energy dep~rids on. L Z and S 2 we may say that they 

are_ ''constants of motion" and their quantum numbers L and S are "good!' - -There is no correlation between the orientations of L and S for this 
..... 

interaction, and hence the total electron angular momentum J of an atom 

formed by the coupling of LandS is not unique. Therefore, it is im-
_,. 

·possible to say anything about the J 0 f an atom only from the Coulomb 

repulsion interaction. 

4. The Spin-Orbit Interaction 

The Hamiltonian of this jnteracti~n is given by 

JC . = 1 ~ 1 dUi(ri) J . 
spin-orbit 

2
. 2 2 L r. dr. i 

. m c _ i=l 1 1 

-s .• 
1 

{II-6) 
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-The energy of this interaction depends on the orientation of i.. relative 
1 

to -that of;., and hence a differ-ent total angular momentum -J .. = t + ;. 
1 . .. . 1 1 1 

can pe obtained for each electron with different relative' o:dehtation 

between t and-; 0 However, 27_ o ;. = r 2 - 7.2 - ;:'. 2 • · Hence the energy 
1 1 7 21 ~ 1 1 . ~ . .. . .. · .. 

of interaction depends only on J . or 1ts quantum number J., but not on w 
- _., 1 1 ·-

the direction ofj . o ·The_ total energy of this interaction will depend on 
1 

Z parameters <J 
1

; j
2

, o o o, j z)o_,. Ina closed shell there is al~ays a pair 

of electrons having the same £.but with ;_ having opposite orie.ntations. 
. ·. ~ 1- - .. 1 

Their energy sum is zero, i.. • ( s. - s.) = 0. ThereJ is n:o energy contri-
1 1 1 

bution by this interaction for a closed shelL· The· number of parameters 

is reduced to k,. the number of electrons outside the closed shell. Ina 

non.,.closed shell-there are some degrees of freedom to choose the para

meters (j 
1

, j
2

, ;. • ,jk) allowed by the exclusion principle. ·A different 

energy corresponds to a different set o£(j
1

, o o o 9 jk)o Therefore,. if the 

Coulomb repulsion interaction is absent, the energy of a configuration 

will be split als-o into several terms· by this interaction. In this case 

all f' 2 are constants of motion and aU j. 1s a~e good quantum~riumbers. 
1 . . 1 

But, ,as in .the Coulomb-repuLsion interaction, there are no orientation 
. ·~· . . 

correlations among all the ji, and· hence the total electron angular 
. --9!- ' • . ~ 

momentum J. formed by the c'oupling ofall jiis. still not unique. There-

fore,. the spin-orbit interaction alone cannot remove the degeneracy 

according to different pqssible total electron angular mome'ntum, as 

happened in Part 3. 

Fortunately, nature provides both in-teractions in the atomic system. 

These two extreme' interactions combine to give enough conditions to 

form a unique J (nondegenerate). · Now we have two sets of vectors 

k - -(a} f.. - (b) 1-?t- - __,. 
~ = L s . =j. 

1 1 1 1 

k - - -- - i. + --~ = j 
~ s. :_= s k k 

1 

--Neither set of vectors. can. determine a unique J because there is no - - -orientation correlation between L and- S y or among the j. 1 s. !f we 
~ i, -~ . ~ ~ 1' 

rearrange each equation in (1;,1) so that i. i = ji - si, and substitute in the 

first equa~ion of(a), we have 
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k -~ (J". 
. 1 

or (II-7) 
k r = . ~ ri = :e + s. 

~ k_ 
Now J is determined uniquely, provided ~ j. = L + S .. This v.ector 

. 1 

relation provides a condition to split the energy of a term into several 

energy levels labeled by different total electron angular-momentum 

quantum numbers J, because the. energy of levels depends only onthe -magnitude of J but not on its absolute. orientation in space. Hence the 
4 

energy of an. atom is still degenerate with the direction of J. The r1ew 

·constant of the motionand the good quantum numb,er are j2 and J ,. 

respectively. 

In practice, when one interaction is much greater than the other, 

we can use a two -step approxin1ation method to calculate the interaction 

energy. The two. appraoches usually used are as follows. 

a. The LS. coupling scheme. This scheme is favored by 

JCC ul 1 · »JC . ·b.t'' us}.lally called the Russell-Saunders . o · . repu s1on sp1n-or 1 . · . 
case. It is assumed.that the. energy terms are first formed by the 

Coulomb repulsion,· and then the energy levels for different J within 

the same term are separated by the. small perturbation of spin-orbit 

interaction. Schematically, 

k - ....... ~ (£. + s.) -
1 1 

~ :... 
.~£' = L . 1 

~-:. = s 
1 

~ .__,. ~ 

-+ (L, S)-+ J • 

b. The j -j coupling sch.eme. This scheme is the oppqsite ext:veme 

. to the LS.coupling scheme. It is favored by the condition 

JCC u1 · 1 · << JC . b"t• Now the energy terms are first formed o • repu s1on sp1n-or 1 · 
by the spin-orbit interaction, and then the. s-mall perturbation of the 

Coulomb repulsion splits each term into. levels •. Therefore we have 

'k _,. __,. 
~(£.+s.}-+ 

1 1 

- ~ ._,. 
£. + s. = J . 1 1 1 

- <r's > _.. r. 
1 
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In most atoms the LS coupling scheme is a good representation. In 

the heavier atoms, :«'_ . :::zj JC . . ; for the atoms in 
-~oul. repulsion sp1n-orb1t · 

highly excited states, the j -j coupling flCheme is a good representation. 

In general, any two of the three related sets of quantum numbers 

{ L, S), (j 
1

, j
2

, • • · ), and (J) can .be .used to. label the states of an. atom. 

5. The Hyperfine ..:structure Interaction. 

It was mentioned earlier in this section that the hfs interaction .is 
' . ' 

the result of nuclear spin dependent terms in the electrostatic and 

magnetic interaction of the nucleus with the atomic .electrons .. , Nonrela

tivistically, these two phenomeJ:l<;~. shall be treated separately. 

a. Electrostatic interaction. If pe and p are, respectively, the n . 
-+ -+ 

electron and nuclear charge densities with position vectors .. r. and r · · e · n 
relative to the center of mass of the nucleus, the electr.ostatic interaction 

is 1:mrely a Coulomb effect. The interaction .energy is written as 

WE.=. J J' 
T T 

n e_ 

p '(; )p (;' ) . 
n n e e dr dr 

1

_., ,..... I n · e 
r - r 

e ri 

(II-8} 

A schematic diagram is shown. in, Fig. II-1. This energy is similar to 

that for the electron:..electron Coulomb inter9-ction. With the same 

reasoning, then in general, this energy depends on the relative orienta

tion of I and J. In other words, the energy depends indirectly on the 
~ ......:p. ~ 

magnitude of the total atomic angular momentum F = I + J or the corre s-

ponding total atomic angular -momentum quantum number F, which can 

have values as 

F =I+ J, (II -9) 

Of course, this interaction energy is still degenerate with the direction 
...... 

of F. The difference in interaction energ~es with different F could be 

expected to be .small, for generally . . ~ 

r ~r.>r, ·en e n 

We shall discuss some of the general properties of this interaction. 

For simplicity we assume that there is no overlapping of the nuclear 

system with the el~ctron system ( r > r ). This restriction may affect 
. e n 

the calculated value of the magnitude of the interaction energy, but it 
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Nucleus 
MU-24754 

Fig. ( II-1 ). Schematic diagram defining quantities which describe 
the positions of electronic and nuclear volume elements 
relative to the center of mass of an atom. 
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will not affect.the symmetry properties of the interaction that we will 

discuss. 

In order ~to separate -the nuclear part and electron part of WE by the 

multipole expansion, we introduce the Legendre expansion of 

1 
r 
en 

= 
00 

~ 

k=O 
rk r -(k+ 1 >pk( cos e ) 

n e en 
for r < r , n · e 

and the spherical-harmonic addition theorem 

and assume .that 
z 

Pn = f ~;· '~ ,. _.. _... 
~ e. - o( r -r ) ~ d-r ov_ertall protons, 

p n p n n 
p 

or 
z 

p = 
n 

* ~ (e ~ ~ ) - p n n 
p=l 

>l< * = Ze .1, .1. . = q ~ .1. , - '~'n '~'n .n n-'~'n 

and_ correspondingly 

* = q ljJ .1. over all electrons~ e ~ '~'e · 

By substitution in WE we obtain 

w (k) 
-k 1 >'< k * l >:C ,(k+l) 
~ 

4n 
qn ~~ r yk (n)~ d-r . 

qe~e re = E 
fl.=-k 

2k+l n fl. n n 
n n 

X Yk ( e) ~ d T , (II -1 0) 
fl. e e 

such that WE = ~ W (k}' where k is called the order of multipole. 
k=O E 

Since each of the nuclear or electron states is associated with a 

definite parity and, a definite angular momentum, we may write 

and 

~ . = R YJ (e) • 
e e _ mJ 

In-the nuclear space .the angular part of the integral now can be represented 

-by 

~ . I 

* * YI yk- YI dQI .. 
mi fl. mi 

(II-11) 
·,-
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The following. expansion is possible by using the Wign~r co~fficient: 

* * * ' 
YI yk = ~ ~MYK-M. 

ml f.l KM · 

Its explicit form expressed simply in terms of 3-J symbols, has been 

given by Edmonds\{EDM 57, p. 63 ). The value of K can· be 

_ . K = k + r •. k + r - 1. · · • , lk - II. 
The integral (II-11) now becomes..: ~M J Y~-M Y1m

1 
qn,, which can 

be nonzero only if K = I. ConsequeMly. 

k = 0, 1, ···, 21-1, 21,-

as if characterized by the vector sum of k(k) = f'
1
(I) + 1

2
(1). Similarly, 

in the el~ctron space k is limited by 

k = 0, 1, .•. ' 2J -1. 2J. 

Therefore, for given values of I and J the highest electric -multi pole 

interaction term is determined by. k :::;. ~i , depending on which is 

smaller. For J = 0, k = 0, and hence we can have only the ele~tric -mono-

·-pole. interaction for electrons forming a closed electron shell. The 

charge qe for k ~0 now represents only the charge of electrons outside 

closed shells. 

The parity of Ykmis (-l)k. Therefore both integrals of WE(k) 

are equal to zero for any odd values of. k. In other words, the 

electrostatic interaction can have .only eve.n orders of multipole inter

. actions. The. corresponding Hamiltonian may be written 

:«>_(2k) = 41T 
v"E 4k+l 

This is the product of two tnesors of order 2k with k = 0, 1, 2, 3, · • ·, 

whose components are transformed under rotation like those of a 

spherical tensor. For k = 0 

~ 0 ) = Ze :e = Ze 
. e 

z 
~ 

i 

e 
r. 

1 

·= JC 
monopole" 

b. Magnetic interaction. If there is no over:lapping of the nucleus 

and electrons anywhere, .it has been shown by Ramsey· (RAM 56, p. 59) 
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that the energy of magnetic interaction of a nucl~us with atomic electrons 

can be expressed by 

J J ........ 
( \7 • 

p 
WM= 'T 'T 

n e 

:M ><-; • ·:M ) 
n. e :: . e dT . d'T , . 
r n e 
en - ....... where Mn and Me- are magnetizations in the nuclear space and electron 

space, respectively. Schwartz (SCH 55A) }).as also indicated [for proof, 

see (GIB 62)] thaLthis expressioncan be expanded as 

1 * 2
gn1.C n - k * 

'T 
t(!n {!J.n( k + 1 + g - S .) ·( V' r Yk. (n)) } tP d'T n . ns n · n n 1-1 n n 

X. 1 
'T 

(II-12) 

e 

such that W M = ;; , w-!). Here gn£ 'and gns are the nucleon g factor 

of orbital· angula\=~om~ntum and.spin respectively, and l-in and l-ie are 

.the rrtagrietic moments of the m.1cleus and electrons. This expression is 

very. similar to that for wt'). The angular part has the same nature 

as. that, df.,W~) Sit1Ce v[f(r} yk!J.j can. be .expressed inter:_ms of vector 

spherical harmonics of.the same 0rder of k. · Therefore .the restriction 

ofthe. value of k is also the same as that for W~k)• i.e., 

. 21 
k ~ 2J. 

Th . f h . . h . 1 . ( l·)k+ 1 b . e par1ty o t e ope raters 1n e1t er 1ntegra now 1s - : , . ecause 
. - - . . ; _,. . 1 

the parity of I and S•is even hut the parity of V'.is odd (-1). This 

indicate·s that .the magnetic interaction can ll.ave only odd orders of 

multipole intera,ctiqn. The corresponding.Hamiltonian is 

-
JCM

(2k+l)= 41T 2k+l 1-1 . 2 gn1 Ln · . -. ,... 2k+l 
. 4k+l ~ · ( -l) {J.J. (.- 2k + g S) [V r y2k+l (~)] 

1-1=-(~k+l) n ns n n , 1-1 
(U-13) -

{ 
-Le ~ [~> -2(ktl) · ··] 

- - 2!J.e(2k+'l+;:,/ V'ere Y2k+l~Tl 
This is also a product of _two tensors, each o.f_fank (2k+l). This operator 

depends· explicitly on 1: e and s~, hence the eneigy of interaction. will 

depend explicitly on L.(S.is absorbed by .. J). 
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Now the Hamiltonian of hfs interaction may be expressed artificially 

as 

with 

and 
I when ,J >I 
J when I> J · X= (ll-14) 

So far in this section .the physical interpretation of the" energy levels 

of an_atomic system has been discussed. As .the conclusion of this 

section,_ a schematic diagram oLthe energy levels is shown in Fig. (II-2) 

for the- example of 32 electrons. In this figure we may see that a 

hyperfine structure of the same number and the same ordering of 

energy levels is optained by both of the coupling_ schemes. 

B. The Hamiltonian of Interaction of an Atom with a Magnetic Field 

-In a uniform external magnetic field H there are .three parameters 

of an atom that make interactions with that field. They are the total 

angular momentum L {representing the total electron currentL the 
-+' 

total electron intrinsic m~ment f-Ls• and the nuclear magnetic moment 
-+' 
fJ.I" A brief discussion for each of these cases is given in this section. 

In order to simplify the discussions'" we shall try to express the inter-

-+' -actionenergy of each case in the form of Vf = ""fl. • H. 

1. Magnetic Interaction of the "Orbiting" Electron 

If the dimension of the atom is m'Q.ch smaller than the region of 

uniform field, the- orbiting electron can be regarded as an equivalent 
-+' 

.magnetic dipole. Let I. be the average current, a the average orbital 

area, and T the average time period of the orbiting electron. The 

time -average magnetic -dipole moment is given by 

f . rf;xfdt .. 
- _,. e _,. e y;: e ............ 
fJ.L = Ia = c T da = 2c T = 2c r X r = 

e ...... 
2mc L • (II-15) 

Hence the :Efamiltol}ian is 

J<L= e _,. • H - e1i -* . H. 
- 2mc L - - 2mc L 
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ENERGY LEVEL DIAGRAM 
OF 

AN ATOM 
I = I z = 32 

non spherical coulomb repulsion included 

I = I _ ~ ~! _ -r-_ z~rp _el!c1r!!n:.~~e!]y_ spin- orbit interaction included 
(-) 

~-.li 
hfs interaction Included 

t t .. ,J; '1. 
:; 
a. 

,. , ~ .. " .0 Is ISO 
F F ... , , 

::1 E, 
~ -fi u 0 .. (3/43f2lo .. .E .. !: 8~ c 

i;~ 
u~ " c 

.2 15 
;; a;,g u '-~ 3 cu 

~ 
:;; .. .... 
""' 2 u -.; lit I 

::1 .E c 
~~ 3 
c- .. 2 (4pf 

:;;; 0 I 
a. 

c 0 3 c e 0 3 2 E u 2 .I .. .g I' 2 Q; 

u 2 I 
Q) 0 q; I 

0 

-!. 
Nuclear 
Level Configuration Te'rm Level hfs hfs Level Term 

" Shell 
L S coupling j j coupling 

MUB-1133 

Fig. (II-2). Schematic energy-level diagram of an atom with 32 
electrons and nuclear spin I = 1~.- showing the effect of 
different kinds of interactions-arranged in order. of 
decreasing magnitude. 
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--Jir* . -+ 
where L · = L /11, and 1-1

0 
i.s the Bohr magneton. On the other hand, the 

electron will see a Lorentz force 

: . -+ e 
·m(r) = eE + 

c 

. 
4- T-t" 
r X t1. 

By comparing the second term on. the right-hand side with the Coriolis 

force of the equation of orbital motion, 

e • 
~ ~ 

2m r X w = 
-+ _,. 
rXH 

c 

so we have 

l=(-e-) H 
2mc 

This shows thatthe electron system precesses about the direction of 
~ . --+' I H with. an angular velocity w. The frequency f=w 2rr is usually called 

the Larmer freque11cy. This extra motion of an electron will generate 

a magnetic field. modifying the magnitude of the· exte r11a1 field I1 seen 

by the nucleus (so .. cq.lled diamagnetic shielding effect). The precession 

energy is 
2 

1 _.. -+2 e - -2 
zm(wXr) =--

2
(HXr). 

8mc 

which. is much smaller tll.an ~· so it will be ignored in the subsequent 

disc.ussion. 

2. Mag11etic Interaction of Electron .Intrinsic Magnetic Dipole 

It is assumed.(DIR58) that.the electron has an intrinsic magnetic

dipole moment It= (e/:in)S. Then . ' . s ... 

# -+ 
where f1S .· = S. 

-#''f. ~ 
:f(k= 21-lo >::>··· t1.~ 

3. Magnetic Interaction of Nuclear M~gnetic Dipole 

(II-16) 

Compared· with the atomic electron ·str~cture, the nuclear structure 

is far from understood. Hence the spin or magnetic moment of a nucleus 

is always assumed .to be an undetermined quantity; this quantity is what 

atomic-beam work is trying to. meas11re. However,_ comparing with the 

. two cases above, it may be assumed th:at:the r:nagnetic -dipole moment 

of a nucleus is proportional to its spin,. as 

(II-17) 
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where g
1 

is the nuclear g factor: This factor represents ,the gross 

. structure of a n:1J.cl eu s and is supposed to be of the order of 10 .... 3 , 

due to the heavier mass of a proto~ Mp c;:ompa:red with that of an 

electron. If we define a nuclear m.agneton by 

e1'1 
1-Ln = 2Mpc ' 

and express 

. then 

Now 
_.... -+ 

JCl = p..o~I.I • H • 

The total Hamiltonian is therefore 

JC = 1-1 gL. :L >:• ··H+p.. 'g5s·:.·H+~ g1 i*-.if~ mag o o o . 
. ' 

(U-18) 

Here. we, use g,:factor.s g.C and g
5 

to .take care oLthe: small, corrections~ 
....... ~ . . . 

of p..L and ~S due to other ef!ects in the general case, but usually 

gL = -1_ and gs:::: .,-2. Subsection IIA shows .that Land-S are coupled 

together by spin-orbit interadion.that is of the order of ro -2 e v. 
Therefore JC can be considered as a small p~rturbation ·of 'the 

mag . .· , . 4 . . . .· . -4 
atomic energy, because even at 10 G, JC is of the order of 10 eV. 

. mag. . .. _ 
In practice, especially in atomic -beam work, we may regard L 

and. S as always strongly coupled to give a constant J 2
• Expressed 

in terms of J, we may put 

. . . * ' 
Then if we multiply both sides by • J , 

. ~*2 . ~* . .,;,.* ' :::t"* 'j 
gJJ = gL L .• J + ~S.::> , .. 

= gL [1*2 + L;',c2 - s-*2] + gs [!*2+ 5*2 - c·:·2]. 
2 ' . . . 2 

With the ILSJ) represe11tation we have 

'4. 
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_ J(J+l) + L(L+l) - S(S+l) + J{J+i) _+ S(S+l)- L(L+l) 
gJ- gL 2J(J+l) · gS 2J(J+l) 

or 
::::: l J( J +1) + $( S+ 1) - L( L+ 1) 

g J - - 2J( J +1) · . · (II-19) 

Fipally- we have 

JCmag" = 1-LogJ:f* • H + 1-Lo~I 7>:' • H _(II-20) 

In general, we cannot always couple J and It" form a.constant F 2 

since the interaction energy of hfs is the order of 10 - 6,e V. But at very 

, low magnetic field, say;a few ~auss, we may regard 

~* --JC_ :::::1-Lg-~ ·H mag o __ F • (II-21) 

The energy of each_ F level now is split int~ (2F+l) magnetic sublevels 

characterized· by the tot~ magnetic quantum number mF = F, F-1, • • ·, 
_.. 

1-F, -F, de-pending on the orientation of F_ relative to the direction 

of the external magnetic field. 

C. The Atomic -Beam Hamiltonian of hfs for J = 1/2 

The atori:lic -,beam ~ork de scribed in these expE:lriments is mainly 

the study of m1clear spin and hfs separation by means of the induced 

transitions betwe'en the magnetic substates of the same J( 1/2) levei. 

Thus the Hamiltonian of interest is the small perturbation terms of 

hfs interaction and .the interaction with an external magnetic field. _It 

has been shown in Subsec. I.IA, for J = 1/21' the magne_tic -dipole 

interaction is the only term of hfs interaction not equal to zero. When 

k = L the result of Eq. {ll-.13) can be. expressed as 

JC ( 1 ) = a'T;o,c • j"'.c ( II-22) 
'M- ' - • 

_2 ~<.t+l> (I 3) . . where a= glgJf.Lo (J+l} 1 re , us:ually.called the magnehc-d1pole 

interaction coefficient. With J = 1/2, ais undetermined. Remember? 

' Eq. (II-15) is good only ifre > rn. Sipce the :s electron does spend 

some ti~e inside:th,e nucleus space, an al_ternative method must be 

used_ to calculate the_ coeffic~ent a. By as sumin~- a poipt nucleus, a 

very simple way to obtain this coefficient has been shown by N'ierenberg 

(NIE 59). 
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It is 

Integrating over the radial part of the atomic wave function we have 

(II-23) 

By comparing Eq. (II-23) with Eq. (II-22), we see that the magnetic

dipole interactions of an s electron· and a non-s electron differ only by 

a factor A, so that 

JCM
(l) 2 AI_.,:c J-•:c = -g g fl . . 

I J o 
(U..,24) 

For an s electron As = s; I R( 0) 1
2

; otherwise, A= 
1~~1 L) (1/re 

3
) 

Physically speaking, Eq. (II-24) represents a magnetic coupling of 
-+- * -+ i:< 
I and J • We may think that either tJ:.e magnetic moment of an 

. electron interacts with the magnetic field generated by the nuclear 

magnetic moment or vice versa •. as 

= - (gJflof •:<) • (Agifloi •:<) = -; J . 1\ 

(II-25) 

The argument ~9f Subsec .. liB states that either the I >:<(~I) precesses 

about the direction of r~< <ilJ> if r•:<» 1':.. or vice vers~ if i':c » T':c 
---+-. :::::: --+I * 

But usually the magnitudes of J and I are of the same order of 

magnitude. According to cons-ervation of angular momentum, both 
~* ~* 
I and J sho-q.ld precess about a directionspe<;ified by the direction 

--+<* of F (the center of angular momenta), with .. 
-+':< --+.-::'a< ~* 
F.=I +J. (II-26) 

In this condition, the following properties are observed. The sum of 

the components of T >:<and J >:<is equal to IF>:< J in the direction ofF>:<, 

and equal to zero in the perpendicular direction. The Larmor angular 

velocity may be calculated (BEG 54 and HAR 49) by the relation 

(II-27) 
~.. ~ . . . 

where I wJ I = I w) I, according to the second property. Without any 

detailed calculation we see that the Larmor frequency is 



.. 

-21-

f a (·r·I-28) Fa: h. 

, From Eq. (II-26L T* · j* ~ 1/2 (:F~:-2 - 1*2 - j*2 ). The energy 

correspondip.g to. Eq. (II-22) is then 

w F = l IF ( F+ l) ... I( It 1) - J(J + 1}]. 

For J. = 1/2 there are only two possibie F values: 

1 
F1,2·=I±Z. 

The. energy difference between these two F levels is 

' 1 
W - W = hb. v = a ( I + - ) F

1 
F

2 
s 2 

or 

as= I;{ =- ~1T gigJp;~ IR(o)f. 
. 2 

Here b.v is called the hfs separation. Equation (II-28), shows that 

{II-29) 

(II-30) 

fF a: b.v • (II- 31) 

_Therefore,, 4-v is a measure of ~he strength of coupling ofT* and J'·*. 
The values of .6.,v, I, and gJ are determined fromexperimental 

2 
measurements (e. g. atomic beam). With the known value of \ R( 0) I 
(from optical spectroscopy), g

1 
or p;I can be. calculated. However, 

for some isotopes gi can be determined independently by experimental 

measurement(nuclear re son.ance or "doublet .separation11 by atomic 

beam) to very good accuracy. It turns out that the measured gi usually 

does not.agree very, well with Eq. (Il-30). This shows that corrections 

for this oversimplified equation are necessary. Serre improvements 

have been made by, a number of authors, and the results are summarized 

by Kopferrnann (KOP 58). A detailed calculation,and interpretation, 

especially for a number of isotopes of gold and silver, has been given 

by Ewbank,(EWB 59). For an s electron 

a . . s 
= 2(h.6. v) 

21+1 .. 

zz 2 
-8 2 0 dO' 1 
3 I gig J p; o . 3 3 { 1 - dn ) F r ( Z ' 

· a n · 
. H o 
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. where 

g
1 

and gJ are g factors of the nucleus and electron, respectively, 

1-1
0 

is the.· Bohr magneton (absolute magnitude), 

aH is .the radh1s of the first 'Bohr orbit, 

Z isthe atomis number of the. atom, 

Z
0 

is the,eff~ctive atomic charge as seen by the electron when 

it is outside all electron shells, 

n = n - a is the effective _principal quantum number of .the. electron, 
0 

n is _the pri11cipal ql!antum number of the electron, 

a is the quantum defect, 

( 1 - ~~) is the so""called. ·Fermi-Segr~ factor, 

F is the Racah relativistic c.orrection of electron density at 
r 

the nucleus (CAS. 36), 

( 1 - o) is ,the Breit-Rosenthalcorrection for the finite extent of 

nuclear charge { ROS 32, CRA 49, and ION 60), and 

( 1 + e) is the Bohr ;,Weis skopf correction for the finite. extent of 

n11clear magnetism (BOH 50. and BOH51.). 

It has ~een .. assumed.~haLthe hfs interaction.is.too small to make 

any c.hange in the atomic electron str11cture. Conseq11ently, any 

, q:tJ.antities characterized by the electron in Eq. (II-25) shoUld be the 

same for- isotopes of.the same element. Comparing two isotopes with 

Eq. (II-32} we have 

~I 1 ( 1 - 6 1) ( 1 + E 1) 
=---

gl (1 - 6 2 )( 1 + E 2) • 
2 

. . . 

The-last two. factors are ca,lled the ''hfs anomaly. " If these small 

correcJions are neglected,· then 

gl Av
1
(2I

2 + 1) 
1 

= 
Av2(2Il gl + 1) 

2 

(II-33a) 

or 

1-11 Av
1 

I
1
(2I

2 + 1) 
= Ay

2 
I
2

( 21
1

. + 1) . 
j.l· .. 2 

(II-33b) 

This relation is called the Fermi-Segre formula. It provides a means 

of calculating the magnetic rdipole moment of a nucleus from its 
I 
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measured t::..v if the magnetic -dipole moment and t::..v of another iso'tope 

of the same element have been determined experimentally. The 

accuracy of the calculated magnetic moment is limited by an uncertainty 

due to the ''hfs anomaly. n 

Combining Eqs. (II-20) and (II-23), the.atomic-beam Hamiltonian 

for J = s =}is (if the very small perturbation of radio-frequency 

magnetic field is neglected}, 

( II-34) 

where the direction of the magnetic .£ield is chosen as the z axis. The 
. -+'!< ~):( 

second term on the right-hand side will cause the J' . and I to precess 
...... 

about the direction of H with a relative Larmor frequency 

(II-35} 

Usually, the eigenenergies of Eq. (II-34} are determined by either 

representation IIJFmF) or IIJmimJ}. If one terin is much larger than 

another, the eigenenergies may be obtained by one of the following 

approximations. 

L Weak Magnetic Field 
... ,.. . ":C 

When fF » fH. 1 ,,, and r· . still define a definite F changing slowly 

by fH. The total atomic angular momentum jf:' may be regarded as 

precessing about the z axis. as shown in Fig. (II-3a). The effective 
-+- ~ _,...*-: 

magnetic moment contributedby 11: and 1-1J along the direction of F • is 

Or 

gF,F>:<Z = gJ j>:<. F>:< + gi -r*. F~:<. 

With representation I JIF I• we obtain 

F(F+l} + J(J+l) - I(I+l} + 
2F(F+l) gi 

F( F+ 1) + I( I+ 1} - J( J + 1} 
2F( F+l} • 
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For J. = 1/2, 

gF = _1- (!. g + Ig ) ~ 
1 I+!_2 J I 

2 
2I + 1 

(II-36) 

= -- -
gJ 

2I + 1 , 

and 

g F · + g F = 2 gi ' 
1 2 

In this lin;iting case, Eq. (Il,-34) becomes 

The corresponding energy is given by 

(Il.,-37) 

2. Strong Magnetic Field 

T*· -+* When fF << fH' the relative precession frequency of and J 

about the z. axis is so large t}lat they can no longer define a constant 

j·:<. In this ~ituation it is more convenient to c.onsiderT* and r·"' as 
·-+ 

precessing individually about the direction of H, as shown in Fig. 

(II-3b). In the direction of the z axis, T,:, and j* still define a constant 
>'<. ·:}c >'< ~c 7 ...,, 

F ' = J ' + I '. But in the x-y planeT' and J ''"are rotating with a 
z z z !c _.. .. , 

relative Larmor frequency fH. The time average of I>, • J.., is 

It is interesting to see -that T>!< .. J>!< = I"'" . r* if fH = 0, i.e.' H = 0. 

Now Eq. (II-34) becomes 

* * 3C ~al J 
s z z 

>!< >!< 
- ( gJ fJ. J + gifJ. I ) H. . 0 z 0 z 

The corresponding energy is given by 

(II-38) 

• 
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-- ......... ( ......... 

/ --/ 
\ 

' ---
(b) 

MU-13365 

Fig. (II-3). Precession of I:' i, and Fin (a) a weak magnetic 
field, and (b) a strong magnetic field. 
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From this approximate formula it can be 

with the same value of mJ could have the 

at a certain value of H. Set W = W 

shown that all the mi levels 

same energy (degeneracy) 

mJmi mJml' 
From Eq. (ll-38) 

we get 

H ~ _a_ m ~ ~ ( - g ) 1-L · I R( 0) 1
2 mJ. (II- 39) 

d 1-Logi J 3 J o 

Obviously, this relationis only good for mJ = 1/2, and Hdshould be 

the sarrie for all isotopes of the same element. Beyond this degenerate 

point all mi levels will be i.nverted. Similarly, for the same ml' we 

could have 

( II-40) 

for the. c:rossing of two different mJ energy levels, if gi and mi have 

opposite signs. But this is not a real case. Since Hd 1 i::: h~: , it is 

too weak a magnetic field to satisfy the condition by which Eq. (II-38) 

was derived. In this strong-field approximation, the energy depends 

linearly on the magnetic field. Equation (II-40) only describes the 

crossing of the asymptotes of two different mJ levels when they are 

extrapolated back to the weak-field region. We may remove the sign 

condition for gi and mi if we allow Hd 1 to be negative. 

In general, either (F, mF) or (ml' mJ) can be used to label the 

energy levels in any case because they are related (mF = mi + mJ) • 
............. 

A more detailed investigation may show that the fluctuations of F.,.. at 

strong magnetic field are not large enough to cause a change of the 

F value. 

The general solution of Eq. (II-34) can be obtained without any 

difficulty. There are only two F values for the representation of 

I FmF) or two mJ values for I mJm
1
). Consequently the (2F 

1 
+ 1 )( 2F 

2 
+ 1) 

or (2I+1)(2J+1) matrix.can be broken down into a number of irreducible 

submatrices witha maximum order of two. The solution is given by 

a quadratic eq~ation (BRE 31and MIL 38): 

.. 
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W(x) = 1 
(II -41) 2( 2I + 1) 

where W = WI D. W with D. W = hD..v, and 

This famous equation is called the Breit-Rabi formula. To understand 

the general behavior of this formula it may be better to study each term 

geometrically. The last term w
3
(x) is gene rated from a family of 

. rectangular hyperbolas 

-2 2 1 I 2 W3 (x)- x
0 

= 
4 

[l-(2mF 2I+l) ] 

by a translational transformation of axis along x with 

X 
X = - + . 0 2 

1 - 1 
where mF is taken as a parameter. When mF = ±(I+ 2 ), W

3
=±x0 =z{l±x). 

The hyperbola degenerates into two straight lines (asymptotes) with 

. opposite slope, and meets at X = 0 with w3 = 112. Consider the non~ 

degenerate. hyperbolas, mF I t ± (I + 112 ). For X = 0, w3 = ± 112 = ( F -I). 

These curves are divided into groups .labeled by different F values. One 

group meets at X = 0 with ,W,3= 112. The other one with w3 = -112. For 
- mF.. mF' 

X- co, w3 :::J ± 112 (x +I+l/2) = (F -I) [x +I+l/2]. Now each group takes 

as asymptotes lines that have the same slope as one of the degenerate 

straight lines. 

The second term w
2 

is a family of straight lines (labeled also by 

the parameter mF) with a very small slope due to the. small value of 

This term may be v~ewed as a small rotation operator for w
3

. Each 

energy curve of w
3 

will rotate, according .to the value of mF' about a 

point where they meet at x = 0. The magnitude of rotation is proportional 

to I mF I and the direction of rotation is opposite to the sign of mF, e. g., 

clockwise for positive mF. Therefore all the curves with positive slope 

at large x will try to come closer until they meet again. This behavior 

confirms Eq. (II-39). On the other hand, curves with negative slope 

at large x will try to keep away from one another, so they never have a 

chance to meet again. 
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The first term w
1 

is a constant. Each energy level is shifted in 

the direction of W by an amount - 1./[2{2I+ l)] .. The gen~ral be:havior 

of W is shown in Fig. ( U-4) for both g
1 

> 0 and g
1 

< 0. In this diagram 

each level is labeled both byits (F, mF) and, {rnJ' m
1

) values. 

or 

The slope of these levels is given by 

dW{x) 
dx 

· · 2m 
·~ F 

xO - - 2I + 1 • 

The energy corresponding to x 0 is given by 

D. The Multiple-Quantum Transition 

(II-42) 

l. Selection. Rules for First-Order Magnetic-Dipole Transition Probability 

In the magnetic -reson-ance type of atomic -beam work, the experimental 

measurement is made by means of an induced transition between two of 

the magnetic -energy sublevels of an atom in a homogeneous magnetic 

field. The induced transition is carried out usually by virtue of the 

magnetic component of the radio -frequency { rf) electromagnetic field 

radiated from a so-called rf hairpin that is located in the magnetic field. 

The interaction ofthe electron and nuclear magnetic dipole moment of 

an atom with the magnetic component of the radiation field is similar 

to that of a constant magnetic field, and is represented by a time

dependent Hamiltonian of the form (magnetic-dipole transition operator) 

JC f{ t) = ·-{gJJ.r j + grf.l 1) . H f eiwt, r o o r 
--+' 

where Hrf is the time -independent part of the magnetic component of the 

radiation field. The energy levels may be affected by this extra inter-

. action. 

(~ 
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COMPLETE BREIT -.RABI DIAGRAM 

FOR 

J • 112 , I • 2 

MUB-1131 

(II-4). Complete Breit-Rabi energy-level diagrams for 
J· = 1/2 and I = 2, showing the properties of the family 
of hyperbolic curves. Energy levels for g

1 
< 0 ·can 

be read by rotating the diagram 180 deg. · 



\ 
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Physically speaking, the rf field serves two functions. On the one 

hand it may supply the necessary frequency to_ accomplishan induced 

transition. On the other hand, the stationary energy level will be 

perturbed by the varying magnetic field superimposed on the constant 

magnetic field. In such a case .there is a certain amount of energy un

certainty around each stationary energy level. 

The amount of uncertainty generally depends on the magnitude of 

. the rf field. Now the real atomic beam Hamiltonian should include 

JCrf ; hence a time -dependent wave function must be used for the calc:ulation 

of the energy of the .atomic system. The eigenenergy of the stationary 

state is no longer a true representation of the situation. But for very 

small JCrf• the stationary-state energy value could be used to represent 

the time -average eigenenergy of the time -dependent case. If 

lffrf I<< Iff I, then the first-order perturbation should be good enough 

for the following discussion. 

For weak transition magnetic fields the ( F, mF) representation is 

employed. The first-order energy due to. th~ rf field is given by 

sin wt 
w 

If v = w/2rr ~ l Me/ sec, and Hrf ~ 10-2 G, the maximum fluctuation 

of vrf is 
-2 1 I ovrf~2X2Xl.4Xl0 X Zrr ~lkc sec. 

A similar result can be obtained in the (m
3

, m
1
) strong-field limit. 

This result demonstrates that the rf field destroys the "sharpness" of 

the stationary-state energy value. However, the. time average 

vrf- 0. 

By the same- method the first-order change qf the relative population 

of other energy ~evel s, due to the perturbation of rf .field qn an initial 

energy level, is given by 

a(l )( l-+2) = ( -t, l \JCrf(t) It, 2) 
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The first factor represents the degree of mixing 'of two states due to the 

. ti~e -.independent operator Jeri o), and it determined the first...:order 

selection rule. The second factor ·determines what frequency of'the 

varyingfield will give the· maxirrlum mixing~ The so .,.called transition 

probability is obtained by 

' · P ( 1 - 2) = I a(l - 2 ) 1
2

. 

Therefore, whenever (1 IJC:::r/o.)l2)= 0 we may say there is no first-order 

dipole transition. Generally there are only two sets of first-order 

selection rules. Each is good only for one of the limiting_ ca'ses (KUS 59). 

For weak magnetic field the dipole selection rules are 

.6.F = 0, ± 1, .6.mF =· 0, (a transitl.on) for .the compo-
-+ 

nent of H f in the direction 
. r 

of H 
.6.F .. = 0, ± 1, .6rnF = ± 1 ( 1T transition) for the com-

_,. 
ponents of Hr£ perpendicular -to the direction of H. 

For strong magnetic field, they are 

.6rnJ = 0, .6rnl = 0, (a transition), 

.6m
3 

= 0, ± 1, .6rn
1 

= 0, ± 1, ( ri transition). 

2. Multiple -Quantum Transition 

For lar,ger JCr£' the result calculated by the first-order perturba-· 

-tion.is no longer a good approximation. When Erfis large enough to 

cause an overlapping of the energies of any pai·r of a set of energy levels, 

a transition from the first level to the other level may be possible by 

absorption or. emission of several quanta of tl:le same energy. This is 

.the so.,-called multiple -quantum transitionand it may be defined by a 

generalized Bohr -frequency condition: Ef-Ei = nhv = nii w, with n > 1, 

when only one frequency is involved. 

The theory of two-quantum a?sorption, and emission processes, in 

lowest approximation, was first discussed by•Mayer (MAY 29, 31 ). The 

first of such observations measu_red by molecular -beam techniqueEi in 

electric ancl magnetic resonances .between hyperfine levels was made by 

Hughes and Grabner (HUG 50). The further development of this theory 

was undertaken independently by Besset et al. (BES 54) and Salwen 
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(SAL 55). anddaterby Winter (WIN 55) and ~ack (HAC 56). In general, 

all these people were> trying to get a bette.r understanding oLthe. transi

tion probability of multiple -quantum transitions by solving, with different 

approximation~techniques, the time -dependentwave equation. 

By assuming that the separahons of resonance frequencies are large ., 

compared to the widths of allowed transitions, Hack obtained the following 

general result.Jor the transition probability for the n-quantum transition: 

2 . 
w I . 

Pr(i-+j):=::. 12 2 sin2{}n [(w-wo2)+ wl2]~ 2 tl}' 
( w-w

0
) +w

1 

where w
1 

= 26/n, w = ± (..!.) (w . . + e- TJ). 
o n 1J 

Here 

6.=(-l)n-1 

A. A __ n An. 
Jr, ···, rn.x. .r.1 

.· (Il-44) 

.1..' m, 0 " 0 ' r' [w ~±(n-l)w],···,(w .±2w){wn.±w) 
r.L · m1 .r.1 

E = 

T} = 

W~n - W mn =m.-1 u 
.r. 1· 

w.. = ( E . - E . ) j-n , 
"1J . 1 J 

+ 

+ 

2 
Ali 

U.'il + w 

and tn = ~, the time required by an atom with velocity v to move 
.r. v . 

across the rf field of length 1, 

or H n 
l rf 

A .. oc H f' and hence w
1 

oc -:- ( -H·. ) near the resonance. 
~ r · . n 

Consequently; the sele:ction rule .. is .6.F = 0, ~F = ± n, with n = 1, 2, 3, • • •. 

We can see. that the form of Eq. {·II-44) is similar to that of the transition 

probability for theJamiliar simple case of a two-level system, (RAB 37) 

and{SCH 37). 

Let 8 = 

Therefore, sim:~{ar ~eneral propertie.s should be expected. 
1 [ 2 2] 1/2 2 n (w-w

0
) + w

1 
t 1 • · (II-45) 
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. 2 ·2 
D(B)=6 ti D(B). {II--46) 

} ... 

D( e) = ···(II -4 7) 

The second factor, D( B), is the same as the formula for the well-known 
' '·~ 

Fraunhofer ~iffrac~ion pattern by a single slit ( ROS 57). It fluctuates 

smoothly between ~- a_n4,9 yvith 

Principal maximum: D.( B) = 1 for e = 0, 

Secondary maxima: 

D( B) ::::: 4 4 ::::: 0.048, 0.016, ..•• 

for e ::::: ± ~ n, ±% n, •..• respectively. and minima 

D(8) = 0, for 8 = ±n, ±2n,···. 

Therefore, the most significant value is the one between 8 = 0 and 

B = ±n. In the present cq.se we always take 8 ~ 0. Now the following 

properties of P(i-+ j) may be obtained: 

{a). For a given value of JC f, P is maximum at w = w
0

• Since 
1 

r n 
e ~ 11 , ·w -~ - w . . o 

n lJ 
(b) .. The half -width is defined by P

1
/

2 
( 8) = l/2 P . For w ~., 0 

2 · max 
1 

l 
(Hrf-+ O) we have sin {l/2n.6.wt1 ) = l/2, or .6..w::::: (nt) . 

l Hrfn 1 
Similarly, for large Hrf' .6.w .::::: w1 a: n ( H ). 

(c). At w=w
0

, the resonance height A(t) = P max::::: sin
2
(ot1). {II-48) 

A( t) varies from L to 0 as Hrf increases. If we take an average value of 

A( t) over a modified Maxwellian velocity distribution ( t1 ), a reinforce

ment for all A( t) for different t1 only .takes place before 6t ::::: n/2, where 
- p 

t is the most probable value oft n• After 6t ::::: n/2, all the values of p L . p 
A( t) will be averaged out due .to phase difference for different t1. There-

fore the average resonance height will increase from zero to a maximum 

value at 6tp::::: n/2, and then decrease gradually to a_small cons.tant 

value as Hrf increases further. The decreasing of reson.ance height by 

too large a value of Hrf is us'llally called "saturation. 11 For higher orders 

of multiple -ql.+antum transitions more rf power is required to saturate 

the resonance line. 
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For small Hrf' we have from Eq. (II-48). 

2 Hrf' Zn 
P :::: &zt ex: (-H.) • 

n p 
(II-49) 

The experimental verification of this relation was shown by/ Ame·s et al. 

.(AME 61). 

In general, the observation of a given order of multiple-q\lantum 

transition depends very critically on the magnitude of the rf field for a 

given uniform transition field. The re.sonance frequency may differ for 

different rfyower. Consequently the method of multiple-quantum' 

transition is not a good way to make precision measurements • 

. !. 

.. 
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III. EXPERIMENT . 

A. Theory of Experiment 

1. Working· Principle of Atomic -Beam Apparatus 

A schematic diagram of a typical atomic-beam magnetic-resonance 

apparatus of "flop-in" type is shoWl in Fig. (III-1 ). Atoms evaporated 

from.a hot over, o, first pass through a strong inhomogeneous magne-
, . .• 

tic. field A: then through a homogeneous magnetic field C and a rf hair

pin in which an induced transition may take place; then through a strong 

,inhomogeneous magnet~c field B; and fit1ally they reach the detector 

D. The stop wire S, in.the. center of the B magnet, prevents undeflected 

atoms in the high-velocity tail of the modified Maxwellian distribution 

from reaching the detector. 

The direction of magnetic field and field gradient, and ndeflecting 

. force, " are the same in both A, and B magnets. Hence any atom having 

a nonzero electronic magnetic moment will be deflected away by the 

A c;tnd B magnet from reaching the detector, as shown by the trajectory 

(1) in Fig. (III-1). However,. if any induced transition is the C magnet 

changes the sign of the effective magnetic moment,. the atom will be 

refocused by the B rr1agnet, to be detected as. shown by trajectory (2) 

in the same figure. 

The force acting on an atom in c;tn inhomogeneous magnetic field 

is given by 

F 
z 

8 
=- -- w 

8z 
8 W 8H 8H 

= - 8H az - !J-eff 8z 

where SW 
1-leff = - 8H • 

The refocusing condition is t]J.en 

1-leff(A) = - 1-leff(B). 

In the strong-magnetic-field approximation from Eq. (II-38) 

II .:::: g II m + g II m 
'eff J'o J I'o I 

:::: gJ!J.omJ • 

With condition (III -1 ) we have 

{III -1) 
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Fig. (III-1). Schematic arrangement and atom trajectories in 
an atomic -beam magnetic -re'sonance apparatus of 
the flop -in type. 



-'·'. 

or 

..6.tn = ± 1 
J 

-3~-

for J = 1/2. Therfore, with very strong A and B magnets, any transi

tion from the group of energy levels labeled with mJ = 1/2 to the group 

iabeled by mJ = -1/? and satisfying ..6.tn
1 

= 0, ± 1 could be observed by 

the atomic -beam apparatus •. Each m
1 

level can have three different . 

transitions except mi = ±I; which can have only two. The total number 

Of observable .transitions is ( 61 + 1 ). Usually~ an. experiment is. started 

at low magnetic field. It m?:y be more convenient to express the transi

tions withJabels (F, mF~· For&' = 0, ..6.tnF ± 1, there is only one 

observable transition corresponding to mF = -I + 1/2 to mF = -I-1/2 

for F = I + 1/2. It is called the "standard trap.sition." For & =. ± 1, 

usually called 11direct trar1sition, 11 all transitions with ..6.tnF = 0, ± 1 

.. are observa'ble except-the one from mF = -I-. 1/2. For agiven-value 

of I there are ( 6I -1) observable direct transitions. Amongthem there 

are(2I-l) pairs of transitions (doublets) whose energies are. so close 

as to be unresolved by an apparatus h,aving_ a "poor'' line width. There

fore, in fact, there is a total of 4I observa'ble transition resonances 

(lines). 

Now we are facin& a great difficulty. ·From the. selection rule, 

t:.mJ = 0, ± 1, and ..6.tn
1 

= 0, ± 1, we can l:lave (61+1) obser~able transi

tions; from & = 0, ± 1 and ..6.tnF = 0, ± 1 we can have (6I) only. A 

closer study will· disclose that the two sets of selection rules g_enerally 

. do not agree. According to the first set; some of the &nF may- take 

± 2. This difficulty may. a:dse'from the approximation. Usually the 

selection rules are calculated by using first-order perturbation theory. 

In general, different ways of approximationwould give different results

it all depends on how closely the. approximation represents the real 

situation. Hence different representations could lead to different 

selection rules if approximation methods are used. Section ID showed 

.tl:lat the single -quantum transition is not the only possible transition. 

In subsequent d1scus sion we prefer to use the second set of selection 

rules since, for most experiments, the magnetic field for transition 

measurement is generally not very strong. 



-38-

When the ..6..v of an isotope is very large, h..6..v > gJ!J.oHA, B' the 

strong-field approximation formula is not a good representation. In 

this situation, it may be better to know what value of H A B would , 
produce a zero effective magnetic moment. F.rom,Eq. (Il-43) th~ con

mF' 
clition for fJ.eff = 0 is x0(mF')~ -I+l/

2 
. Consider,.only the case :Of 

& = 0. For a given HA, B if ..6..v.is large enoughso that xA, B is:clqse 

·to (I -l/2)/(I+ 1/2 ), fJ.eff( -I+ 1/2) << fiefi -I.-1/2), and there will b~ no; -? 

observable standard transition. Under such conditions we ha:ve to look 

for the second or higher_ order of multiple -quahtum trar1sition. The 

lowest order of quantumj'ump observed depe.nds on the value .of.HA, B' 

If the value of x A B satisfies (I+ -!-k) < ( I+-H x A B < (I+3/2 -k), then 
' . 

the k-quantum transition is the lowest order multiple-quantum transition 

that cari be observed., There could be other kinds of observabl_e tr_ansi

tions if h..6..v ~gJfl-oHA, B' From the weak-field approximation for.mula 

we canhave 

The _signal of this kind of transition is much weaker than.that for the 

normal tra~sitio~~ becau~e of tJ.le f~c~or~zi+l)-i •.. The po.ssible 

observable transitions for ..6..F = 0 are- mF = -! -... mF = --! for AmF-=± 1, 

and any level with positive mF v,alue to any level with negative mF for 

.6rnF = ± 2, ± 3, • • .•, ±(I--!). The maximum total number of possible 

transitions .is (F+-!) 2 for even I, and F 2 for odd I. ~orne of these 

transitio!ls have the same energy, at least up to.the fourth-order approxi

mation. In general, as long as h..6..v ~ gJfJ.oHA, B' there are always 

(2F) observable resonances. It does not matter what ;values HA, B 

has._ Different values of HA, B only yield different sets of (2F) resonances. 

2. Useful Forml.llae 

Although calculation by co:I?puter can provide systematj_c and precise 

solutions for the. analysis, ofthe e·xperimental data,_ we found that the 

low-.fieldapproximation formula~ are very useful during the ea;rly f:;!tages 
. ... . . 

of each experiment. Also,. in some cases, simple .formulae can be 
. ·, . J. . '·· :,...., . 

obtai11ed for an_ exact calculation .. A number of useful formulae often 

used in this. experimental work are. as follqws: 
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a. Approximation formula for gen~·ral transition: F'rorn the 

Brei t-Rabi formula, Eq. ( II-41). the general transition energy is 

expressed approximat~ly by 

Ll__ (ml -~2)gl ·} 
~ 2 =(F 1 -F2 ) +fl+I72 [m1(F1 -I).,.m2(F2 -I)]- gi _ gJ x 

+ 1/2 {<F1 -F 2 )- (!+~)2 [m1
2

( F 1 -I)- m 2
2
(F 2 -I)]} x

2 

- 2I+ll fm (F -I)-m (F -I)- -
1

- [m.
1
3
(F1 -I)-m2

3
(F2 -I)]}x

3 

l 1 1 2 2 ( I+i) 2 

+ ff (x4 ), (III-2) 

- Wl-W2 f-Lo H 
where wl2= h.6.v , X = ( -gJ+gi) h .6.v' ml =mF , and m2 = m 

1 F2 
to simplify ,the wr.iting. 

By putting v 
00 

= ~~:1 and vi =. git-Lo!f/h; the transition frequency is 

given by 

v = .6.v(F
1 

,..F
2
)- vi+ 2~m 1(F 1 -I)-m2(F2 -I)]v 00 

2 

+ ··{·!_(2I+l) 2(F -F )-2[m 2(F -I)-m 2(F -I)]l v :'. 
2 12 11 2 2 j/...}.v 

. . 

- { ( 21+ 1hm
1 

( F I -1)-m
2
(F 

2 
-I) ]-4[m/( F I-!) -mi( F 2 -!) ~ 

v 3 . (v 4) 
oo A- oo (III--:-) 

X ( .6.v) 2 + V .6.v 3 

b. Standard transition: F l = F 
2 

= I+ i; m
1 

= -I+ -1., m 2 = -I-1:· 
Fror~ Eq. ( III-3 ), the frequency for the standard transition is 

.. 2 :. 3 
2Iv v 

v ~(v -v) + 
00 

+ ('6 I2 + i) 00 
(III-4) 

S oo I 6,v (6,v)2 ' 

The notation v arises from the fact that v
5 

~ v when .6.v = oo. 
00 00 

His small so is v
00

• The Zeerriann f:J;.equency is 

-gJ ~\) 
voo-vi ~ voo ~ 2I+1 h H, 

When 

(IlLS) 
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This formula can be used to determine the spin of anisotope (spin-
.. ; . . . • t .. . '- ' . ~- ! -. ' "' • • _; ' • :' • ' : ~ •• -. : • .: : ; • • • • l . j . .. .. _: : . . :'' . 1 . . • • • : • 

search experirnerif)~ ···· · · - --"' · ·· · · ·· ·· 
·. • ·-. ~., . .• . • > ._·, t .l 

If we define vs- vs(oo) = ov, ~he ''freque:ncy .shift". fro~ the ?eemann 

frequency, then the value of D.v can be c~lculat
1

ed app~oxi~ately by 
Eq. (III~4):. 

. f 2:I V
01
f • _ ··· . · . . 1 .: ; > . 

~ : + 1(3· + •_·._· .. -) v • 
0 v 412 . 00 

D.v ( III-6) 

For exact calculatioh of' ~v,: ~s'ing :the Breit;;,Rabi· formula directly, 

we have 

(III -7) 

where v J = -gJf.1
0
H/h. ln the limit of low-magnetic field, this will lead 

to .the right hand side of Eq. (III-6). 

c. Multiple~quantum trartsitions:. F
1 

=F 
2

= I+J, m
2

=-I--h m
1 

=m2 +k. 

From Eq. (III-3), 

(III-8) 

. . '.; ·-v . . . . . . . ·: ' . 
k ~ vs(oo) + (21+1-k)o,. 

2 
.v 

00 
where 'O = D.v , a very use~ul parameter. It is approximately equal to 

the frequency separahon~:betweeti two ;;:eighbd~ing' reson.a11ces due to 

different orders of multiple -quantum transition. 

·A more: practical-way of ca1culati:on is to use a flexible formula 

for the transition betweenlevels mF + 1 and mF. That is, 

(III -9) 

!. . . . ' 

This equation can be used for any. gen~·ral cas·e,: ~i'lt-:he·r than Eq. ( III-8). 
. \ .. .. ! .i: :· :. ; !: · .. ~ > . · .. , ' . . . : . . . • : :...: : : ! ' . ·' ... ... . . · .. -. 

The transition.frequency of any nu_mber of quantum jump from any mF 
·! 

level can be obtained simply by'dividingthe su;m of individual frequencies 
'• .· . : . 

involved by the number of individual transitions. Namely, 

1 v ~-
k k 

m · +k·~l F ... 

I v ' ·'7· v ( 00 ) m · · S 
F 

Ir1F 

1 
k 

qJ.F1-k-1 

L .(2mF+l)& 

mF 
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For mF = -I-1/2 and k. = 1; it goe·s back to the first term of Eq. (III-8). 

d. Direct transition: F 
1 

~ I+ 1/2, F 
2 

= I~l/2, tril.F = 0, ± 1. 

From Eq~ (III-3), neglecting the small term -(m
1

-m
2

) vi, we have 

(III -1 0) 

For more accurate measurement, the best way is to measure the transi

tion frequency at a value of H where the frequency dependence on change 

of H is negligible, i.e., dv/dH ::::: 0. This would eliminate the broadening 

of line width by the inhomogeneity in or small fluctuation of the magnetic 

field. A resonance line of this sort is usually called "field independent. 11 

Using the Breit-Rabi formul.a, for AF = ± 1 we obtain 

dv 
dx- 0 

2m
2 

-- +x 
_ (F -I)-21_+ ... 1 ___ -. 

2 4m2 2 2 
( 1+21+1 x+x ) 

If the small first term is neglected, the same relation can be obtained 

where we exchange m
1 

and m
2

• This shows that there are two transitions, 

(F 
1

, m
1

) -(F 
2

, m
2

) and (F 
1

, m
2
)-(F 

2
, m

1 
), having about the same 

frequency. It will be much easier if we try to find the value of x for 

which the mean frequencyv = (v
1

+v
2

)/2 of these two transitions is 

minimum. Now 

gives 

dv dv dv2 
dx = 1/2( ru: + dx ) = 0 

4ml- -2 2 
· (l +2l+ 1 x+?' ) 

+ 

2m
2 

_ 
21+1 ,+.x 

4rn:2 - -2 2 
(1+ 21+1 x +x ) 

= o. 

By solvip.g x to satisfy this condition, 

.[(21+1) 2 + 4m
1 

m
2

] - {[(21+1 )2 - 4m:] [(21+1 )
2

- 4mf:]} i 
X = -

·. 2(2I+l)(m
1
tm

2
) 

2 . ' 2 '. 2 
Since (21+1) is always greater than 4m

1 
, 4m

2
, or 4m

1
m

2
, the 

(III -12) 

numerator is a,lways positive. It i's necessary that~m 1 +m
2

) be negative 

to have a positive x. Therefore, 

(III -13) 
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The negative ~}g:r;t chos~11 in front of. fl).e_ square rqot Jerm in Eq. ( III,-12) 
' . ~. . \ • ' ',' . ·. . ~ l ' •, .. _ ·: i ' ~ . .. '', . ' . • ' 

results from t:!J.e fach that x must li.e between,tp~- .x, ylalu~s}or the zero 

t f th f e. n, e r_ ·gy 1 e_ 'v~l.s_c_-_P, nc.~ r_n_eq.. or~ X :::; '-( m i +mz). When 
momen o Ef·'j ogr_,,._ . :"_, .•.·.··''"! ._, :•,>'"·' .. " .: 21 +·l. 
m

1 
= 0, m

2 
'= 0~ 

. . . 

· · ' · :.:._ . limi · ' 
x = rn .,...,0 

0 1 
-m -o . 2 

:l~pl .. 
x =. m

1
·-o m1 +.m2 .. ~ 

21 + 1 - 0 • 
··--m•-+0 .. ·-, . 2 .. 

: is'·a. y~ry-.g~pei-al forni~l'a.. 'depending drtly bn r. Iil. and in2.' 

:- ., Ai'ist of-~ value:s fbt t' = 3/2 t6 r,; s·h.~s b~en·c~icml~ted OiEV 61), 

~rid ·pririted fo; tralnkitions· .D.rn~ ~"±1 by Shugarf(SI{U 61). The 

separation of:: a~y ·~IbuW~L-may· b:e··c_Mc.Ulated from 

(III -14) 

i:n ou!<,exp~rirnental w~rk no 'doublets could be resolved, since gl is 

¥ery·. smalL Equatl!on (-III-,;.14) :is given-l:tere on1rfor completeness. 

• •• ><' ., 
B. 

··.s- ·. ~- ' 
~xpe rimentai Apparatus 

-..l ' ,.: __ ; 

• -·. '. ; ' I- .:.·. ':: '., ·i ··. • ·. ! . . : .. ~ . . . • .. · ' . ' • 

The atomic:_bearri rnciChine u.sed:in' these'experiments wa:s de'sc:ribed 

_ in detail by Sunderland (Sl!'N 56}. Several modificatio~s and irripro:Ve

ments were made arid discussed)ater by -Sfl.ugart(SHU 57). Ehlers 
' ' ' . . -~ . . . 

(EHL 60). and Petersen (PET 60}. The act11al atomic-beam machine 

t1sed in this research is shovvn inFig. (III-2). Figure (III.,.2a) is a 

photograph of.the ove'n. .end-_wJ:tich contains a calibr~tion oven and a 
J,.. : .. 

radioactive,-sarnpif ~yen:- 'The· sarhple ofei?- can be transferred into or 

out of the machine b~ 'it'h~tiZcint~i oven l~~de'r. --}!'h,:e 16ader is s11rrounded 

by the lucite box. shown, in order. :to. -pr.event- any~·rrag·:n;lent o~ radioactive 

material fro'm:be~]lg dir.opp~d outsfde--the~ inac:hiny during the.lbadingor 

unloading-of an .. oven ... NefiaFf;e ]:>'res-~U:,rie 1S ':rnaintafned inside· the box 
~ ' . ' • ' l •• . • 

gy a vacuum cleaner equipped ~ith ·a special fiUer. A vertical oven 

load~:/ is :insf~iie'd on .. :tli~: top 6lthk '~veil; cha'fnb~r''t<:i proviO.e ~ .meartk of 
; ', • '; • , ; .' , l ~ '. -.- ~· ·,.. .· , '. \ . . . . , ,1 , 1 ', -. . ~ , , 

trcinsportation:for the carihrati6n oven.' 'Fifiure trh..:zt) ·shows ~-

photograph of the detector end. The butto-i{'1~~def fo·i-~a'dioactivity 
detection is shown in the first quadrant of this picture. The window 
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ZN-2370 

Fig. ( III-2). The atomic -~earn apparatus as viewed from (a) the 
oven end and (b) the detector end. 
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plate at the end is now replaced by a metal plate with a smaller window 

and a Wilson vacuum seal. Radio -frequency ( rf) power is fed to the 

hairpin by a coaxial line protected by brass tubing . The brass tubing 

is free to move through the Wilson seal for the adjustment of the position 

of the hairpin in the C - magnet . 

To protect the experi menter from receiving too much radiation 

during the operation of the machine , a wall buil t wit h 3 - in .- thick lead 

bricks was installed to cov er the top a n d the sides of the m a chin e 

show n in Fig . ( III-3} . A lead door is prov ided on the side where the 

sample ov en loader is operated . C h alk m a rks on the shielding indicate 

the radiation in milliroentgens per hour when a n extremel y r a dioacti ve 

La 
140 

sample was loaded in the machine . 

2 , Beam Production 

The beam of radioactiv e atoms used in this experimental work 

was generally produced by heat ing the sample inside a small oven at 

a temperature abov e its melting point . Free atoms were evaporated and 

emerged from a small slit in the front of the o v en. The melting points 

of silver and gold are 960 . 8 a nd 1 063° C , respectiv ely . In this range 

of relati vely high temperature , electron bomba rdment is a practical 

way to supply heat t o the ov en. 

The filame n t of the electron bombardmen t system is a. 1 - 1/ 2 - in. 

length of 15 - mil thori a. t ed tungsten w i re . It i s f ixed to the contacts of 

the filament power supply by two t ant alum connect ors . With this 

arrangement, a. broken filament c a n be e a sily replaced w ithout re

moving the " hot " o v e n loa der . The h i gh v olta ge applied between the 

oven and the filame nt can be v a ried f rom 0 to 1000 V . Normally , a 

bombardment current of 500 mA c a n be obtai n ed at about 600 V . Of 

course , this depends on the spacin g betwee n the ov e n and the filament. 

Figure ( III - 4) shows the control panels for the power supplies . The 

lowest control is for the power supply of the calib r a tion o v en. 

A tan t alum o v e n with a 3 - mil s li t [Fig . ( III - 5)] h as been used with 

very satisfactory results for the sil ve r s a mple . 

We foun d that tantalum re a c ted with me t allic gold to form an 

alloy at high temperatur e s . For this re a son it is n ot advisable to use 

this kind of oven for the meta llic - gold s a mple , although it has worked 
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ZN-2362 

Fig. ( III-3 ). Oven end of the atomic -beam apparatus with the 
lead shieldip.g installed. 
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ZN-2357 

Fig. (III-4). Power supplies used for electron-bombo...:.·dment 
heating of the sample oven, and for the heating wire 
of the calibration oven. 
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ZN-2195 

Fig. ( III-5 ). Tantalum oven which provided an atomic beam of 
silver_ 
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well for the effusion of radioactive gold atoms from pieces of an iridium 
' 

target (EWB 59). The oven used for the metallic-gold samples in this 

research is shown in Fig. (III - 6). It is made with a standard tantalum 

oven body lined with a carbon cup and carbon cap. The usual slits are 

replaced by a carbon snout with a 4 - mil slit at its end. The tantalum 

body is used in order to reduce the heat loss due to radiation in case 

a wholly carbon oven were used. This type of carbon-lined oven could 

prov ide a fairly constant beam las t ing for at least 10 to 15 h. 

Figure (III-7) shows the typical half-beam behav iors for both a 

silver sample and a gold sample effusing from their respective ovens. 

3. Magnet · System 

The A and B magnets are powered by ten submarine batteries 

with a potential of 4 V. These batteries are charged continuously by 

a generator. The voltage of this generator can be varied from 0 to 

8 V by adjusting its field current with a rheostat. The current of the 

A and B magnets is measured (in terms of the voltage drop across a 

standard resistor connected in series with the magnet circuit) by a 

potentiometer w ith a sens.itiv ity better than 1 A . Usually , the maximum 

current of A or B field is about 600 to 700 A , which giv es a field 

strength about 3000 to 35 00 G . 

The C field is powered by a de constant - current power supply 

(John Fluke model 351A). Current can be v aried in steps from 0 . 001 

to 100 mA, which could produce a magnetic field strength from 

~ 2 to 600 G. 

4. Radio - Frequency Equipment 

In this experimental work a v ery wide range of frequencies is 

requi red : from 0.5 Me/ sec for the spi n- search of Au 
196

m , to 35 00 

Me/sec for the direct transition of Au
194

. Therefore oscilla tors and 

amplifiers of different frequency ranges were used. The compon ents 

of the rf s y stem used are listed in Table ( III-1 ). For the frequency 

range higher than 1000 Me/ sec, a series of crystal harmonic generators 

was used, together with traveling - wav e - tube ( TWT} amplifiers for the 

necessary output power . Figure (III - 8) shows the r£ equipment for a 

frequency range from 0.5 to 380 Me/ sec. The frequenc y equipment 

used for 500 to 3500 Me/sec is shown i n Fig . (III - 9) . 
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ZN-3131 

Fig. (III-6). Snouted carbon oven covered with tantalum body. 
This oven provided a source of beam for the gold 
samples.-



Cl) 

.... 
z 
:;) 
0 
u 

150 f-

0 I 
0 

+ 
+ + 

I 

-50-

Half -Beam Behavior 

a Ao from Ta oven 

• Au from C-lined Ta oven 
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MU-27394 

Fig. ( III-7). "Half-beam" behaviors of silver and gold beams 
effusing from their respective ovens. 
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Table (III-1). Radio-frequency equipment 

Item Frequency range 

Oscillators 

Tektronix 190 

Hewlett-Packard 608C 

Airborne Instruments 124C 

Gertsch AM-1 

Gertsch FM-4A 

Amplifiers 

Instruments for Industry Inc. 

500 and 510 

Wave Particle Co. (Sperry TWT) 

Our own make (Sylvania TWT) 

Wave Particle Co . (Huggins TWT) 

Frequency measurement 

Hewlett-Packard frequency counter 

524B 

Hewlett-Packard frequency converter 

525B 

Hewlett-Packard frequency converter 

525A 

Hewlett-Packard Transfer Oscillator 

540A 

Radio-frequency power measurement 

Hewlett-Packard power meter 430C 

0.35-50 Me/s e c 

10-480 Me/sec 

200-2500 Me/ s e c 

20-40 Me/ sec 

500-1000 Me/sec 

0. 5-200 Me/ sec 

0. 5-1 kMc/ sec 

1-2 kMc/ sec 

2-4 kMc/sec 

0-10 Me/sec 

100-220 Me/ sec 

10-100 Me/sec 

:;::::220 Me/sec 
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ZN-2365 

Fig. (III-8). Radio-frequency equipment for the frequency range 
from 0.5 to 480 Me/ sec. 
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ZN-2382 

Fig. (III-9). Radio-frequency equipment for the frequency range 
from 500 to 3500 Me/sec. 
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The primary frequency standard is a National Company 
11 Atomichron" which has an accuracy of better than 1 : 10 9 and stability 

1:10 10 . A James Knight Company JKFS- 11 00 is used as a secondary 

frequency standard . This is a l -Me quartz-crystal oscillator in a temp

e rature - regulated double oven, which has stability of 5 : 10 10 /day . A 

frequency-divider circuit provides a 100-kc signal with the same 

stability . 

The rf hairpin used in this research was designed to work for 

both <J and TT transitions . It has worked well in the frequency range 

up to 3500 Me/sec . A ske t ch of the hairpin is shown in F ig . (III-1 0} . 

5 . D etection and Count ing Syst em 

Detection of the radioactive beam was accomplishe d by collecting 

the radioactive atoms on sulfur ·-coated collector buttons of the type 

shown in Fig . (III- 11). After each exposure , each resonance button 

was transported by a carrier (shown in the same figure) through a 

pneumatic tube to the counter room to be counted . The counter room 

is located four stories away from the machine . This arrangement re

duced the background counting rate of the counters due to t he strong 

gamma radiation from the machine . Generally , the activity of reso

nance buttons can be as low as only a few counts per m i nute . 

Two different types of counters were used . The crystal counters , 

shown in F i g . (III-12}, were constructed by us i ng a very thin(:=:: 1-mm 

thickness ) Nai( Tl) crystal in conjunction wit h a photomultiplier tube 

(SUN 56) . A s i ngle-channel pulse - height analyzer was used to dis 

criminate against all but the desired K x-rays . This type of counter 

was good for counting neutron-deficient isotopes d ecaying b y K capture , 
194 195 196 

e. g . , Au , Au , and Au . The small size of the crystal makes 

it very insensitive to higher energy gamma rays . Thi s is the reason 
. 196m 

that th1s counter was not used for Au . The bac~ground count 

usually is of the order of l count/min and the counting efficiency is 

fairly stable . 

For isotopes decaying by beta -particle emissions, as Ag
1 12 

and 

Ag
113

, continuous -flow gas counters (PET 60} we re used . Methane 

gas was used as the m e dium of the ionization chambe r . In Fig. (III-13) 

we can see that the radioactive button is exposed direct ly inside the 



I 
I 

I 
I 

I 
I 

I 

I 
I 
lrr-, 
Ill I 
Ill I 

lu I 
Ill I 

I
ll I 
II I 

Ill 
Ill I _ ....... 

MU-19576 

Fig. (III -1 0). Sketch of the radio -frequency hairpin. 
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Fig. ( III-11 }. A collector button and a carrier used to transport 
the button through the pneumatic tube. 
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Fig. ( III-12). (Top) Nai( Tl) crystal and photomultiplier assembly. 
(Bottom) Sample collector button. 
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.------ HIGH -VOLTAGE SOCKET 

,----GAS INLET 

STAINLESS STEEL 

.0005'!DIAM TUNGSTEN 

BUTTON CHAMBER 

MU-17401 

Fig. { III-13). Cross - sectional view of a continuous -flow gas 
13 counter. 
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chamber (ground). Electric pulses are generated whenever the gas 

in the chamber is ionized by a beta particle or a high - energy gamma 

ray. The background count of this type of counter is about 2 counts/min. 

One disadvantage of this counter is its poor stability. 

In practice, each counter system consists of four counters of 

either type [see Fig . (III-14). During a typical experiment each 

resonance button was exposed for a time period of from 5 to 10 min. 

Each button could be counted in one counter for about the same period 

of time. When each buttonwas allowed to run through four counters 

sucessively, the counting period would be increased by a factor of 

four and the statistical error of the counting rate would be reduced by 

a factor of one -half. 

6. Magnetic -Field Calibration 

The transition magnetic field was measured (calibration) indirectly 

by the resonance frequencies of Rb85 and Rb
87 

beams. A magnetic

field table which lists the standard transition frequencies of Rb 
85 

and Rb
87 

corresponding to each field value in steps of 0 . 1 G is provided 

for a quick .determination of the C-field value. 

The calibration oven sits behind the sample oven and contains a 

large quantity of RbCl mixed with calcium filings to provide the Rb 

calibration beam. The oven is heated by a .tantalum resistance -wire 

heater. At moderate temperature RbCl is reduced by calcium, and 

free Rb atoms are evaporated. Usually one oven load can last for 

several months. The Rb atom beams as well as alkali molecule beams 

used for the oven alignment were detected by means of a surface ioniza 

tion detector . A Cary vibrating-reed electrometer with a sensitivity 
-13 up to 10 A was used to measure the ion current formed when Rb 

atoms or molecules were hitting the hot rhenium detector fi lament, 

which was placed behind the button slot of the button loader . 

7 . Pulse-Height Analyzer 

One of the important problems in this research is the production 

of an isotope in sufficient quantity for investigation. Practically, before 

any measurement, an estimate should be made of the relative yield of 

such an isotope from a given irradiation. The normal procedure was 

to take a decay curve of a chemistry sample from the irradiated target. 
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Fig. (III-14). Counting system, showing f3 counters in the 
foreground and x-ray counters in the rear. 
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Then the decay curve was analyzed by half-life . The results of the 

ana~ysis gave some idea of the relative yield of each isotope produced 

in the irradiation. Generally this method could give only a crude 

estimate of relative yields, if there were more than two isotopes 

involved, or if some half-lives were about the same , The computer 

program used for this kind of decay analysis could take a maximum 

of five isotopes. When attempts were made to produce the isotope 

Au 
196

m by the reaction Pt(a., p, kn)Au, this method w as no longer use

ful. Together with the reaction Pt(a.,kn)Hg __.Au almost all the possible 
. 191 201 
1sotopes of Au were produced, from Au to Au . The identifica -

tion of the production of Au 196m was made possible only when we used 

a Radiation Counter Laboratories Model-20611256-channel pulse-height 

analyzer . Fig . (III -15) shows the analyzer with the associated Moseley 

Autograf plotter on the left-hand side. Different isotopes of a given 

radioactive sample can be sorted out according to the energy of 
· 196m their gamma-rays . A typ1cal gamma-ray spectrum of Au 

obtained from the analyzer is shown in Fig . (III-16) . By taking several 

spectra at different times , the half-life of each line can be estimated 

with reasonable accuracy. The energy scale is calibrated with know n 

isotopes . From the energy of each line the identification of the iso

tope produced is fairly certain. 

C . Production of Isotope Samples 

All the isotopes used in this experimental w ork were produc ed 

by the Crocker 60-inch cyclotron on the Berkeley campus of the 

University of California . Isotope identification was made according 

to half-life measurement . Hence the assignment of nuclear informa

tion depends on the previous measurements of isotopic half-lives . 

The following table lists some of the known information on each iso

tope studied in this research : 
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Fig. (III-15). The RCL 256-channel pulse-height analyzer 
and Moseley x-y plotter. 
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ENERGY ( keY) 

GOLD 

Gamma-ray Spectrum 

Pt (a, p kn)Au 

300 400 500 

MUB -1214 

Fig. (III-16). Gamma-ray spectrum of Au196m obtained with 
the 256-channel analyzer by using aNal( Tl) crystal 
2 in. long by 1-3/4 in. in diameter. 



Isotope Half-life 

Agll2 3.2 h 
Agll3 5.3 h 
Aul94 39 h 
Aul95 186 days 

Aul96 6.2 days 

Au 196m 9 . 7 h 
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Decay 
modes 

f3 
f3 
EC 

EC 

EC 

IT 

References 

(POO 38) (SHU 51) 

(DUF 49) 

(STE 49) ( WIL 49) 

{COR 40) {STE 49) 

( WIL 49) (BON 62) 

(MCM 37) (STE 48) 

(WIC 49) (BON 62) 

( THI 56) ( YUL 60) 

(MCM 37) (WI L 49) 

(LIE 59) (KAV 60} 

(BON 62) 

l. Energetic Particles and Types of Reaction 

The 60 -inch cyclotron provided beams of energetic particles for 

use in the production of isotopes through several possible nuclear 

reactions . The available particles and their maximum energi es are : 

Type of Particle 

p {protons) 

d {deuterons) 

a. {a. particles ) 

n {fast neutrons) 

Maximum Energy (MeV) 

12 

24 

48 

24 (with d) 

With these energetic particles we may hav e the following possible 

reactions {EVA 55) : 

p : (p, n); {p , p) 

d : {d, n), {d,2n);{d,p), (d,pn) 

a. : {a., n) , (a., 2n), (a. , 3n) , (a., 4n); {a., p) , (a. , pn). {a. , p2n) 

n : {n, n ), (n, 2n) ; (n, p), (n, pn). 

2 . Cyclotron Target 

All target materials used in this research were single pieces of 

metal foil. Two general types of cyclotron target hav e been used : 

the internal target {usually called " internal probe " ), and the external 

target with the largest target area (so-called lfjumbo " ). 

The internal target, as shown in Fig . {III - 17), is inserted into 

the cyclotron tank to intercept the beam at any desired radius. The 
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Fig. (III-17). Cyclotron internal-target assembly. 



-·66-

energy of the bombarding particle may be con trolled somewhat by 

adjusting t he radius. The target material must be in the form of a 

single piece of foil l-3/4 X l - l/2 in. and it must be soft enough so that 

the foil can be rolled smoothly into a semicylindrical shape without 

cracking. The maxi mum intensity of ion beam for an internal probe 

is usually as high as 80 f-LA for a period of bombardment longer than 

10 h . 

The jumbo target, as shaWl in Fig. ( III-18), is attached to the 

edge of the cyclotron vacuum tank, and the beam is deflected out from 

its circular orbit to the target. The target material can be of any 

form . In the se exper:irnents all the materials used for the jumbo tar

get were trimmed from previously bombarded internal probe targets . 

Thes e surplus materials are usually l- l /2 X l /2 in. The beam intensity 

for a jumbo target is limited by the strength of a system of thin 

aluminum foils tha. t is used to isolate the exter.nal target from the main 

vacuum tank of the cyclotron. The maximum ion beam is normally 

35 to 40 f-LA. The energy of the bombarding particle may be decreased 

by placing suitable material in front of the target. 

In this experimental work, the type of target used was not too 

important. Most of the time a jumbo target was used, because less 

target material was required. But sometimes , when high activity was 

d d . ll f h d . fA 195 d A 196 h · l nee e , espec1a y or t e pro uctlon o u an u , t e 1nterna 

probe was preferred because of the higher be a m l evel that could be 

used. 

The necessary thickness of the foil is determined by the range of 

the bombarding particles and by the length of bombardme nt . For a 

platinum target, the time required to dissolv e a target of a cer t ain 

thickness compared wi th the half - life of the desired isotopes produced 

must be considered. 

3 . Isotope Production 

a . Ag
112 and Ag 113 Th . l t d Ag

112 
ere 1s· on y one way o pro uce 

and Ag
113 

from a palladium target , namely 

Pd ll 0 (a., p) Ag ll3 

and Pd ll 0 ( ) A 112 a., pn g . 
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Fig. ( III-18). Cyclotron external-target assembly. 
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The abundance of Pd
11 0 

is only 11 . 8 %, hence the activity of Ag
112 

d A 
113 

d d d h h A ll d . f ' l an g pro uce is not expecte to be very ig . pa a 1um 01 

of 12-mil thickness has been bombarded by 48-MeV a particles for 

8 to 10 h . Besides the desired reactions there are other reactions 

that are much more favorable with the energetic a particles. They 

are P d (a, kn) Cd fork = 1, 2, 3, 4 . Therefore the induced cadmium 

activity is much h1gher than that of silver. In order to obtain a high 

specific activity of silv er , a chemical separation of silver from cad-

. . S . f . ld f A 112 d A 1 1 3 h b m1um 1s necessrary . atls actory y1e so g an g ave een 

obtained. A decay curve of a silver sample is shown in F ig. (IV -2). 

b A 194 A 19 5 d A 19 6 Th d t' f th . t . u , u , an u . e pro uc 10n o e se 1so opes 

has been discussed extensively by Ewbank (EWB 59 ) . Here, only a 

brief description is given, The internal probe was th e only target 

used for producing these i sotopes , owing to the relatively low activity 
. 195 196 

due to the long half-llves of Au and Au . Deuterons of 24 MeV 

were used on a 20 - mil platin um foil for a time period from l Z to 24 h , 
19 4 195 196 Isotopes Au , Au , and Au are produced at the same time w i th 

reactions Pt ( d , kn) Au , for k = 1, 2, and 3, from the stable isotopes : 

P t
194 

( 33%) , Pt195( 34o/o), and Pt19 6( 25 % ), The yield is quite high for 

these favorable reactions , especially for Au 
194

, Chemical separation 

has been used t o separate the gold activ ity from the platinum target, 
194 

In the work on Au , the target was worked immediately after the 

cyclotron irradiation. High specific ac t i v i ty of the isotope under 

investigation is desired for optimum results from an experiment. So 

for Au 
196 

the target was sto red for about one week - until most of the 

39 -h activity of Au 
194 

was gone . A target for study of Au 
195 

is 

usually stored for a period of at least a month before it is used. 

c . Au 196m. This isotope was discovered ( MCM 3 7) with a 

reaction 

A 197( 2 )A 196 u n , n u • 

Consequently , this method of production was first attempted with the 

24 - MeV fast-neutron beam produced by 24-MeV deut erons on a 

beryllium target . Both the decay c urve and the energy spectrum from 

the pulse -height analysis of this sample have shown an enrichment of 

A 196 m B h 'f' t ' ' t fA 196m · l d t th u . ut t e spec1 1c ac 1v1 y o u 1s very ow ue o e 
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large quantity of the stable gold target, which cannot be removed 
. 196m chem,1cally . Therefore Au could not be used as a sample for 

the atomic -beam work . Reactions with Pt (d, kn) Au have also been 

tried . There is no indication than an appreciable quantity of Au 196m 
. 196m 

is produced by this kind of reaction. Perhaps a y1eld of Au is 

masked by the very high radioactivity of other isotopes, such as 

Au
194 

and Au
196

. The final try, using 48-MeV a. beams on 10 - m il 

plati num foil w i th reaction Pt194 (a. , pn) Au 196m , has been very 

successful. The energy spectrum of a chemi stry sample i s shown in 

Fig . (III-16) . Later , in Fig . (IV-25) , the decay curve of this gold 

sample is also shown. A chemical separation of Au activity from the 

very active byproducts of radioactive mercury and the platinum target 

is necessary in order to have a gold sample with a high specific activity . 

4 . Chemistry 

It has been mentioned that chemical separation i s used to prepare 

the sample material for this atomic -beam work . Generally the i deal 

sample is prepared in the form of pure metal. Therefore , the chemi

cal procedure used in this research is the one from which pure metallic 

samples of silver or gold can be obtained. In order to protect the 

experimenter from radiation, all chemistry is done i n side a lead 

box (so-called "cave") with facilities such as mechanical hands . 

Figure (III-19) shows the outside of a typical cav e us e d in these ex

periments . Figure (III - 20) s h ows part of the interior viewe d through 

the lead-glass window . 

Typical chemi stry procedu re fo r s ilve r o r gold i s n ow d is cussed 

briefly . 

a. Silver sample . To prepare the carri er soluti on, about 50 mg 

of silver carrier and about 500 mg of cadmium carrier is cl,i ssolve d 

into a 200-cc flask whi ch contains about 30 cc of hot concentrated nitric 

acid . About 60 - cc of 6N hydrochloric acid is then added, with silv er 

chloride being formed. The whole flask now is transferred into the 

lead cave and placed on a hot plate hav ing an electric heater . Then the 

palladium target is introduced i nto the flask . The soluti o n is heat ed 

gently until the whole target is dissolved. The solution then is cooled 

t o about 0° C by putting the flask in an ice bath. The silv er chlori de 
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ZN-3134 

Fig. ( III-19). Exterior view of the lead cave in which chemical 
separations were performed for the samples of silver 
and gold. 
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ZN-3135 

Fig. ( III-20). Interior view of the cave as seen through the 
lead-glass window. The separatory funnel assembly 
can be turned to any convenient position. 
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precipitate is separated from the rest of the solution in a centrifuge 

located under the floor of the cave. The precipitate is washed with 

6N HCl if necessary. The precipitate then is dissolved into about 

20-cc hot solution concentrated with NaOH and NaCN. Pure aluminum 

metal foil is used to replace the. silver ion in a pure metallic form from 

the solution.. The solution is removed from the cone. and the metallic 

silver is washed with distilled water. After being dried, the silver 

sample is ready to use. 

b. Gold. sample. The platinum target is dissolved with about 

20 mg of gold carrier in hot concentrated aqua regia. (About 50C mg 

of mercury carrier is also added for the a-bombarded target.) Ice 

is added in order to make the resultant solution cold and dilute. The 

solution is then mixed with an equal amount of ethyl acetate in a 

separatory funnel tl:lat is equipped with a glass stirrer powered by a 

small electric motor. Gold chloride is extracted into the ethyl acetate. 

After evaporating the gold bearing ethyl acetate, by pouring it slowly 

into boiling 'dilute HCl solution, metallic gold is precipitated by adding ... 
water fFeshly saturate·d with S0

2 
... The meta11ic gold sample is then 

dried and is ready to be loaded into an oven. 

D. Experirrierital Procedure 

Generally the measurement of atomic.-.beam resonances with 

radioactive isotopes utilizes a discontinuous-point inethod. All the 

measurerrents depend on the average counting rates of buttons exposed 

to the beam at discrete frequencies for certain time periods. About 

five to ten points (buttons) are usually used to locate the frequency of 

a transition resonance. There are three different kinds of exposure 

used in every experiment, defined as follows: 

(a). The full-beam button. A button is exposed to the beam with 

the A and B magnetic field and the rf off, and with the stop wire out. 

This determines how much of the beam reaches the detector from the 

oven slit. 

(b). The half-beam button. A button is exposed to the beam with 

A and B field on,rf off, and stop wire out. This determines what 

percentage of the full beam is unaffected by the A and B deflecting 
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magnet, The percentage of useful be~m for the observation of induced 

transitions is expressed by what.usuallyis called the 11throw-out ratio", 
. ' ' . 

defined by 

th t l 
counting rate of half-bearri button· 

rowou = · -
· . · counting rate offull-beam button 

Normally this ratio is 75 to 85o/o for the silver isotope and 65 to 75% 

for the gold isotope, 

During an experiment the A and B fields are always on, and the 

beam intensity is usually decreasing gradually. Hence the counting 

rate of each half beam button is useful for the normalization of the 

resonance buttons (discussed later), 

(c), The resonance button, A button is exposed to the beam with 

A and B field on rf on. and stop wire in, 

1, General Procedure 

The general procedure of experiment for the isotopes of silver 

and gold is outlined below. 

(a). Turn on the diffusion pumps, the A and B magnetic fields, 

and all the electronic equipment. 

(b). Bring the irradiated target from the cyclotron and start the 

chemistry in the cave, 

(c). After about a half hour. fill the liquid-nitro~en traps. and 

test the vacuum of the machine by the ionization vacuum gauges. When 

the vacuum is good. usually .less than l0- 6 mm Hg. turn on the cali.,. 

bration oven, 

(d). Load the empty oven into the machine with some alkali halide 

for the alignment of the oven. 

(e). Turn on the hot-wire detector and the oven heating power 

system until an alignment beam is seen. Try to align the oven roughly 

by adjusting the position of the oven loader against the machine, 

(f), After alignment has been done, the oven is pulled out of the 

way of the calibration beam. · Set the C field to a de sired value with 
. 85 87 the resonance frequenc1es of Rb and Rb by adjusting the C-field 

current, At the same time, the sample oven is out-gassed by in

creasing the oven heating power gradually up to a power at least 10 

to ZO W above the working power for the radioactive beam during the 

experiment. 
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(g). Outgassing is considered complete when the pressure gets 

down to:::::: 10-6 nim Hg" Turn the oven power off to let the oven cool. 

Usually this takes about 10 min. 

(h). Take the clean oven out of the machine and load the radio

active sample along with some alkali halide. Then put the oven back 

into the machine. 

(i). Align the oven again ·and_also measure the C magnetic field 
. . . 85 86 

carefully by taking ten read1ngs for each of Rb and Rb to make sure 

that they give a reasonably consistent value of the-C field. .Also note the 

electric current of the G field and of the A 9 B fields. 

(j ). Increase the oven power to. the working temperature. Then 

expose a f~w one -minu,te half.-b.eam buttons untU a fairly steady beam 

with reasonable activity is obtained. 

(k). Then the experiment is started. Resonance buttons are taken 

alter!lately with half-beam buttonsp with an. exposure time usually ranging 

from 5 to 10 min-depending on the relative intensity of the beam. 

(1). After- the experiment is finished •. measure the value of the C 

magnetic field againp and finally, turn.off:aH the equipment. 

Besides--this general procedure. some different specific procedures 

are used for the two different types of experiments. 

2. The Spin Search 

To measure the_ spin of an isotope, we always take advantage of 

Eq. (III-5} for the transition of M" = 0 at low magnetic field (the stan

dard transition in.the Zeeman region), vS( oo) :::::: -( gJ/2I+ 1) ( f.1.
0
/h) H. 

(a). Set the magnetic field as low as possible. Also, make sure 

that the fr.equency separation between two neighboring spin resonances 

is large enough to avoid any ovedapping. 

(b). Calculate the frequency v(I} corcr:"esponding to different spin 

for .the given value of C field. 

(c). Resonance (spin) buttons are exposed at frequencies corres

ponding to different spin. Then.the prelimillary counting rate obtained 

from.the counting room for each spin button is normalized by the 

counting rates of the ,half-beam buttons, which are counted simultaneously 

in a counter near the research room. 
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(d). If a resonance signal is observed for a certain spin~ the 

resonance line is then traced out with smaller steps of frequencies 

sweeping across v(I) in order to make sure that the observed sigfi:al 

is a real one. 

3, Measurement of D..v. 

After the spin of an isotope has been determined we may proceed 

to measure its D..v. At the beginning the standard transition is still used. 

Because of the small number of radioactive atoms obtained by irradiation 

in the cyclotron. the range of frequency swept usually is limited to 

about 10 times the line width of a resonance. Therefore one cannot do 

a direct-transition experiment without a good knowledge of the 6.v. 

(a). In the spin-search experiment if the resonance frequency v 

has an appreciable shift from the unshifted frequency v( I) (Zeeman 

frequency). the D..v may be calculated by the approximate formula~ 

Eq, {III-6). The accuracy of the calculated. 6.v'depen.ds on how·'a·c:curate 

the "shift" ov has been estimated. The acc\iracy is proportional to the 

ratio of the ov to the resonance line~width {ex: ov/.I:N
5

). If we assume 

oH/H = constant in the C magneti from Eq. (.IV -4) we obtain 

4I 
Dv

8 
~ (1 + "A:""" v }Dv ~ Dv ex: H. 

~v oo oo oo 

The line width generally increases almost linearly with the magnetic 

field. From Eq. (III-6L 
21v 2 

00 

D..v 
ov ~ 

Thus the frequency shift is proportio!lal to the square of the magnetic 

field. Therefore .the accuracy of the. calculated 6.v is generally pro

portional to the magnetic field: 

ov 
Dv

5 
ex: v ex: H. 

. 00 

(b). Repeat the experiment at higher magnetic field to get better 

accuracy for the calculated value of D..v. The increment of magnetic 

field in each later experiment must not be too largei otherwise the 

uncertainty of the 6 v may be outside the possible range of sweeping 

frequency. Normally. an increment equal to double the value of the 

magnetic field used in the previous experiment is very safe. 
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(c). When. the magnetic field is so high that the approximate formula 

is no longer applicable~ exact calculation is usually carried out by com

puter routine (see Sub sec. III E.). 

{d). The direct-transition experiment may be performed when the 

accuracy of ~vis within the order of a few Me/ sec. There may be 

several observable resonance lines in the direct-transition experiment~ 

so a careful identification of each line must be made. If we can see all 

the observable li.nes at the same magnetic field the identification becomes 

trivial. 

(e). If there is no appreciable shift even when the magnetic field 

has been increased several times, this shows that ~vis large. If there 

is also an indication of decreasing resonance height with increasing 

magnetic field, there is almost no doubt that ~v is too large to allow an 

observation oLthe standard transition. In such a sitq.ation the only way 

to measure ~v with this atomic-beam apparatus is by means of rriultiple = 

quantum transitions. 

4. C ourrting~ of. Re;sconanc.e: (or. Spii:r) Buttons' 

After each experiment, each of the resonance (spin) buttons should 

be counted again with longer counting times in order to ensure a smaller 

statistical uncertainty in the counting rate. 

For an isotope having a short half-life. any resonance button having 

a reasonable counting rate should be counted repeatedly over a period 

of three or four half-lives. From all these counting rates~ by using 

a graphical method (or computer routine). a decay curve may be ob

tained with a best fit to all these decay points. Counting rates obtained 

from this curve at zero time represent the activity of a given button 

with better statistics than any single count. On the other hand. the 

half-life giving the best decay fit can be used as a means for identifica

tion ofthe isotope which produces the observed resonance. 

For isotopes having a fairly long half-life (> 5 days), usually it 

is· only necessary to count each re so:q.ance button once more with a 

suitably long counting period. 

.- i' 
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E. Computer Routines 

There are various computer programs provided in,the Atomic Beam 

Group for facilitating the analysis of data from atomic -beam work. Of 

these programs, only three were used in this research. Complete dis

cussions ofthese programs have been given in a number of previous 

,reports and theses •• Only brief descriptions are given here. 

1. OMNIBUS 

This program was w:J:.itten by Silsbee (EWB 59) for the II3M 653. 

It includes three. distinct parts. A least-squares .method is used for 

the best fit to the data points. 

a. Decay fit •. Analysis of a decay curve with isotopes of known 

half-lives. It can take as many as five different isotopes. 

INPUT: Counting rates observed at various times, and the half-life of 

each isotope. 

OUTPUT: The relative counting rates of each isotope at zero time. 

This program is particularly useful when we want to ;resolve an observed 

resonance which is 4 mixture of overlapping resonances of two isotopes 

having different half-lives. (See Ag
113 

results.) 

b. Bell fit. The observed resonance points are fitted by assuming 

a Lorentz line shape, 1 

INPUT: Counting rates observed at various frequencies around the 

resonance, 

OUTPUT: Resonance frequency • resonance height, and line width. 

c. Ma-gnetic-field and.C.v calculation. The program applies only 

for the standard transition of J = l/2 atoms. 

INPUT:. Calibration frequency of Rb85 or Rb87, gJ. gr I. a~d reso

-nance frequency. 

OUTPUT: Magnetic field, .C.v + (assuming g
1 

> 0). and .C.v (assuming 

gi < 0). 

2. Frequency Table for J = 1/2 

This program was written by Ewbank (EWB 61) for the IBM 704 

or 709. Frequency tables corresponding to a given range of magnetic 

field can b.e calculated for transitions between any two mF levels. 
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INPUT: .6.v~ gJ, gr initial and final value of magr1et:lc field and its 

increment~ and·the (F, tnF) values for two energy levels involved. 

OUTPUT: Transition freqtEncy, frequency of each level, and ~~cor res

pending to each value of magnetic fieid. 

3. Hype rfine III 

This program was written by Zurlinden ( ZUR 60) for the IBM 704 

(also good for the IBM 709). It can be used to determine the best fit 

of the four parameters a, b, gJ' and g
1 

for any value of I and J. Each 

of these parameters can be allowed to vary or be held constant, at the 

discretion of the user. For J = 1/2, we always put b = 0. Therefore~ 

in this research, the general operation is as follows. 

INPUT: (i) gi' gJ, and a of a comparision isotope 

(ii) I, · gi' gJ, and a of the calibration isotope 

(iii) I, J, anda (initial assigned value) of.the experimental 

isotope 

<iY:) R.esoriance data: Calibration j,E;otope or magp.~tic field, 

resonance frequency f b , and its corresponding quantum 
0 s 

numbers F 
1 

, M 
1 

, F 
2

, M
2

. 

OUTPUT: (i) Calculated magnetic field 

(ii) Best values of gJ, gi and.a with uncertainties 

(iii) Calculated frequencies of two energy levels for each 

resonance, and the residual frequency, defined as 

( f - f ) 
obs calc · 

Since a least-squares fit is used by all these computer programs, 

the uncertainty of each data quantity is also required as Input data. 

Consequently the uncertainty of each calculated quantity and the over

all chi':"square describing the "goodness of fit" are. also give.n in the 

Output of each program. 

F. Data Processing 

l. Counting Rate of Resonance (Spin) Button 

a. Isotope with long half-life. Usually each resonance button 

was counted twice, at most, in the four -counter counting system. 

Therefore the weighted-average counting rate was taken as "observed" 

counting rate for the resonance analysis. 
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b. Isotope with short half~life. After each button had been 

counted several times 9 a decay curve was plotted for each 1;>utton. If 

each of these decay curves shows a single type of act:1vity with a half

life close to that of the experimental isotope9 the decay -fit computer 

routine with only one half-1ife is employed. Each ~f the best fitted 

counting rates at a common initial time, say t = 0, is .taken as the 

"observedn counting rate for the resonance button, If the decay curve 

shows a mixture of isotopes 9 two or more half-lives may be used for 

the decay-fit calculation, depending on the real situation. In some 

cases as many as 40 resonance buttons were taken in orie experiment, 

Most of these buttons could be counted only twice 9 so the best we can 

do is to use only one or two half-lives, 

2. Normalization 

The variation of beam intensity is generally due to two causes: 

the fluctuation of the oven power supply and ihe decay of the radio

active sample. Usually the normalization of the counting rate for each 

of the resonance buttons is accomplished by half-beam normalization. 

This method assumes that beam intensity is proportional to the half

beam counting rate. Hence the counting rate of each resonance button 

may be normalized by the average counting rate of the two half-beam 

buttons that were taken before and after the resonance button. In 

practice 9 the counting rate of each half-beam button was plotted accord

ing to the time when it was .taken. If the beam intensity was assumed to 

vary slowly with time, a smooth curve with a best fit to these points 

might be drawn to represent an average behavior of the varying beam. 

The counting rate corresponding to the time when a resonance button 

was taken was used for normalization. H the fluctuation of the half 

beam was not small, average half-beam counting rates were used. 

None of these experiments were perfect, so each experimenter had to 

make his own judgments. When the average half-life of a sample was 

comparable to the time required for an experiment, renormalization of 

the half beam by the radioactive decay of the beam sample should be 

made. In this case the relative composition of the beam was different 

at different times, 
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3. Resonance Frequency (Transition Frequency) 

After each resonance button has been normalized a frequency 

spectrum of the resonance is plotted. The resonance frequency may be 

obtained by an "eye fit" method or through the bell ,..fit computer routine. 

4. Calibration Frequency 

Usually the shift of the calibration frequency during an experiment 

is about 10 to 30 kc/sec. So the average values of these two frequencies .,. 
would be good enough for the calculation of D.v. When the shift is large 

'· we may make a correction to each exposed frequency by assuming that 

the magnetic. field has drifted linearly. 

5. Calculation of gJa gp and Av 

All these calculations were done automatically by computer routines. 
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IV. RESULTS 

A. Results for Ag 112 

1. Nuclear -Spin Determination 

A spin-search experiment was performed for the silver sample 

produced by the reaction Pd (asp kn) with 48-MeV a particles. The 

experimental results are shown in Fig. (IV-1). Signals of I= 2 and 

I = 1/2 were observed, The decay of the activity with· I =2 is shown 

in Fig. (IV-2). which shows an enrichment of 3,2-h Ag 112 . Therefore 

the spin assignment I = 2 for Ag 112 was first established (EWB 6la). 

2. Determination of ~v 

Several resonances of the standard transition have also been 

observed at high magnetic field for I= 2. Figure (IV-3) shows one 

of the high-field resonances. A calculation from this resonance indi

cated that the ~v of Ag 
112 

is about 518± 2 Me/ sec, In this frequency 

range. the observation of direct transitions is rather simple. The 

total number of observable lines of direct transition for I = 2 at low 

magnetic field is 8 (=41). They are shown in Fig. (IV-4); the corres

ponding experimental results are shown in Fig. (IV -5 ). In order to get 

better accur-acy for ~vs several field-independent resonances have been 

measured. Figure (IV -6) shows one of the low-field resonances for 

a 'TI' transition (5/2, 1/2) ,._.. (3/2, -1/2). A resonance of 'TI' transition 

(5/2, -1/2)-... (3/2, -3/2) at higher magnetic field where ~~ = 0 is 

shown in Fig, (IV -7). The experimental data and the corresponding 

calculated results are summarized in Table (IV -1 ). The best fit values 

of ~v and gJ, calculated by assuming different signs of the magnetic 

moment are, respectively, 

~v + = 518.333 ± 0.006 Me/sec, gJ+ = -2.0025 ± 0,0004 

~v _ = 5 18, 3 3 0 ± 0 0 0 0 6 Me/sec, g J _ = -2 o 0 0 2 5 ± 0. 0 0 04. 

The 3 kc/ sec difference between ~v and ~v is due to the fact that ~v + -
is mainly determined by the highest weighted resonance (7191). For 

the given transition (5/2, -l/2)+-( 3/2, -3/2). the difference in the cal

culated ~v for different signs of moment is due to the doublet separation 

term, Eq. (III-14). at the magnetic field where the resonance was taken, 
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from an irradiation Pd(a., p kn)Ag. 
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Fig. (IV -2). A comparison of the decay of beam activity 
and the decay of activities from the Ag sample 
for resonances of I = 1/2 and I = 2. 
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Fig. (IV -4}. Breit-Rabi energy diagram for J = 1/2 and 
I = 2, and the corresponding observable Zeeman 
spectrum at low magnetic field for D.F = ± 1 
transitions. 
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Fig. (IV -5 ). Observed Zeeman spectrum of direct transitions 
for 3.2-h Agll2. 
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Fige (IV -6)e Field-independent resonance of direct transition 
for 3.2 -h Agll2 at low magnetic fieldo 
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Fig,._ (IY .,.7). :Xfe:ld:-:independent resonance of direct transition 
for 3.2 -:h Agl I2 at higher magnetic field. 
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Table (IV-1). Summary of Agll2 for 2s
1

/
2 

electronic ,ground state. 

Results 

a ( Me/sec) : 2 0 7. 3 3 3 0 ( 2 5 ) 

gi(x l0-4 ): o.l49032 

fJ.I (nm): 0.054 728 

x2 ( 21 observations): 8.2 

- Isotope 

Electronic. 
state 

I . 

gJ 
. 4 

gi (.X 10- ) 

.D.v (Me/ sec) 

Comparison 
· isotope 

2 
8
1/2 

1/2 

.,.z.00233 

-1.2 31 

-1712.56. 

-207.3321 (25) 

-0.149032 
' -0.054728 

8.6: 

Calibration isotope 

Rb85 Rb87 

2 ·. 
5
t/2 

2 . 
8

1/2 

5/2 3/2 

-2.00238 . ~2.00238 

2 .• 93704 9.95359 

3035.735 6834.685 



Table (IV -l)(cont.) 

Run Calibration isotope H Fl ml F2 m2_ vobs Residual Weight 
(Me/ sec) (G) 

(Me/sec). (kc/sec) factor 

6101 RB 85 4.685 (20) 9.956 (9) 5/2 -3/2 '5/2 -5/2 5.825 (30) -4 1075 

RB 87 6.984 (25) 

6102 RB 85 9 .. 575 (10) 
5/2 -3/2 5/2 -5/2 20.188 (15) 12.373 (40) 1 588 

RB 87 14.207 (10) 

6161 RB 85 38.358 (20) 

RB 87 55.379 (20) 
77.314 (30) 5/2 -3/2 5/2 -5/2 6r:825 (50) .23 280 

6162 RB 85 91.739 (20) 

RB 87 126.446 (30) 
171.362 (6) 5/2 -3/2 5/2 -5/2 . 204.920 (100) 15 99 

6241 RB 85 1.327(10) 
...• 

2.609 (50) 5/2 1/2 3/2 3/2 521.500 (200) 204 23 
'-.o 

RB 87 1.802 (10) 0 
I 

6242 RB 85 1.239 (10) 

RB 87 1.804 (10) 
2.613 (50) 5/2 1/2 3/2 1/ t: . 520.000 (20Q) 168 25 

6243 RB 85 1.241 (10) 

RB 87 1.806 (10) 
2.616 (50) 5/2 -1/2 3/2 1/2 518.400 (50) 20 399 

6244 RB 85 1.243(10) 

RB 87 1.808 (10) 
2.620 (50) 5/2 -1/2 3/2 -1/2 517.000 (100) 88 94 

6245 RB 85 1.245 (10) 

RB 87 1.810(10) 
2.623 (50) 5/2 -3/2 3/2 -1/2 515.400 (150). -34 39 

6246 RB 85 1.247(10) 

RB 87 1.812 (10) 
2.627 (50) 5/2 -3/2 3/2 -3/2 514.000 (100) 53 59 

6301 RB 85 1.924(10) 

RB 87 2.883 (17) 
4.112 ( 7) 3/2 -1/2 3/2 1/2 518.500 (50) 47 400 



v 

Table (IV -1 ){cont. ) 

Run Calibration isotope H Fl ml F2 m2 vobs Residual 
(Me/sec) (G) (Me/sec) (kc/sec) 

Weight 
factor 

6302 RB 85 1.919 (10) 

RB 87 2.869 (17) 4.097 (5) 5/2 -1/2 3/2 -1/2 515.900 (200) 259 25 

6303 RB 85 1.914(10) 

RB 87 2.855 ( 1 7) 
4.082(7) 5/2 -1/2 3/2 -3/2 51?.850 (150) -8 44 

6441 RB 85 1.860 (10) 

RB 87 2.758 (10) 3.955 (20) 5/2 -1/2 3/2 1/2 518.428 (40) -18 625 

6442 RB 85 1.861 (10) 

RB 87 2. 760 (10) 3.958 (20) 5/2 -3/2 3/2 -3/2 511.600 (200) -154 24 

6591 RB 85 1.860 {5) I 

RB 87 2. 754 (5) 3.952 (20) 5/2 -1/2 3/2 1/2 518.454 (20) 10 2492 
-.o -I 

6592 RB 85 1.860 (5) 

RB 87 2.854 (5) 3.952 (20) 5/2 1/2 3/2 1/2 520.700(150) 41 44 

6593 RB 85 1.860 (5) 

RB 87 2. 754 (5) 
3.952 (20) 5/2 1/2 3/2 3/2 522.900 (250) 46 16 

6594 RB 85 1.860 (5) 

RB 87 2. 754 (5) 3.952 (20) 5/2 3/2 3/2 3/2 525.200 (200) 149 24 

6595 RB 85 1.860 (5) 

RB 87 z. 754 (5) 3.952 (20) 5/2 5/2 3/2 3/2 527.55 (300) 322 11 

7191 RB 85 38.485 (25) 

RB 87 55.579 (25) 
77.571 (25) 5/2 -1/2 3/2 -3/2 472.762(10) 7 10,000 
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112 Although, the sign of the moment of Ag is presumably negative, 

according to;the configuration discussed in a later section, the nuclear 

moment of tliis isotope is too small for its sign to be determined by 

the atomic -beam apparatus used in this experiment, We will use the 

average value of D.v+ and D.v , denoted by D.v , to represent the final 
- ± 

result of D.v: 

D.v ± = 5 1 8. 3 3 2 {1 0) Me/sec. 

The two g
3 

values are the same and they agree with the g
3 

of Ag
107

• 
109 

[=- 2.002333(10)]. (WES 53) and (HAY 60), With Ag 107 as a comparison 

isotope, the g
1 

or 1-lr of Ag
112 

calculated by the Fermi -Segre formula is 

gi = (-) 0,149(2)X 10-4 

or 

1-lr = (-) 0.0547(5) nm 

Since the hfs· anomaly is neglected by the Fermi -Segre formula, a 1 o/o 

uncertainty has been assigned to the values of g
1 

and 1-lr· The at?-omaly 

of Ag
107 

and Ag 109 is about l/2o/o(BRU 54) and (SOG 54), The same 

results for D.v were obtained when the g
3 

value of Ag 107 was used as 
112 g

3 
of Ag for the calculation. 

3, Discussion 

Since the atomic number of silver ( Z=4 7) is so near the closed shell 

. at Z =50, the simple shell model (MAY 55) is expected to provide a 

good approximation to the nuclear configuration, The shell model 

predicts close competition between the 2p i and lg
9

/ 2 orbitals from 

39 to 50 protons, and also among 2d
3

/
2

, lg
7 12, and lh11 ; 2 from 51 

76 neutrons, Assuming that the pairing energy favors a lower j value, 

the I = 2 for Ag 112 may be explained as the result of coupling of 

rr(pi) v(d
5

/
2

)M 1 according to Nordheim 1 s "strong rule" (NOR 50, 51). 

A comparison with the results of other silver isotopes of even atomic 

mass number is shown below, 
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+4.0 nm 

+3. 7 nm 

{ -)0.055 nm 

Re.ference 

{EWB 59a){AME 61) 

{REY 58){EWB59a) 

{AME 61) 

{ REY 5 8){EWB 59 a.) 

{EWB 58){EWB 59a) 

{PER 48){PER 53) 

{EWB 58) 

For odd-odd nuclei of mass number 20< A< 120, Brennan and 

Bernstein {BRE 60) have suggested three revised coupling rules to 

replace Nordheim's rules. According to their second rule {R2), it is 

stated that for configuration in which both the odd protons and odd 

neutrons are particles {or holes) in their respective unfilled subshells, 

we have 

J = lj1 ±j
2

1forj
1 

=1
1

± 1/2 andj
2 

=1
2

± l/2. 

Here one finds a competition between two states of spin !J 
1 

± j 
2

!. 
implying that these states form a closely spaced doublet under this 

coupling, due to the possibility of recoupling the proton and neutron 

spins from a single configuration. This may explain the situation for 
104 106 108 110 . . 

Ag and Ag ' • • The poss1ble wave functlons for odd-odd 

Ag nuclei could be one of the following three cases: 

{b) 
-3 -1 

Tr(g9/2) v(d5/2) 

(c) 
-3 -1 

Tr{g9/2)9/2 v{d5/2) 

I= 2 

I=l+and 6+ in close 
competition 

I=2 + and 7+ in close 
competition. 

C (b). 1 . h .. fA106,108,110 B h . f ase exp a1ns t e 1 somer1sm o g ut t e sp1ns o 

Ag
104 

do not fit into any of these cases. In order to bring the calcu

lated va.lu~s of moments closer to the experimental values, Ames et aL 

{AME 61) have suggested the wave function of Ag 1 04 to be the sum of 
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cases (b) and (c). Case (a) was rejected because~ the calculated value 

of moment is small and negative ( -·0.5 nm). According to this information, 

the configur~tion [case (a)] suggested previously for Ag
112 

is fairly 

reasonable. There would be no isomeric state for Ag
112 

expected, 

since Nordheim's strong rule agrees with Brennan's first rule (R l) 

but not with the second rule (R 2). The sign of the moment for Ag
112 

is presumably negative. 

B. Results for Ag 
113 

It has been determined that the spins of all the silver isotopes of 

dd b A 1 o 3 .. I h f o mass num er, except g , are I = 1 2. Therefore t e spin o 

Ag.
113 

is also expected to be I= 1/2, contributed by the unpaired proton 

· 7r(p
1

/
2

) •. On the other hand, ,since th~ measured dipole mo,ments of 

th . t . 1 h d' 1 f A 113 1 uld ese 1so opes are qu1te c ose, .t e 1po e moment o g a so co 

have about the same magnitude •. Figure (IV-I} shows a strong signal 

for I = 1/2 in the spin.,.search experiment with a silver sample produced 
~- ~- -

by Pd(a., p, kn)Ag. The decay curve. of this activity, shown in Fig. {IV -2). 

indicated an enrichment of 5.3::.h activity during th~ first 6 h, and then 

a transition to an activity with much longer half-life. This shows the 

signal of I = 1/2 to be a mixture of Ag 113 , Ag
111

, and Ag
1 05

• The 
113 111 . ' 

D. v of Ag and Ag could be fauly close, and it was hoped that the 

f A. 
113 d A 111 ld b 1 d h' h t' reso!).ances o g an g wou e reso ve a 1g er magne lC 

field by the atomic -beam apparatus. 

Several resonances were observed at high magnetic field. In 

general the buttons exposed on the low-frequency side of the resonance 

decayed faster than those exposed on the high-frequency side. Figure 

(IV -8) shows two observed resonances at H::::: 57 G. After a decay fit 

'th th t' h f A 111 d A 
113 

. w1 e computer rou 1ne, t e resonances o g an g were 

resolved from re'sonance 5091·, as shown in the same figure. The 

resonance 4981 was identified as being due to Ag
105

• A resonance of 

pure Ag 113 .is shown in Fig. (IV -9); the decay of the peak activity is 

shown.in Fig. {IV-10). Up to this stage the spin assignment of I= l/2 

for Ag
113 

was established (CHA 60). The D.v qalculated from this 

resonance was good en.ough for direct-transition experiments. The 

.total number of obse:rvable res~nances for I = 1/2 is shown in Fig. 

(IV-11). The corresponding experimental results are shown in Fig. (IV-12). 
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SILVER 
I = 1/2 Resonances 

H = 5 7.3 gauss 
( I, I)+-+( I, 0) 

Res. 5091 

5.3h Ag113 

7.5day Ag 111 

_. Res. 4981 

40day Ag 105 

84 85 

FREQUENCY (Me/sec) 

MUB-1217 

(IV -8). Resonances of standard transition for 40-day Agl 05, 
7.5-day Aglll, and 5.3-h Agll3. The resonances of 
Aglll and Agll3 were resolved by radioactive decay. 
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Fig. (IV -9). Resonance of the standard transition for 5.3 -h Ag113• 
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SILVER 

' ' 

DECAY CURVE 

' 

Resonance 5301 

5.3h AQ113 

... ....... 

e "Half Beam"(XO.I) 

® Peak of Resonance 

Time 

36 

MU-27405 

Fig~ (IV-10). A comparison of the beam activity and the "peak" 
activity of resonance for 5.3 -h Ag113. 
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BREIT-RABI DIAGRAM 

J. 1/2 I: 1/2 

mF 
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MU-27396 

Fig. (IV -11}. Breit-Rabi energy diagram for J = 1/2 and I = 1/2, 
and the corresponding observable Zeeman spectrum at 
low magnetic field for .6.F = ± 1 transitions. 



-99-

II• 2408.09 
SILVER 

~ I = 1/2 Resonances 647 

5.3 h Ag 113 

H = 4.30 gauss 

F = ±I Transition 

II • 2414.2 

l 

MU-27406 

Fig. (IV -12). Observed Zeeman spectrum of direct transition 
for 5.3-h Agll3~ 
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The splitting of the a-transition line has been explained by Petersen 

(PET 60). This is due to the effect of two oppositely directed rf fields 

around the hairpin, as seen by the atoms in a beam. 

A summary of the experimental data and the calculated results 

for Ag
113 

is shown in Table (IV -2). From comparison, with other 

silver isotopes of odd mass number, the sign of dipole moment of 

Ag
113 

"is presumably negative. According to the calculated value there 

is no difference between ~v + and b..v _, since statistically the b..v of Ag
113 

is calculated mainlyfrom r~sonances 6471 and 6472. At low magnetic 

fields the transition ( 1, 0)- ( 0, 0) does not depend qn gi explicitly. 

Therefore the value of b,.v is 

b..v ± = 2408.065 ( 1 O) Me/ sec. 

From the Fermi .,.Segre formula 

and 

-4 
gi = (-) 1. 7 3( 2) X 10 

f.LI ~ ( -) 0. 15 9 ( 2) nm. 

The following table lists measured spins and dipole moments of all 

the silver isotopes for odd ma·ss number from A= 105 to 113. 

Isotope Half-life I f.L Reference 

Agl05 40 days 1/2 (-)0.101 (EWB 58)(EWB 62) 
Agl07 1/2 - 0.113 (BRU 54)(SOG 54) 

Agl09 1/2 -0.130 (BRU 54)(SOG 54) 

Aglll 7.5 days 1/2 -0.145 (LEM 54)( WOO 55) 
A 113 g . 5.3 h 1/2 (-)0.159 (CHA 60) 

It is interesting to see that the values of the dipole moments of the odd 

silver isotopes in this region increase almost linearly with increasing 

mass number. 

.. 



:-101.-

Table (IV -2). 
113 2 

Summary of Ag· . for s
1

/
2 

electronic ground state. 

Results 

a (Me/sec): 2408.065 (10) -2408.065 (lO) 

gi(x1o-4 ): 1.730934 -1.730934 

!J.r (nm): 0.158910 -0.15891 

x2 ( 7 observations): 0.9 0.9 

Comparison isotope Calibration isotopes 

Isotope Rb85 Rb87 

2 2 
8

1/2 
8

1/2 
Electronic 2 
state 8

1!2 

I l/2 5/2 3/2 

gJ -2.00233 -2.00238 -2.00238 

g
1
(x 1 o -4 ) -1.231 2.93704 9.95359 

b..v (Me/ sec) -1712.56 3035.735 6834.685 



Table (IV..,z) (cont.) 

Fl F . v 
Residual Weight Run Calibration isotope H m1 m2 obs 

(Me/ sec) {G) 2 
(Me/sec) (kc/sec) factor-

5091 Rb85 27.960 (30) 57.276 (30) 1 0 1 -1 83.000 (100) 73 83 

Rb87 40.783 (40) 

5151 Rb85 74.274 (20) 142.159 (35) 1 
Rb 8 7 

J. 0 3. 9 7 3 (15) 
0 1 -1 215:600 (150) 37 38 

5181 Rb 85 196.855 (15) 

Rb
87

250.178 {5) 
323.202 {20) 1 0 1 -r 535.150 {300) -96 11 

5301 Rb854J.l.320 {10) 551.630 (10) 1 0 1 -1 999.750 (350) -6 16 
Rb8 7 459.962 (l 0) 

64 71 Rb85 2.023(7) 4.305 {10) 1 0 0 0 2408.090 (20) -5 2500 

Rb87 3.006(5) 
I 

Rb85 
..... 

6472 2.023(7) 4.305 ( 10) l 0 0 0 2408.100 (20) 5 2500 0 
N 

Rb87 3.006{5) I 

6473 Rb85 2.023 {7) 4.305 (10) 1 1 0 0 2414.200 (200) 88 25 
Rb87 3.006 (5) 

r 
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194 
Results for Au 

The spin of Au194 , I= 1, has been determined by Ewbank (EWB 60), 

and its .6.v has also been measured with an accuracy within 0.3o/o(EWB 59). 

The purpose of this experiment was to try to observe the .6.F = ± 1 transi

tions at low magnetic field in order to get a more accurate .6.v value, 

Figure (IV-13) shows the energy levels of J = 1/2 and I= 1, and the 

corresponding observable spectrum lines of .6.F = ± 1 in the Zeeman 

region. The experimental results are shown in Fig. (IV -14). In Fig. 

(IV-15)two resonances for transition (3/2, 1/2)- (1/2 - 1/2), which is 

induced with different rf power, are shown. They are split in the same 

manner, which indicates that the splitting of the resonance line is not 

due to the magnitude of rf power. It still is not quite understood why the 

resonance line for rr transition is split in this case. 

Table (IV -3) is a. summary of all the results observed by Ewbank 

(EWB 59) and by this experiment. The best value of .6.v is 

and the 

.6.v± = ±3489.872 (10) Me/sec, 

-5 g
1 

= ± 4. 0 1 ( 4) X 1 0 , 

p.I = ± 0,074 ( 7} nm. 

This isotope has been discussed by Ewlfank (EWB 59), and hence 

repetition is unnecessary here. 
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Fig. (IV -13}. Breit-Rabi energy diagram for J = 1/2 and 
I = 1, and the corresponding observable Zeeman 
spectrum at low magnetic field for ..6.F = ± 1 
transitions. 
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Fig. {IV -14). Observed Zeeman spectrum of direct transition 
for 39-h Au194. 
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Fig. (IV -1-5 ). Field-independent resonances of direct transition 
for 39 -h Aul94 at low field, showing two resonances 
of the same transition, induced by different rf power. 
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Table (IV:-3). 
194 2 

Summary of Au for s
1

/
2 

electronic ground state. 

Results 

gi > 0 gi < 0 

a Me/sec): 2326.5813 (27) 2326.5 811 ( 2 7) 

gi(x lo-4 ): 0.400522 -0.400522 

1-LI (nm): 0.073541 -0.073541 

x2 ( 22 observa-
tions): 33 34 

Comparison isotope Calibration isotope 

Isotope Aul97 Rb85 Rb87 

Electronic 2 2 2 
state 

5
1/2 

5
1/2 

5
1/2 

I 2 5/2 3/2 

gJ -2.0042 -2.00238 -2.00238 

gi (X 10-4 ) 0.525 2.93704 9.95359 

Av (Me/sec) 3049.65448 3035.735 6834.685 

.. 



Table {IV-3) {cont.) 

H F1 F2 
p . 

Residual Run Calibration isotope m. in2 obs Weight 
'(Me/sec) {G) 1 . {Me/sec) {kc/ sec) factor 

1201 Rb85 57.080 {30) 112. 0'1 0{? 0) 
3 .l 3 3 111.090 {200) -113 23 

. Rb87 81.170(10) 
2 -2 2 -2 

1402 Rb85 122.640 (40) 21 9. 9 9 0{ 6 0) 
3 1 3 3 231.120 (200) -151 22 

Rb87 164.850 {50) 
2 2 2 -2 

1621 Rb85 391.920 (50) 53 3. 9 6 0( 50) 
3 1·, 3 3 6 5 7 .'15 0 ( 3 0 0) . -64 7 10 

Rb87 442.890 (50) 
2 -z; 2 -z-

1978 Rb85 516.360 (50) 64 0.3 00{ 50) 
3 L 3 ' 3 82 7.4 8 { 3 0 0) -965 10 

~b87 548.140 (50) 
2 -2 2 -2 

2851 Rb85 
63 7 .640(5 0) 

3 1· 3 3 823.950 (300) . -63 1!0 ' 
Rb87 2 -2 2 -2 

545.350 (50) I 
...... 

Rb85 3 1 3 3 0 

2852 63 7.3000 00) 823.600 (400) 153 ?· 00 

-2 2 -2 I 

Rb87 555.000 (100) 
2 

2971 Rb85 
2. 9 6 0( 21) 

3 3 l i 3495._2oo (loa) -211 87 
Rb87 

1.385(10) 2 2 2 

3091. Rb85 
1.445 ( 1 O)- 3.088 (21) 

3 3 1 } 3495.2.00 (100) -152 42 ,··-· 

Rb87 2 2 2 

4431 Rb85 2.128 (10) 4.533 (10) 
3 1,, 1 l 3494.6o:o (zoo) 468 25 ·,. 

Rb87 2 2 2 .!, 2 ' 
3.167 (10) 

Rb85 
,. 

4432 2.110 (10} 4.485(20} 
3 3 1 i 3498.300 (20) 31 24 

87 2 2 2 
Rb 3.128 (10) 

4433 Rb85 2.090 (10) 4 .44 8( 15) 
3 3 1 ~ 3498.100 (100) -100 93 

Rb87 
2 2. 2. L 

3.160 (10} 



Run Calibration isotope H F1 m1 F2 m2 v obs Residual Weight 
{Me/sec) (G) (Me/sec) (kc/ sec) factor 

5161 Rb85 10.114 {10) 21.352 (40) 
3 1 3 3 20.190 {100} -7 87 2 -z- z -2 

Rb87 15.067 (10) 

5163 Rb85 12.675 {10) 3 1 '2 3 26.591 {10) ..J 25.260 (150) 40 44 
Rb87 18.750 {10) 

2 -2 2 -2 

5164 Rb85 22.562 { 1 0) 3 1 < 3 
46.624 (10) 

.J 44.655 { 60) -43 2 71 
Rb87 33.100{10) 

z -2 2 -2 

5166 Rb85 55.255 {10) 1 0 8. 64 s ( 1 0) 
3 1 3 3 107.640 ( 100) 29 99 

Rb87 78.610 {10) 
2 -2 2 -z-

516Al Rb85 2.303{10) 4. 89 6 ( 15) 
3 3 1 l 3499.100 (100} 60 93 

Rb87 2 2 2 2 
3.420 { 1 0) 

Rb85 2.295 (10) 3 l l ~ 3494.600 ( 1 00) ' 516A2 4.881 (10) 140 97 :., .... 

Rb87 2 2 2 0 
3.408 ( l O) --.!:) 

516A3 Rb85 2.288 (10) ±.886(20) 
3 1 . l -} 3485.100 {100) -245 97 

Rb87, 2 -2 2 
3.398 (lO) 

516A4 Rb85 2.281(10) 4.851 {10) 
3 1 1 _..!:._ 3489.900 (100) 1 100 

Rb87 2 2 2 2 . 
3,387 (10) 

5J 6B1 Rb85 1.521 {5) 3.220(30) 
3 1 1 -} 3 4 8 9. 8 3 3 { 1 0) 1 9996 

Rb87 2 2 2 
2.234 {5) 

516B2 Rb85 1.520 (5) 3.217 (30) 
3 1 1 -} 3 4 8 9. 8 3 3 (l 0) 1 9996 

Rb87 2 2 2 
2.231 (5) 

516B3 Rb85 1.519 (5) 3.215 (30) 
3 1 l _..!:._ 3 4 8 9. 8 3 3 ( 1 0} 1 9996 z 2 2 2 

Rb87 2.229 {5) 

a These result3 have been reported by Ewbank (EWB 59). 
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D. Results of Au195 

The spin of Au 195 , I= 3/2, has been determined by Ewbank (EWB 

60), 
. 191 193 197 199 

It was known that sp1ns of Au , Au , Au , and Au are 

also I = 3/2, (EWB 60), (ELL 39), and (CHR 56), and that the corres-

ponding hfs separations are, respectively, l::l.v = 5780, 5890, 6099, and 

11,000 Me/sec, (EWB 59), (REG 60), and (CHR 56), Hence it may be 

expected that the hfs of Au
195 

should be about 6000 Me/sec, Because 

of the long half-life of Au
195 

(185 cl,ays), the a~tivity produced by a 

cyclotron bombardment is very low. In order to get higher relative 

activity of this isotope (e. g., compared to Au
194

). the cyclotron tar

get was kept at least two or three months after irradiation before it 

was used, The 6.2 -day- activity of Au 196 should be negligible in this 

time. The difficulty of producing Au 195 samples suggested that the 

·normal experimental procedure be altered slightly. By assuming the 

l::l.v ~ 6000 Me/ sec, a resonance of the standard transition was attempted 

at a rather high magnetic field, Figure (IV-16) shows the first reso

nance observed. The resonance shown in.Fig. (IV-17) was obtained at 

h . h . f' ld A f 11 f A 195 · a 1g er :m.agnetlc 1e . summary o a resonances o u 1s 

shown in Table {IV-4). The final results are 

l::l.v ± = 6 2 3 9 ( 1 3 ) Me/sec, 

f.LI = ( +) 0. 14 8 (1 5 ) nm. 

The 1 Oo/o uncertainty as signed for the magnetic moment, calculated by 

using the Fermi-Segre formula with the data of Au 197 , is due to the 

unknown magnitude of the "hfs anomaly. 11 Ewbank (EWB 59) calculated 

that the Breit-Rosenth.al correction is 6 Au :::: ·lOo/o, ·and that the Bohr

Weisskopf correction is E Au~ 14o/o. Therefore, without the knowledge 

of the hfs anomaly the calculated moment may not be better than 1 Oo/o. 

The spins and magnetic moments of the odd-proton group of gold 

isotopes have been discussed by Ewbank (EWB 59). 
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18~ day Au 195 
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Fig. (IV-16). Resonance of standard transition of 185-day Au195. 
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GOLD 

I = 3/2 Resonance 5251 

185 day Au 195 
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Fig. (IV -1 7). Resonance of standard transition of 185 -day Au 195. 
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Table (IV -4 ). 
195 2 . 

Summary of Au for s
112 

electronic .ground state. 

Results 

a (Me/ sec): 

gi (X Io-4): 

1-LI (nm): 

3118.2 (66) 

0.53680 

o. 14 784 

x2 ( 3 observations): 0.3 

Comparison isotope 

Isotope Aul97 

Electronic 2 
state 8

1/2 

I 3/2 

gJ -2.0042 

g <x lo-4> 
I 0.525 

D..v (Me/ sec) 3049.65448 

-3120.4(66) 

-0.53718 

-0.14795 

0.3 

Calibration isotopes 

, Rb85 Rb87 

2 
8

1/2 
2 8

1/2 

5/2 3/2 

-2.00238 -2.00238 

2.93704 9.95359 

3035.735 6834.685 



Table (IV-4) (cont.) 

Run Calibration isotope H -F F2. 
v 

Residual Weight m1 m2 obs 
(Me/ sec) (G) l 

(Me/sec) (kc/sec) factor 

3 80.1 Rb85 159.108 (50) 272.881 (60) 2 -1 2 -2. 2.10.160 (200) 76 23 
Rb87 207.929 (50) 

5051 Rb85 358.930 (40) 
502.780 (20) 2 -1 2 -2 419.2.56 (300) 43 11 

Rb87 411.960 (20) 

5251 Rb85 385.919 (50) 
528.378 (30) 2 -1 2 -2 444.350 (400) -139 6 

Rb87 436.463 (30) 

I ,_. 
,_. 
>f:-
I 

.. 
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196 Results for Au 

A nuclear spin I = 2 has been assigned to Au 196 (EWB 60). In this 

experiment, a measurement of its 6.v was attempted. Several resonances 

of I= 2 have been observed at magnetic fields lower than 75 G. In 

general, all these resonance frequencies showed no appreciable shift 

from v 
00 

for I = 2. This suggested that the 6.v of Au 196 should be large. 

A tendency of decreasing resonance height for increasing magnetic field 

was also shown from these resonances. This kind of behavior is pro

bably due. to multiple -quantum transitions. The resonance observed 

at a magnetic field of 84 G is shown in Fig. (IV -18). A calculation from 

the small frequency shift (ov ~ 0.17 Me/sec) indicated that 6.v is as 

large as 65, 000 Me/sec. However, the magnitude of A and B magnetic 

fields is about 3500 G, hence it is not possible to observe a standard 

transition for an isotope with I = 2 and 6.v > 16,000 Me/sec. Consequently, 

the frequency shift could not be due to the standard transition. In this 

situation the 6.v of Au 196 may be measured either by increasing the A 

and B magnetic fields or by looking for the multiple -quantum transitions. 

Since we did not have any idea of the value of D.v, the necessary magnitude 

of the A and B magnetic fields was not known. Therefore the multiple

quantum-transition method was preferable. 

In order to perform observations for multiple -quantum transition, 

a very much higher rf power is necessary in the hairpin. The rf 

equipment usually used for the standard transition can supply adequate 

rf power for this purpose. The only problem is how to transfer the 

power to the hairpin. Usually only a small fraction of net rf power 

can get into the hairpin because the impedance of the hairpin is poorly 

matched with the output impedance of the rf equipment. A simple 

method was used to improve the impedance matching of these two units. 

A tunable coupling unit was connected between the hairpin and the output 

of the r£ amplifier.· The unit is a simple rrfilter consisting of a fixed 

coil and two variable condensers. At a given frequency a maximum rf 

power may be obtained at the hairpin by tuning the two condensers. 

Since the inacessibility of the C magnet prevents rapid installation of 
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GOLD N ca 
N 
10 . 1=2 Resonance 3485 

6.2day Au 
196 . 

H = 84.1 gauss 

. 6 F = 0 Transition 

oL-----~52~.5~------~-~5~~~0------~5~3~5.------
EXPosuRE FREQUENCY (Me/sec) 

MU-27399 · 

Fig. (I.Y-18}. Resonance of .6.F =: 0 for 6.2-day_Au19 6 at low 
' · magnetic field. 
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an rf loop near the hairpin, there is no direct way to measure and 

monitor the :d power at the hairpin. Therefore, an indirect method was 

used to measure this relative power. A directional coupling unit was 

connected between the hairpin and the tunable coupling unit. The incoming 

and reflected rf power could be compared by connecting the rf power 

meter to this· unit, Assuming that the impedance of the hairpin is con

stant for a few-percent change of the frequency, the relative rf power 

at the hairpin could be monitored by the relative reading of the rf power 

meter. With this special setup the normal experimental procedure was 
. .. 196 

slightly altered for the work on Au , A typical procedure is as follows: 

(a). Choose the working frequehcy range. 

{b). Set up the whole rf circuit, and choose a coupling unit with a 

given set of coil and condensers from which a relatively high output 

power could be obtained from the amplifier in that frequency range. 

{c), Check the band width near the frequency v having maximum 
m 

rf power by the maximum use of the variable condensers, At a 

frequency of 100 Me/sec the change of rf power was less than 10% 

with a frequency change of ± 2.5 Me/ sec, 

(d), Set the C magnetic field so that the resonance frequency of 

Rb
85 

{or Rb
87

) is near the frequency of maximum power, 
85 {e). Look for the resonance of Rb ·and, by means of the variable 

attenuator of the oscillator, change the rf power until the resonance 

of Rb 85 is just saturated, Take the reading of this power as a 

standard unit. ·Then the rf power used in the experiment can be 

monitored by comparison with this unit reading. The maximum 

power reading obtained can be as high as ten times the unit reading. 

(f). If the maximum power obtained is high enough for the observa-

tion of multiple.-quantum transition at a given magnetic field {usually 

this is e stim:ated by very crude guessing). reset the field for 
196 

the resonance of Au at the frequency v • 
m 

(g)' Then the experiment is performed in the usual way. The rf 

power was kept as constant as possible by readjusting the conden

sers of the coupling units. 

The result of the first experiment perfonned in this way is shown 

in Fig. {IV -19). In general, the whole resonance structure shows the 
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GOLD 
u; 1=2 Resonance 6561 .. 

196 .., ·;e 
6.2day Au CD ::J 

d 
>. 

H = 125.60 gauss 
.... 
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-:e 10 
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MU.27400 

Fig. (IV-19). Resonance of .6.F ~ 0 for 6.2-day Au 196, showing 
the evidence of multiple -quantum transitions. .... 
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result of a mixing of several resonances. Only one dominate resonance 

appeared, at v = 70.83 Me/sec. An energy diagram for an atom with 

J = 1/2 and I = 2 is shown in Fig. (IV -20); the corresponding spectrum 

of the usual multiple-q1.1antum transition [MF = -(I+l/2)] is also shown. 

Since only one resonance was observed in Fig. (IV-19), the order of 

multiple -quantum transition corresponding to this resonance was not 

known. There are not enough data to calculate the ~v, even though an 

appreciable frequency shift was observed. However, the possibility 

of 4 -quantum transition was ruled out because .it would yield a ~v that 

is small enough ( 13 kMc/ sec) to allow observation of a standard transi

tion. The remaining possibilities are 3-quantum transitions. The 

spin and ~v of Au 19 8 have been measured by the method of multiple

quantum transition (CHR 56) to be I= 2 and ~v = 22,200 ± 150 Me/sec. . ± 
By assuming that the ~v of Au 196 is about the same magnitude as that 

of Au 
198

, the observed resonance in Fig. (IV -19) should correspond 

to 3 -quantum transition, and yields a ~v ~ 26( 4) kMc/ sec. The rf 

power used may be ·too much for the 2 -quantum transition, and hence 

it was saturated. An experiment also has been performed for Au 198 

to confirm the above estimate. The result of Au198 is shown in Fig. 

(IV-21). In general it is similar to the result for Au196 An experiment 

performed for Au196 at higher magnetic field is shown in Fig. (IV-22). 

The 2-Q and 3-Q resonances were resolved. With the calculated 

frequency v , the identification of the resonances is definite. Figure 
00 

(IV-23) shows other 2-Q and 3-Q resonances observed with smaller 

frequency steps. A summary of results is given in Table (IV -5). The 

final results are 

~v+ = 24.1(8) kMc/sec 

with 

1-lr = +0.61(3) nm, 

or 

~ v = 2 6. 0( 1 0) kMc /sec 

with 

1-LI = -0.66( 3 ).nm. 

2. Discussion 

The atomic number of gold ( Z=79) is near the closed shell Z = 82 
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Fig. (IV -20). Breit..:.Rabi e:hergydiagram for J = 1/2 and I = 2, 
and the corresponding spectrum of the "usual type" 
of multiple -quantum transitions. 
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Fig. (IV -21 ). Resonance of .6.F = 0 transitions for 3.2 -day Aul98. 
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Fig. (IV-22). 'separate·d re~onanc·es o£2-quari.tum and 3-quantum 
transitions for 6.2 -day Au 196. 
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Table (IV -5 ). 196 2 . Summary of Au for s
112 

electromc ground state. 

Results 

a(Mc/sec): 9657(337) -10386 (389) 

gi (X 10-4 ): 1.6625 -1.7880 

IJ.I ( nm) : 0. 61 0 5 -0.6566 

x2 (6 observations): 0.3 0.2 

. c~:r?pari~on isotope ~alil:natton isotope 

Isotope Au 
197 Rb85 Rb87: 

Electroriic 2 2 2 
state · 5 1/2 5

1/2 
5

1/2 

I 2 5/2 3/2 

gJ -2.0042 -2.0023 8- -2.00238 

gi(x Io-4 ) 0.525 2. 9 3 704 9.95359 

6..v (Me/ sec) 3049.65448 3035.735' 6834.685 

,; 



Table (IV-5) (cont.) 

Run Calibration isotope H F1 m1 F2 m2 vobs Residual Weight 
(Me/ sec) (G) (Me/sec) (kc/ sec) factor 

6801 Rb85 88.288 ( 1 0) 165.703 (15) 5 1 5 5 
188.000 (200) -29 25 

Rb87 122.062 (10) 2 -2 2 -2 

6802 Rb85 88.288 (10) 
165.703 (15) 5 1 5 5 

281.010 (300) 61 11 
Rb87 2 2 2 -2 

J22.062 ( 10) 

6811 Rb85 88.277 (10) 
165.673 (10) 5 1 5 5 

187.950 (200) -6 8 
Rb87 2 --z 2 -2 

122.030 (10) 

.. 6812 Rb85 88.277 (10) 
165.673 (10) 5 1 5 5 

280.875 ( 300) 142 11 
Rb87 2 2 2 -2 

122.030 (10) 

Rb85 81.915 ( 1 0) 5 1 5 5 I 7121 
160.105 (lO) 181.600 (350). -45 ?'" ,_.. -2 2 -2 -::> 2 ['.), Rb87 117.728 (20) \.rl 

I 

7122 Rb85 84; 915 ( 1 O) 160.105 (10) 5 1 5 5 271.530 (300) -22 11 2 2 2 -2 Rb87 117.728 (20} 
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for the configuration of protons, and hence the spherical .shell model 

is expected to apply. 

The spins ofthe odd-proton isotopes of gold ar.e 3/2 (2d / ), and 
. 195 19 7 . 3 2 

the spins of the odd-neutron 1sotopes Pt and Hg · are also the same, 

I = 1/2 ( 3p l/
2 

). Therefore I = 2 for Au 
196 

is probably due to the 

( 
-1 -1 . 

coupling of TI 2d
3

/
2

) v(3p
1

/
2

) to Nordheimvs "weak" rule. The 

Schmidt value of nuclear magnetic moment for d
3

/
2 

proton is 0.124 nm 

and for p
1

/
2 

neutron is 0.638 nm (BLI 57). By applying the formula 

for an odd-odd nucleus 
'' 

1 . J ( J + 1) -J ( J + 1) 
( ) ( ) [ p . p n ·n ] 

j.1 = 2 gp+gn + gp -gn 2(I+l) ' (IV -1) 

the magnetic -dipole moment of Au 196 is given by 

!J.I :::::: + 0.59 nm. 

According to this calculation the sign of the moment is presumably 

positive. By comparison with the experimental values, the theoretical 

value is closer to the one calculated with gi > 0. 

F. 
' 196m 

Results for Au 

1. Spin Measurement 

The decay sche.me of this isomer has been studied by van Leishout 

et al. (LEI 59), and independently by Kavar1agh (KAV 60). A nuclear 

spin of I = 11 was predicted in both of these studies, based on electron 

conversion ratios for the 'isomeric trCl,nsition. The direct spin measure-· 

ment by this experiment has yielded a result I= 12 (CHA 61). 

The spin-search expe.riments ind,icated a stropg,: signal at a frequency 

corresponding to I = 12, as shown in Fig. (IV -24). The decay of these 

samples showed an enrichment cif activity with the half -life of Au 
196

m 

over the normal composition of the beam. Figure ·(IV-25) shows the 

decay curves of the bea:rn, of the activity on spin I= 12, and a theo

retical curve calculated for· 9.5 -h AU:196m decaying to the ground 
196 . 

state 6.2 -day Au . 

Seven resonances at different magpetic ..fields are shown in Fig. 

(IV -26). A plot of the magnetic:-field i-ntensity against the corresponding 

resonance frequency is also shown in the same figure. It is seen that 
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Fig. (IV -24). Spin search for 9.5 -h Au 196m. 
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GOLD 
Pt(a,p kn)Au 

--o-- "Half-Beam" ( x 0.1) 

• I = 12 
196m 196 

- Theore tical Curve (9.5hrAu-+ ·.fi.ld Au l 

'·-o. 

24 48 72 96 120 144 

TIME (hours) 

MU.25214 

Fig. (IV -25). A comparison of the decay of the beam activity and 
the decay of I= 12 activity. The solid curve is a 
theoretical curve, assuming 9.5 -h Au196m decaying 
to its ground state, 6.1-day Au196. 
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Res 6851 ·GOLD- 196m 
SPIN ASSIGNMENT 

Res6852 

Res6751 

Res 681/ ).l··= 
0.5 LO L5 

EXPOSURE FREQUENCY (Me/sec) 

Res 6881 

> 
2.0 

Fig. (IV -26). Resonances of Au 196m as observed at several 
different magnetic fields. The circle represents a 
correlation of the frequency of each resonance peak 
with the magnetic field at which the resonance was 
observed. The straight lines are the Zeeman lines 
for gold, corresponding to different possible spin 
assignments. 
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MU-25215 
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all these points lie very close to the straight line for I = 12, given 

by Eq. (III-5). In comparison with the lines for I= 11 and I = 13 shown 

in the same figure, the assignment of I = 12 for Au 196m is clearly 

unambiguous. The decrease of resonance height with increasing mag

netic field shows evidence of multiple -quantum transitions. Consequently 

the hfs separation of Au
196

m is probably very large. This evidence is 

supported by the fact that there is no deviation of the observed points 
if• '·· 

from the Zeeman line for I = 12. 

2. Discussion 

There is only one possible coupling of levels that will explain the 

experimental results~ I= 12. Nordheim's weak rule predicts that a 

proton in the hll/2 level and a neutron in the i
13

/
2 

level sho~ld couple 

to a value near the possible maximum. In this case that maximum is 

I = 12. From pure shell-model orbitals the parity is expected to be 

odd. 

The Schmidt values of nuclear magnetic moments for h
11

;
2 

proton 

and· ir
3
/i neutron:are,, re spectiv'ely, 'JC7. 79 3 and ~ 1. 9 n nm (BLI 57). 

From Eq. (IY-1) the total magnetic -dipole moment is expected to be 
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V. PHYSICAL CONSTANTS 

Certain physical constants have been used in the calculations 

performed herein. The fundamental constants used were taken from 

reference <::;OH 57: 
-9 

aH= 5.29172(2}X 10 em 

~p/me = 1836.12(2} 

a. = 7.29729(3} X lo-3 

h = 6.62517(23} X lo-2 7 erg-sec 

tL 
0 

= 0. 9 2 7 31( 2 } X 1 0 -2 0 erg/ G 

1-1 /h = 1.399677(57} ~c/sec-G 
0 

tLN = 1-1 (~/me)= 0.505038(18}X Io-23 erg/G. 
. 0 p 

The constants of Rb85 and Rb87 were taken from reference RA~ 56: 

g/Rb} = -2.00238(4} Bohr magnetons 

Rb85: 

I = 5/2 

t:..v = 3035. 730(5} ~c/sec 

1-LI = + 1. 3 4 81 8 ( 11 ) nm 

Rb87: 

I= 3/2 

t:..v = 6834.681(10} ~c/sec 

1-LI = +2. 74138(4} nm. 

The constants of the comparison isotopes .are .as follows: 

g/Ag} = -2.002333( 1 0} ( WES 53} (HAY 60} 

Agl07 

I = 1/2 

t:..v =-1712.56(4) ~c/sec 

1-Lr = - 0. 11 3 0 14( 4) nm 

-0.113042(13) nm 

( WES 53} 

(BRU 54} 

(SOG 54} 
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... 109 
Ag .. : 

and 

I = 1/2 

Lv =:1976.94(4) .Mc/s~c .· fw:Es 53) 

f!I =·-0.129924(4).nrn (B-RU S4) 

- 0. 1 2 9 9 5 5 ( 1 3 ) nrn (SOG S4), 

gJ(Au) = -2~00412(12) ( WES 53) 

Au197: 

I= 3/2 

b.v = 6099.309 (10) Me/sec (REC 60) 

f!I = + 0. 14 31 ( 14) nrn, ( REC 6 0) 

+ 0. 14 3 9 ( 4) nrn (woo 60). 
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