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ABSTRACT

An atomic-beam magnetic-resonance apparatus operating on.the
flop-in.principle has been used to measure the nuclear spins and
hyperfine-structure separations of the Z'S.l/Z .electronic ground state
for several radioactive isotopes of silver and gold.  The results of
these experiments, together with calculated values of the nuclear

magnetic-dipole moments,. are as follows:

Isotope Half life Spin his Av |pl|
(Mc) (nuclear magneton)
Silver-103 Abidhr - - 1/2 - -
104 27 min 2 - ---
104 1.2 hr 5 -—- -——-
105 40 d 1/2 1529.05(5) 0.101(1)
106 24 min 1 - -
106 8.3 d 6 S e -
110m 253 d 6 --- ---
Gold-191 3.0 hr 3/2 5780(20) 0.118{15)
192 4.8 hr 1 374.30(10) 0.0068(10)
193 17.5 hr 3/2  5890(20) 0.121(15)
194 39 hr 1 13503(10) 0.064(10)
195 1804 3/2 -—-- ——-

196 5.6 d 2 - -
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The spin m'ea'surements on 27-min Aglo.4 and 24-min ;Ag106 represent
confirmation of results of Reynolds et al using different methods of
isotope production and separation. All neutron-deficient isotopes were
produced by cyclotron bombardment with alpha-particle, deuteron, or
proton beams. Silver-110m was produced by the (n, \}) reaction on

109. - Detection of the isotopes was accomplished by counting

stable Ag
their radioactivity in low-background scintillation crystal counters.

The magnetic moment of silver-105 was obtained from the Fermi-Segré
formula, using values of Av and Hy f)reviously_ measured directly
for stable silver-107 and -109. The magnetic moments of the gold
isotopes have been calculated from the Fermi-Segre formula, using the
meéasured Av - of stable gold-197 together with a re-evaluation of the
magnetic moment of gold-197. The procedure used in the calculation
of a nuclear magnetic-dipole momerﬁ: from its observed interaction

“with an s electron is described.
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I. INTRODUCTION

The techniques and objectives of expefiments with beams of

neutral atoms or molecules have changed considerably since Dunoyer

.showed that energetic sodium atoms travel in straight lines through an

evacuated space. From this pioneering beginning, the complexity and

subtlety - of molecular-beams experiments have increased enormously.

By introducing inhomogeneous magnetic fields along the beam and studying

their effects on the beam, ' Stern and his associatesz were able to make
crude measurements of the magnetic moments of free atoms. Further
refinements by Stern3 and by Rabi4 made possible the determination
of nuclear spins and magnetic moments from studies of the deflection
of molecular beams. .Since 1938, when Ra;.bi5 introduced the magnetic-
resonance method of molecular-beam spectroscopy, most experiments
with beams have consisted of applying the resonance methods to various
problems_in physical measurements. The measurements described
herein consist of just such an application to certain radioactive iSOtOpe>S
of silver and gold.

The magnetic-resonance apparatus6 used in the experiments is
of the ''flop-in'' type. 7 In these experiments, it is necessary to detect
small signals corresponding to resonances of radioactive isotopes. It

is much easier to detect these resonances as a positive signal against

.an.ess-entially zero background than to detect them as a small change

in a large background of radiation. The latter would be the case if a
"flop-out' type of apparatus were used.

In the atomic-beam appara.tué,, neutral atoms originate from a
source oven into a high-vacuum chamber. The mean free path of each

atom is longer than any dimension of the chamber, so that the atoms, if

‘unaffected, would travel in straight lines to the walls of the chamber.

However, the source oven and a series of slits collimate the atoms

into a narrow beam which is directed successively between the pole tips
of three electromagnets, A, C, and B. The A and B magnets produce
very strong fields and are highly inhomogeneous. If the atom possesses
a magnetic-dipole moment, it will be deflected in these inhomogeneous

fields. The C magnet; on the other hand, is very uniform and hence
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can produce no effe.ct_-o.'n‘ the neutral atoms other than an alignment of
their dipole moments. The C field acts on the beam in the space
between the A and B magnets. Supe'—r-imposed‘.on‘.the uniform C field
is a small oscillating magnetic field, the frequency of which is controlled
by the experimenter. This oscillating field can induce transitions
among the energy levels of an atom as it passes through the C field,
provided the oscillator frequency is compatible with the strength of the
C field and the atomic and nuclear constants of the atom. If this

~ condition is not satisfied, then none of the atoms will be able to pass
through the magnet region. The deflections caused by the A and B
fields are cumulative, and an atom will be deflected from the axis of,
the apparatus ('thrown out'') if the i’n-agnetic moment of the atom remains
the same. (This is the characteristic feature of a 'flop-in'' apparatus
as disc'us:sed above. In a 'flop-out'' apparatus, the atom is focused on
the axis if there is no change in its magnetic moment. ) -If the frequency
» of the oscillating field satisfies the condition imposed by the strength

of the C field.and the constants of the atom,. then transitions among
the atomic eh‘ergy levels may be induced. In pafticular, transitions
may be induced which cause a change in sign for the magnetic moment
of an atom. If this situation coccurs, the B field will cause the atom to
be. "'flopped in'' to a focal peint on the axis of the apparatus. Since the
atoms.investi_g'ated here are radioactive, they can be collected at this
focus and detected by means of their radibac:‘civity.

‘ A knowledge of the conditions that must be satisfied in order for

the focusing of an atom to occur, together with a measurement of the C

field and the frequency at which transitions are induced by the oscillating,

‘magnetic field, provides a method for obtaining values ‘of the various
nuclear and-atomic constants involved in determining the conditions. In
the vpresent experiments, measurements are made toprovide for the
determination of nuclear constants only. The electromc constants
are presumed to be known from previous work

- The procedure: Whlch is used to obtaln the nuclear constants from

appropriate measurements 1s‘(j1'escr1bed in detail in Section II. The

methods by which thév rmeasﬁrements are made are described in Section IV.

Section V is devoted to discussion and interpretation of the results in the

light of current nuclear models.
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II. THEORY

A. Intra-Atomic Interactions

One-of the advantages of atomic-beam measurements is that the
atomic system is studied unencumbered by complicated interactions
with neighboring atoms. The atoms in a beam are so isolated one from

another that there is no important interatomic term in the Hamiltonian

of the 5ystem. 'In the absence of applied external fields, then, the inter-

actions are purely intra-atomic. The systematic study of these inter-

-actions can lead to valuable information . about the nuclear and electronic

constants of the atomic Systema

In the absence of external fields, the situation may be described
in two equivalent ways. Either the electrons move in the electromagnetic
field of the nucleus, or, conversely, the electrons produce a field with
which the nucleus interacts. In either case, the problem can be simplified
by a multipole expansion of the interacting fields. . The problem may then

be described in terms of the action. of each of the multipole field

" components.on the corresponding multipole moment of the interacting

particle or particles.
Two types of interactions may be considered— those of electro-

static origin and those of magnetic origin. The latter arise from the

motion of the charges that are presert in the nucleus and in the electron

shells.  The electrostatic part of the interaction includes only terms of

multipole order 221 for £ =0,1,2,:-> , i.e., monopole, quadrupole,
etc. From general symmétry arguments, 9 the electric dipole, octupole,
etc. moments can be shown to vanish. Similar considerations show that
for the magnetic interaction, the opposite is true. The only nonvanishing
magnetic interactions are those of multipolarity 221+1 for £ =0,1,2:- .
One further fact serves to limit the number of electron-nuclear
interaction terms. A particle or group of particles :whose total angular
momentum is A\ cannot possess electric or magnetic moménts of
multipole order greater than ZZX. Nor can such a configuration give
rise to a field of higher multipole order than 22)\., - Thus in an inter-
action between a nucleus of angular momentum I3 and an electron!
system of total angular momentum J, the multipole interaction of

highest order will be the szupole, where \ is the smaller of I and J.
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The grouﬁd—state electronic conﬁgufations of both silver and gold are
251/2, None of the isotopes measgred here has nuclear spin I = 0.
Thus A= 1/2, and the highest allowed order is the dipole interaction.
The magnetic dipole is the lowest-order magnetic interaction. It
therefore represents the entire magnetic interaction between the
electron and nuclear systems. As noted above, the electric dipole
interaction must vanish for symmetry reasons. Thus, the only
electrostatic term is the monopole interaction, ‘which is just the
Coulomb interaction between the electronic and the nuclear charges.

The Coulomb interaction gives rise to the whole spectrum of
electronic energy levels. The smaller intraeli:é:ctronic interactions
(e. g spin-orbit forces) remove some of the de"gg_‘éneracies in these
energy levels, giviqg rise to the fine st:ructufe_of atomic spectra.
. The magnetic-dipole interaction between the nucleus and the electronic
system gives rise to further complexity in the energy levels with the
addition of a hyperfine splitting of each of the levels. It is the hyperfine-
structure separatioﬁ-t—hét ish of greatest in'_cereSt here, because Qf its
direct connection with the nuclear constants of the isotope under
investigation.

"The hyperﬁné interaction for a state of definite I and J can

. be expressed .as
?«fljz—plvﬁj_:al"?,- (1)

where r;I» is the nuclear moment, and 'ﬁj is the magnetic field at
.the nucleus due to the electron. Since the states are of definite I,
the nuclear magnetic moment is expressed as proportional to the
nuclear spin T In particular, the proportionality factor is conveniently
written » '

-5 -

Hy = grhol o - (2)
where Ko is the magnitude of the Bohr magneton (see Appendix)

and g; is the nuclear g factor. Similarly, if the states are of
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definite J, the'magnetic field .HJ of the electrons, evaluated at the
nuclear position, can be expressed as proportional to J. The pro- -
portionality factor has been calculated by Fermi, 10 giving, for the

field at the nubl_eus, for hydrogenlike atoms,
$(0) [©F (3)

ﬁJ = 8n/3 g1 Mo

where 87 is the electronic Lande g factor, and .y(0) is'_the electronic
wave function evaluated at the origin, r = 0. Use of the factor

‘LP(O)'Z implies that the electron density is constant over the nuclear
volume, or alternately, that the nucleus is considered to be a point
charge. Combining these. éxpres sions gives the result: '

2

a=-81/3ggm," [$(0) (4)

for the hyperfine-interaction constant.

For a state of given F (where F=1+ J) the hyperfine interaction

energy can be found by

F _ / ‘ L/ 17 .
Wiy = (U, Pl A (17, Fm) = a {15, Fon |77 |17, Fim)
= 2 [F(F+1) - I(I+1) - J(I+1) ] . (5)

.2

. The hyperfine-structure (hfs) separation of the two levels( F and

(F-1) is given by

= 2 [F(F+l) - (F-1)F] = a F.
: (6)
This equation has great ‘significa.nce., If the hfs separation of two
levels of known F 1is measured, the value of the interaction constant,
a,A can be determined. Furthermore, since a is a function of gI, the
hfs can be considered to be a measure of the actual nuclear magnetic-

" dipole moment, III .
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B. Addition of an External Field.

In the atomic beé;ms techniqﬁe the hfs o‘f. er'l“'iso"éei)e is de-
termined from a study of the rad1o frequency (rf) tranS1t10ns among the
energy levels of the atomic system in a uniform magnetlc field. An
under standlng of this 'proceAdure requires an understanding of the be-
havior of the electron-nuclear: system in such a uniform field.

Since there is no electric quadrupole interaction (because

= 1/2), the Hamiltonian of the atomic system in a magnetic field H
may be written

HA-alT-F 8-, H |

i
)
—
o
)
[14]
—
h =
O
T
3
[41¢]
[
-
o
i
ant’

The first term describes the interaction between the nuclear and
electronic magnetic-—dipole'fnovments as discussed above. The latter
two terms represent the energy of these dipoles in the external field.

A quantum-mechanical representation in which 75 is
diagonal was used before to calculate the ei_geriiralues of ?/FIJ . The
same representation can be used for this field-dependent Hamiltonian,
but the interaction will connect states of different F so that off-
diagonal elements will result The nondlagonal portion of the matrix
of . %wﬂl be proportlonal to H, however, so that for small fields, the
Hamiltonian is 'almost' diagonal in both F and m. ‘

In the Fm representation, the diagonal elements of the inter-

action .are easily found:

<Fm ‘%lFm>= 2 ‘[ F(F+1) - I(I+1) - J(J+1) ]
' 2 4 _

‘ o Hm
- g5 [F(F+l) b J(THL)- )
.2F(F+1)

OHm
- gI [F(F+1) + L(I+1) - J(T+1)]

(8)

2F(F+1) .

v
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. From first-order perturbation theory, 1 this is seen to be the first
approximation.to the energy of the system in the state IJFm when
the external field H is small so that the terms involving H are small
compared to the zero-field energy WII‘-‘J . The field dependence is
just that to be expected for a single dipcle, whose moment is a,iong F

and whose g factor, g is given by

F(F+1) + J(J+1) - I(I+1) ] g +
J

[F,(F+1) + I{I+1) —J(J+1)]

gr =l
2F(F+1) - 2F(F+1)

| | (9)

In weak fields, ;.—L} and EJ are coupled tightly together to form

E}F = ngoﬁ, This TIF then precesses about the field direction, and

the energy is proportional to the component g o™ of M a}ong the

field direction.

The off-diagonal elements of %in the Fm representation.are
due entirely to the terms in I and J, (fromT*H and T ﬁ). Since
F = Iz + Jz is diagonal in F and m, the nondiagonal part of the
matrix of Iz will be equal and of opposite sign to the nondiagonal
part of the matrix of :Jz° The matrix elements connecting states of

different F and m can then be simplified:

<Fm‘9ﬂ F"m'> = {-g +8; )M H<Fm'J lF'm°>,
But the matrix of Jz is diagonal in m. 12 Furthermore, the operator.
J_ can connect only states for which F changes by *1. Thus, the

<

most general off-diagonal element of the matrix of A can be written

<Fm | M| Fxl,m) = (-g; +g ) H <Fm)JZ' E‘il,n1>y
wherel3 {11)

(o 5] 50 = Getmfrf )
(F+J-1)(F+1-J)(1+J+ F+1){I+J- F+1) (F°-m°) 12)
' AFC(2F-1) (2F+1)

it

8y
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(The arbitrary phase fact;)r discus-séd in Ref. 12 is here chosen
differently from that in Ref. 13.) |

Because the matrix of the interaction is diagonal in m, the
secular equation becomes a product of the determinants of (ZFmaX+l)
submatrices. The maximum order of these submatrices is given by the ¥
number of different F states. For the special case of J = 1/2, there
are two F states: F =1£l1/2. The secular equation for \"che.eigenvalues
of the matrix is then quadratic and can be solved éxactly. This exact

solution is known as the Breit-Rabi equation,

~hav Hm + P2Y [1+4 +x

, 1/2
—— g1 ¥ — ]
2(21+1) 2 214l

W(F,m) =

H

(13)
where Av is the hfs separation defined before, and the parameter x
is given by |
x = (-gytg) — . | (14)
J 71 hAv

The sign of the square root in Eq. (13) is positive for the state
F = I+1/2 and negative for F = I-1/2.
If the energy in units of hAv is.plotted for all states of the
system as .a function of X, the resulting graph is called a Breit-Rabi
diagram. Such diagramé have been drawn in Fig. 1. for the simple
cases J=1/2 and 1=1/2,1, and 3/2. These drawings have been
made assuming g; >0. For the state F = I+1/2, the nuclear moment
FTI and the electronic field ﬁJ are antiparallel so that the state is of
greater energy than that for which F =1 - 1/2. For g; <0, the
situation is reversed. The state F =1 + 1/2 then corresponds to
alignment.of the moment }TI in the field I:TJ and therefore has a
lower energy than the state F =1 - 1/2. The Breit-Rabi diagram !
in its dimensionless form shows the general relation between the state
energy and the magnetic field. It is easily particularized to a specific V

case by filling in the proper nuclear constants.

4
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Fig. 1b
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In very strong external magnetic fields (such that xx> 1) the

approximate form for the energy is

. (g;-87)
, W(F, m), _—’—-% -hay | gIHOHm + (—————;I J HoH
2(21+1) 2
_ & -1

= -hAav + —J HOH - gI (m + _)HOH
2(2I+1) 2

= B2 g Hm - gpgHmp,  (15)
2(21+1) , ‘

whe‘,-re m and m,.=m - mJA are the respéctive projections of the
angular-momentum vectors T and T along the field direction. In
‘this extreme case, the energy of each level is given mostly by the
interaction with the external field” H. .Except for the constant involving
Av, the energy is the sum of the individual energies of two magnetic
,_,dipoles,' FTI =g HOT and IIJ = ngO.T: each precessing independently
in the applied field H; and each free to assume the allowed orientations
-with respect to the field that are indicated by my and my . Since
nguMp/Mé 8y~ 2,000 gp the term in 85 is dominant at large fields.
Each of the levels denoted by m g is 2I+1 degenerate, this degeneracy

being entirely removed by the gI-dependent interaction with H.

C. Energy-Level Transitions

Since it is actually only the energy differences between levels
.that can be measured, it is of some interest to write down a few such
differences between Breit-Rabi energy levels. By using the subscripts
1 and. 2 to denote quantities referring to the different energy levels,
. and expressing the energy differences as frequencies of radiation of
equivalent énergy,,the transition VlZ between the levels denoted by 1

and. 2 is easily obtained:



g unH 4m x 1/2 - 4myx 1
o1y = - 20 myemy) + 20 ) (1 4] e L1 +x]
h 2 2I+1 ’ ' 21+1 :
2 2
g,k H 2m.x 2 2m. x
1'% A 1 1
= - (my-m,) + == (=) [1+ + 2 - 5 ]
2 2041 2 (21+1) \
2
Zmzx 2 Zmzxz 3
“(#), [  —— - —— Nre(x"av).
2 2I+1 2 (2I+1)
| " (16)
When the quantity Yo is defined as
xAv L : '
v = = = (-gytey) poH/h(2I+1) , (17)
21+1 R o
vy, can be rewritten in terms of vlo’ and Av:
; 2 2 2
_ gripH Av o Emgvy (1) vy 2my v
Vlz»— -_(ml-m2)+ —'—(i)l[l'}' + yA - .2 ]
‘h -2 - Av 24Av Av™
2m.,v (Zi+1)2v 2 2m?2,°? , 3
. 2°0 0 20 o 0o
-(2),[ 1+ ~ +— >— - )
Av 24Av sz AVZ
: ’ 2 2 2 2
8iraH (2I+1)"v . (2I4+1)v
I"0 A 0 A 0
= - ———(my-m,) (&) [ ] - (), [ = + ]
'h 2 Av. 2 4Av
v m 2y 2 ‘ m v 2
' 10 2 0-
+(2), [m v - 1-(#),[m,v, - ]
1 10 Av 2 20 Av
3
Yo
o2, (s8)
- Avy
If both m, and m, have the same F, then (:!:)1 = (i)z., ‘and
2 3
g p H ‘ v v
I 2 2 0
VIZ(AF':O):——O—— (ml-mz):l:[(ml-mz)vo~ (ml 'mz)] + d( 2):
h Av Av

(19)
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where now the plus sign is taken for transitions among the states with

F=1+1/2 and the minus sign‘for transitions among those with -
F=1-1/2. If the states 1 and 2 are of different F:
‘ _ 2 ' 1.
gt oH f . Y0 2 2, 2.4,
v. (AF=#1)=- — Y _(m_ -m,)x)Av+(m,+m,)v +——[ (2I1+1)=-2(m  +m,)]
12 1772 17721V 1 g M
h 2Av .
, 3
0
+ )
sz
’ 2
grHoH v 1
=2 A% (m -m ) (m,tm,)v 4 (2041)2-2(m 2m ] 2
h 12 1 0 | 17 o)
3
Y0
+ @ ( ) (20)
sz

where the upper sign is chosen if the state m, has F =1+ 1/2, while

the lower sign is chosen if m, has F=1- 1/2. A negative frequency

1
for the transition 1 ~ 2 means, of course, that the energy of the state

m, is greater than that of the state m .

. General selection rules on the possible transitions among the
energy levels limit Am = m,-m, to 0 or %1, 15 For AF =0

transitions, clearly the only interesting transitions are those for which
Am = 1. Of these, only one is used in a detailed study of the hfs

of a given isotope. The AF = 0 transition which satisfies the detection
condition of the apparatus (focusing for flop-in design; defocusing for
flop-out design) will be called the ‘'standard' transition. For the
standard transition we have: F=I+1/2; m1=—I+1/2, and mzi—lﬁl/z.

Its frequency Vo is given by

DL L SN (o ST SRR 1)
S 0 " h Av 0 Av 0 - Av
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The significance of Yo is now clear. .-Since 83 >> gI, Yo is a good
approximation to the Zeeman or weak-field splitting of the energy levels
- of the coupled electron-nuclear system.

 Similar approximate formulae may be obtained from the above
expression for the direct (AF = % 1) transitions, but such a procedure
is not of such general usefulness as is.-: the standard transition. Many
different direct transitions can be used, and it is a simple matter to

obtain the result for a particular case from the general formula..

D. Delta-Nu Calculations

All calculations in the preceding section have been made with
the assumption that Av is known. In an actual experiment, the
procedure is just reversed: a transition frequency is measured, and
the hfs Av must be calculated. The mathematics involved in inverting
the equations that Have been derived above is involved, but straight-
forward. Most important of the inversions is for the case of the standard

transition. Using the general formula, Eq. (16), particularized to

F=I1+1/2, m1=-I~+1/2, m, = - I-1/2, gives
(v _+g i H/h) (-v_-g i H/h)
AV = S I 0 ' s J 0 C o (22)
vs+gJ %H/(z_m)h +12;1.gI'uOH4(21+1)h, =
In the limit of small fields, this is approximated by
ZIVOZ ‘
Av Y — (23)

VsmVoter HOH/h

which can be seen from the low-field approximation for v's (Eq. (21)).
If the measured frequency corresponds to a direct (AF=%])

transition, the appropriate t.ransition_expressions can be solved for

Av. This is a difficult procedure in general and is best performed

for thé'particular case at hand. Useful approximate formulas for Av

| can be obtained from the approximatibns to the direct transition

frequencies at low fields which have béen given above. (Eq. (20) ).
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Measurements of direct transition frequencies are usually made at low
fields, so that the approximate formulas are of sufficient. accuracy. If
only the lowest-order terms are included in the formula for the direct

transition frequency VD then

gy itgH
Avf,ij +L9____

D '(ml-‘mz) - (m1+m2)v0 R | (24)

h

where m, is associated with a state for which F =1+ 1/2, and m,

with a state for which F=1- 1/2. If m =m, = 0, then higher-order

terms. must be included:
2

.

(21+1)° 0 . (25)
2 vp(0-0)

Av x v(0-0) -

E. Magnetic-Moment Calculations:

A series of measurements on the transition frequency vy at
progressively higher fields will give progressively better values for
the hfs Av of a given isotope. The measurement of a direct transition
at low field provides the maximum precision of the apparatus. The
afs Av 1is, however, an interaction. In. order to make useful comparison
of the results with predictions of any nuclear theory, the nuclear moments
must be deduced from the strength of the hfs interaction. |

- The exact calculation of the hfs interaction be‘theen a nucleus
and the electron shells has occupied the attention of numerous researchers
for many years. In cases in which the nuclear magnetic moment can
be measured directly (by some nuclear-resonance method), the precise
measurement of the corresponding hfs by atomic beam methods provides
a check of any derived relation between HI’ and Av. As these.
measurements have become more precise, corrections have been added
as necessary to bring the calcﬁlat_:éd values into agreement with the re- |
sults of_{ experiment. Considering only the case of a nucleus inte‘racting

with a single s-electron, the interaction constant may be expressed as
, LE
2(hAv) - 8 2 770 - do 1 .
=220 8 g of Yy -2 F (208,
2]+1 3 2o dn

a
]

(26)
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where
g and g1 are the g factors of the nucleus and electron,
respectwely, : ' L
: HO is the Bohr magneton (absolute magmtude)
H is the radius. of thesfirstiBolir. @Tblt,
is the atornac number of thé atom;
zo 1s the effecslve atomlc charge (1n units of electron ch,a.rge)
_as seen by the electron when outside all electron shells;"
nyg=n-o is the effecti‘ve principal quantum number of the -
electron; -
n is the i)rincipal quantum number of the electron;
0 is the quantum defect;
Fr is the Racah relativistic correction of electron density -
-at the nucleus;
1-6 is the Breit-Rosenthal correction for the finite extent of
nuclear charge; and "

l+e is the Bohr-Weisskopf correction for the finit¢-extent

nuclear magnetism,
This formula is seen to be a,nalo'goue to Fermi'’s original expression
given above (Eq. (4) ): '
2 o 4nm
[
2I+1 3

2-] _ 87

g8 2
3 IJ@

*le(0)

(2141) $(0)

2
8181 %

The Fermi reéult is based onthe assumption that the nucleus has no
finite extent iﬂ space. Since the nucleus is considered to be a point
‘dipole, the interaction depends upon the electron density at that point,
i e. ,LP(O)’ 2

A nonrelativistic determination ofILlJ(O)I was obtained by

Fermi and Segre _17.usv11_1g a semi-empirical approach,

N

2 1 2 4T
go) = —— = &, (27)
o may ‘2R dn "

where R is the Rydberg constant, and T is the term value for the
electron. = The staridard Rydberg formula for T is



Tel 0 ' o (28)
(n-0) ' '
so that
L o 2 R _ . "
2Rz d : .
ar R% 9y 2T ,. do
— 3 = - ==(1-=), (28a)
dn n dt n dn ' ¥
0 0
a.hd T 2 .
: ZZ )
]«MO) . L2 -9y, (272)
W%H n'O , ‘dn

When evaluating the Fermi-Ségré factor (l—gg.) , the usual approach is

to express o by an extended Ritz formula:

o==A4—BT4—CT2.‘ ' (29)
Then A '
do _ do dT =~ = (29a) .

dn dT dn

Substittiting from above for dT/dn gives

do__ do 2T (1, d0,, | (29b)
dn 4T ng dn

from which | ) v
do _ _do/dT . (30)

dn do/dT - .nO/ZT '

The correction factor itself is  seen to be

yo4o_ 1 ~(31)
dn 1-§EL§9
no dT

In most cases, the term values T and effective principal quantum
&/

numbers n, have been obtained from -Optical spectroscopy. A graph

of ¢ as a function of T will provide the necessary derivative,

do /dT .
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If the spectroscopic terms T are not perturbed by adjacent
energy levels, | .,t'h'er__1 o will be a linear function of 5T. .. The
derivative do/dT can then be replaced by a relative difference 7

A g /AT , . which is e!as'ilyvevaluated from spectroscopic data. Often
an.assumption such as this will provide as good an approximation to
the Fermi-Segré factor as is needed for the calculation. A more
precise determination of 1- g-g can be obtained jby evaluatihg_A, B,
and C in the above equation, Eq. (29), for ¢. This can be done from
.optical observations on three. spectroscopic terms. Then
d9 - p+2cT, | (32)
dT
which now depends on the term value, T.

The evaluation of l LIJ(O)! 2 by Fermi-Segre does.not include the
effects of relativity. For an s-electrvon, however, the velocity of the
electron in the neighborhood of the nucleus may be an appreciable
fraction of the velocity of light. In order to include relativistic. effects,
a correction to ]41(0)]2. was prdposed by Racah. 19 For an electron of
total angular momentum j in an atom with atomic number Z, the
relativistic correction tol LP(O)'Z is given by

| 45(+ 3)(3+1) s o 2,

F,(,2;) = 5 i pT=(+y) +(aB)7, (33)

p(4p~-1)

where a is the fine-structure constant, and Z1 is the effective nuclear

charge for the electron inside the electron shells (Z1=Z for an s electron).
2 ) .
For a sl/Z electronic_ state, the relativistic correction becomes
-1 3 R 2 2 2

Fr( 'Z-,Z)— — 5 P =14+ a.z
p(4p -1) ,

(33a)

Calculation of this correction is straightforward. A table of

F_(j,Z) is included by Kopfermann16 for j €5/2 and Z <£92.
Since the nucleus is.not a point charge, the electrostatic

potentié,l in the ﬁeighborhood of r = 0 will deviate from the purely

Coulombic potential, VC::'Z e/r . The effect of this deviation will be
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particularly largev for s states, where the electron spends an appreciable
fraction of its time néarvthe origin r..= 0. »'_I‘he' interaction “betwe‘_en the

' . o . 20
nuclear and electron magnetic moments is proportional = to

o
1= ¢\1,¢2y dy , where ¢1, cbz are Darwin-Gordon radial functions,
b . ‘ .
and y = & is a radius parameter. ‘Expressions for ¢1 and ¢2
a : : '
H

~can be found for small y, and these can be matched at large y to the
corresponding unperturbed functions ¢1(0) and ¢2\(.Q) which are
appropriate to a purely Coulombic potential. If the integrands

4) ¢2y -2 and cp (0 )¢2(0) are plotted as a function of y, the total
area under the perturbed curve is equal to the area under the unperturbed

curve between.some '8} and infinity, i.e.,

D= [ %y %y ¥ [ 4 ‘°’¢2‘°’ v lay . e
0 24
Then
1 [ 4,0, 00-2qy
1) L
Y, , : _
0

The integration involves only unperturbed radial functions:

¥

¢l(0)_¢2(0)y'-2dy = 2k-ple@ptl) (o y2p-1(0)
‘ (2k-1) [['(2p+1)]
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where

The correction to the interaction constant can then be written as’

1.- &, where

- . 20-
g = 2plk-p) (2p+l) L )% 1 (36)
(2p-1) [T'(2p+1)]
For an s .électron, k=-1, so that
5 = 2elptl)(2ptl) (o y2p-1 (36a)

S 3[I(2pt+1)] 2

Assuming the nuclear chargé to be on the surf.ace,, Rosenthal
- and Brei1:20 found v, Zyo for large Z (yo is the value of y
corres_pondi_ng to r.'='R0, the nuclear radius). More recently, Crawford
and Scha,wlow21 have repeated these calculations, assuming a uniform
nuclear—chérge distribution. They ﬁ...nd, for this case, y, =] Yo

The previous calculations have considered the magnetism of the
nucleus to be concentrate.dvin a point dipole at # = 0. If one.considers
the origin of nuclear magnetism, however, it must be admitted that such
an assumption may produce. at best only an approximation to the actual
situation. The nucleus is made up of a distribution of particles, each
of which has an intrinsic magnetic moment. If these particles move in
orbits, as predicted by the shell model, 227 then one would expect a
further contribution from such motion. Collective motion of the nuclear
pa.rticles23 could produce_further‘d.evia.tions from the simple point-dipole
interaction between the nucleus and the electrons.

A correction to the hfs interaction energy has been calculated
by Bohr and 'Weis'skop'.f'24 to include the effects of the distribution of
nuclear magnetism. They consider two kinds of magnetism, spin
magnetism and - "orbital" magnetism. The first is, of course, caused

by the distribution throughout the nucleus of particles, each of which
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possesses an intrinsic spin and magnetic moment. The orbital contribution
is due to circulating currents caused by the movement of charged particles
within the nucleus. The latter type of magnetism will have a smaller
‘effect on the correction to the hfs, because the effective dipole distri-
bution for a nuclear current loop has a maximum at fhe center of the
loop,. thus more nearl‘y approximating the point-dipole nucleus. As
was. truébof the Breit-—Rosenthal correction, the Bohr-Weisskopf :
correction is most important for s .states. It is of little importance
for pl/Z states and virtually insignifieant for states of higher J. If
an electron wrbit does not ‘penetrate into the nuclear volume, then the
assumption of a point charge and a point-dipole moment becomes more
valid. i

If a, and a, are the respective fractions of the nuclear
magnetism that are due to spin and orbital angular momentum in.the

nucleus, then the Bohr-Weisskopf correction is given by (l+e), where

ve.=-(afs+a1_K-£)., | (37)

The quantities K and _Kl- rebresent averages of KS ad:K, over the
nuclear coordmate, R, whére ' ’ '
R ' ' )
r,3 :
K = [1+4(x)7 ] FGdr FGdr (38a)

R A )
K,=/] [1- (iR)3] FGdr FGdr .. (38b)
o : o .
The factor € is the nuclear_, a.v_veragevof an operator which includes the
effects of asymmetry of the distribution of spin magnetism. It depends
5 :
on the particular nuclear model and has been calculated by Bohr 5 for

several different couphng assumpt1ons For the single particle model,

B_ohr ob_ta1ns

'S
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g = 21 for T= 0 + L
4(1+1) -2
- a3 for 1= - 1/2. (39)
a1 |

The integrals in the expressions for KS /‘and KJZ can be evaluated24

by writing the radial functions F and G in two parts. . Inside the

- nucleus, the wave equations are solved for a uniformly charged sphere

of radius RO ».with F and G being expressed as a power series in
((r/RO), These functions are matched at r = RO with the standard

19, 20 The evaluation

solutions for an unscreened Coulomb potential.
of the numerators of K;s and K, will consist in integration of a series
of terms of progressively higher.order in (r/RO). After this integration,
the quantities KS and Kg will contain a series of terms of increasing
order in (R/RO)O (These must still be averaged over all values of

R<R , using some assumed distribution function w(R). ) In their
original paper, Bohr and Weisskopf included only second-order terms,

approximating the contribution of (R/Ro)4 and higher orders by multiples

of ,(R/Ro‘)z, The results of these calculations (including the correction

of Bohr) are

K

c=(1+0.385) b (R/RO)Z _ (40a)

K,

it

0.62b (R/R )% (40D)

from which
€ = - {(1 +0.38  a_+ 00620,2} b (R/RO)2 . (41)

The factor b is a function only of Z and. RO" and is tabulated in Ref. 24.
(It shoul/d be noted that in calculating b, Bohr and Weisskopf used

_.1/3 . _ -13
RO' = A s with ry = 1.5X10
of 1.2x10-13cm. )

. . .. .27
In a recent review article, Eisinger and Jaccarino have extended

cm, rather than the more recent value

the Bohr-Weisskopf calculation to include terms of order (R/RO)AJ[°
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The error introduced in K, and K, By neglecting higher powers of
(R/R ) is stated by them to . be less than 2%. Their expressions for
_K—S and Kﬁ are more elaborate, involving six constants rather than

the single one of the original work:

o , o |
Rg = (bgp+ BB ) (R/RG)T - by +Lb! JR/Rp) ™

_ _ (42a)
Ky =y, ®/RZ by, ®/RYT . (a2

The constants are tabulated in the ﬁaperzj for 10 ZK 90 in steps of 5.

In order to evaluate the averages involvihg:the nuclear coordinates,
R, it is necessary to make some assumptions regarding the distribution
of particles in the nucleus. Bohr and Weisskopf assumed
(R/RO-)2 2 0.8 for their comparisons,of- calculated hfs anomalies with
experimental results. This value is a compromise-betWeenS/S for a
"uniform distribution and 1 for a surféce-distribution, the thought
being that an unpa,1red part1cle might tend te stay nearer the nuclear
surface. To calculate the averages (R/R )2- and R/R ) Eisinger
and Jaccarino assume a single-particle model,, in which the odd nucleon
moves in a spherically symmetric square potential well. Their
calculations are summarized by means of graphs which are easily used
to find the desired averages to within a few percent. For A » 100,
the calculatedvaveragesv are fairly insensitive to changes in A, but
depend s'i“gnificantly on the priﬁéipal qﬁa,ntum number and on the orbital
angular momentum of the sihg1e=particle state.

Even after calculation of the nuclear averages KS and E )
there remains a certain amocunt of ambiguity about.the size of the.
correction, because the two fractional contributvions' a,s\ and a, of the
spin a.n'd.the\orbital magnetic moment to thg nuclear moment are not
known. The factors a “and ‘a, can be calculated if a particular model
of nuclear structure is assumed. The agreement between the measured
moment and that calculated from the measured hfs Av then becomes

a test of the particular nuclear model that was used to evaluate e.
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If ag and a, are expressed in terms of the nuclear g-falctors, then

g, g8

a = = L4 (43a)
gI gs-’g‘a b
g, g&-8

a, = R S . (43b)
g1 8578

The g factors are defined by gl-fz gsi s + éﬂ 7", quite independent of the
chosen nuclear model, if only the respective.spin and orbital angular
momenta can be described by the vectors s and T. Itis usually
desired to calculate gy Or = gIHOI from measurements of the hfs.

If Eq. (26) is inverted, the expression for by is

_ hAv I a'H3no3 1 1 1 1
By = - 3/4 ) a5 -
2141 gy pg ZZ, l-3 Fr(l/Z,Z) 1-6  l+e
| (44)
If b is expr-es’sed, as usual, in nuclear magnetons
PN = (me/Mp)po, and - Av in Mc/sec, then
TS n 3 .
g, m) =L = - 157220007 2 }10 11 NI N
.HN . ngZO 4 1-aH Fr(?’z’) 1-86 I+e 2I+1
(45)

(All constants used in these calculations are listed in the Appendix).
This expression must be considered to be only approximately
correct because of uncertainties in the various corrections it includes.
A procedure that partially avoids these uncertainties is often used to
obtain nuclear moments from hfs measurements. The a‘ssumption is
made that the various corrections are very nearly the same for all A
isotopes of a given element. Consequently, a comparison of the hfs
of two isotopes of the same element can lead to a similar comparison

of the magnetic moments of the two isotopes, i.e.,
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Y1 _I_l_ .ZIZ-,I-l
p,_z AvZ I2 2I1+1

L]

-
1 D

(46)

This reléption is called the Fermi-Segré formula and has been found to
hold with an accuracy of better than 1%. . Slight deviations from the
Fermi-Segré formula (< 1%) are discussed as 'hfs anomalies' and
“have been attributed principally to variations in the distribution of nuclear
m.aghetism. The Bohr-Weisskopf theory discussed above has had
_consivderabl'e success in aécounting for the observed hfs anomalies.
However, the success of the theory in predicting nuclear moments

from observed hfs Av is considerably less, which fact will be
demonstrated for the nuclei under investigation here. It should be noted
too that experimental results are available for only a relatively small
number of isotopes (for @ssummary in April 1958, see Ref, 27). As more
data become available, the sﬁitability of the Bohr_f-Weis skopf description

of anomalies will be under close examination.
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III. EXPERIMENT

A, Theory of the Experiment

The effect of a homogeneous magnetic field on a magnetic dipole
is to align the dipole with the field. If 't'he>fie1d_ is inhomogeneous, there
will also be a net force on the dipole, directing it toward a region of
lowerk field. The coupled spin system of an atom behaves like a magnetic
dipole. Its effective moment is field-dependent, being given for any

state of the system by

A

oH

VPef_f: - ’

where W is the energy of the state. Thus, for an atomic system which
is describable by a Breit-Rabi diagram, the effective magnetic-dipole
moment of each state is given by the . negative slope of the curve that
corresponds to that state: ’

In an atomic-beam magnetic-résoné.rice apparatus, the beam of
atoms is directed through two ‘successive vinhomogeneous strong magnetic
fields, where the field gradient is perpendicular to the beam. The beam
is thus deflected by these fields, much like an electron beam passing
between charged plates. . The effective moment of an atom in the beam

is given (for large ‘H) by

Meff

o SO T B

Since g5~ 2000 g the effective moment in the inhomogeneous fields

is determined almost entirely by the electronic substate my. This is

illustrated in Fig. 1 by the fact that for large x, the lines of each

diagram form two groups of essentially parallel lines, the slopes of

which correspond to the two values mJ.=‘ + 1/2 in the above expression.
If the fields and gradients of the two inhomogeneous fields

(A and B fields) are oriented as.shown in Fig., 2, the apparatus is said

to operate on the‘ flop-in principle, 7 "Unless there is a change in the

strong-field effective moment of an atom after the atom leaves the
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Fig. 2. Schematic diagram of the atomic-beam magnetic- -
resonance apparatus, showing arrangement of fields
for flop-in operation. (Deflections shown for typical
trajectories are much exaggerated.) - o
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A field, the d.eﬂectiovnv,in the B field will be in the same direction

| (path 1) and the atom will be 'thrown out' away from the detector. If

a chaﬁge in the strong field peiff of the atom does occur or is induced
between the deflecting fields, then the deflection in the B field will be
in the opposite sense to that in the A field. The result (path 2) is a
focusing or '"flop in'" to the detector of only those atoms for which such
4 change of effective moment has occurred.
| From the Breit-Rabi diagram (Fig. 1), it can be seen that most
of thoese fcransitions'for which AmJ = =1 invqlve an energy difference
of about hAY at!most fields. There is one exception, however.  The
transition energy between the |levels (I+1/2, -I—vl/Z) and (I+1/2, -1+1/2)
actually approaches zero as the applied external field decreases to zero.

The field dependence of this f'standard'f transition has been found to be

(Eq. (21) ) :

- 4

. 21 2.2121-1) |, 3, 0

= - H —_ + : —_
s~ o BP0 /h+Av 0T o (&

with

v

o = (-85tep) v oH/h(2I41) .

An experimental procedure now suggests itself. A homogeneous
magnetic field of variable intensity is applied along the beam path

in the region between the hdmogeneous A and B fields.. The strength
of this "C field!"serves to determine the separation of energy levels
for--but does not alter the trajéctories-o—f«-eithe atoms passing through it.
If a weak magnetic field, 6scillating_ at an 'rf frequency v, 'is super-
imposed on the homogeneous C field, then transitions may be induced
between any two energy levels whose energy difference is hv. In
particular, if the frequency of the applied .rfv field is nearly the same
as v for the particular C field, transitions will be induced between
the levels (I+1/2, -H/2) and (I+1/2, -1+1/2). The fraction of the atoms
in the beam that do undergo such transitions is a maximum.at Vv = Vs
since this transition satisfies the focusing condition of the apparatus

(Chagge in sign of ;Heff)’ ‘'the number of atoms reaching the detector
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will be a maximum at v. = Ve The fraction of atoms that make focusing
transitions in the C field will be proportional to the number vof___states
participating in the transitions. " If only a single transition . is induced,
then the number of states involved is two. There a‘r_e‘ a total of 2(21+1)
distinct energy levels. Therefore the fraction ._of the beam that under-
goes the transition, i.e. the intensity of a 'resohance éignal, is
proportional to If the same number of ;focusing tranéifio_ns

can be induced fozrl-{\lvo different isotopes, which form equal parts of a

beam, then the.resonance heights for the two isotqpes will be in the ratio
of '211.+1/212+1, with-the larger resonance associated with the smaller
spin. v ,
At very low C fields , Vo is given (neglectin.g:terms 1n gI)
by

s 0°

vV % - ng,.LOH/h(ZI-i—l)g,/ v
If g5 is known from previous work on stable isotopes,‘_ a knowledge of
H coupled with the measurement of Vg provides a straightforward
determination of the nuclear spin, I. The magnetic field strength is
not known . a priori, but is easily measured by using some calibration
isotope with-a known spin and hfs., In the same C field, the frequency

of the standard transition for such a calibration isotope is given by

' cal
Veal ® 87 b o H/h(2I_;+1) .
A simple substitution yields
Ey ZIca;lJrl 5
1% = v 1
s (g.) 2041 ca

J'cal
at low fields.
If both the unknown and the calibration isotope have 2Sl/2 electronic
ground states, their g factors will both be nearly equal to two, and
the ratio of frequencies determines the spin of the one from a kndwledge

ofvthe spin of the other; A search for the nuclear spin of an isotope
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consists of applying successively, into the uniform C-field region,
discrete radiofrequencies given for various‘ possible spins by the above
equation. If one of the spins is that of the isotope under observation,
then an increase will be observed in the number of atoms that reach the
detector. This simple picture is valid only for low fields, when

v A& v,
s 0

As the transition field strength is increased, higher order terms
become important in the expression for Ve {Eq. @l)). These terms
involve the hfs separation Av as well as the nuclear spin. Re-
peated resonances at higher and higher fields provide measurements
of Av with increasing precision. When the Av of an isotope is
known to within.a few megacycles per second by such techniques,
it ié practical to attempt to induce one of the direct (AF=%1) tran-

sitions. at low fields. Observations of direct transitions with the

C field near zero produce the most accurate values of the hfs Av,



~37-

B. .Apparé,ths
The désign and construction of t.h_e:a,to'rnic beaﬁl'apparafué used
in ;;hesé experimenté (Fig., 3) have ‘be:eﬁ described by fSt.1n<'ie.rla.nd;,..29
Sorﬁe modifications were madé by Shugart, 30 whose .thesis also ir&éludes
a short history of atomic beams work at the Urniversity of California.
The description included here ‘will be lifnitedv to thoée bpart.:s of the
appafatus which are directly involved in préducing, deflecting_,_ and

detecting the atomic beams.

1. Beam Production

‘The beam of radicactive atoms originates from a tantalum:
oven (Fig. 4). A cavity »ils drilled into the top of the oven to receive the
radioactive substance, and the hole can be closed with a press-fitted
oven cap. The atoms escape from the oven through a small hole in the
front, which may be closed off by a pair of adjustable jaws. Ordinarily
the jaws are separated slightly, producing a slit source about 0.1 inch
‘high and a few thousandths of an inch wide. Relatively high temperatures
{ ~ ZOOOOC) were often used in these experiments, and electron bombard-
ment provided the only practical way of achieving them. Bombardment
currents of as much as 500 ma at 600v have been obtained from a hot
thoriated tungsten filament which is mounted near the front of the oven.
High-voltage contact tc the oven with minimum heat loss is provided by
three pins, which project from a sclid oven platform. The pins also
aid in alignment of the oven. The entire oven assembly is mounted on
an ‘oven loader’ with which the oven may be removed from or loaded
into the apparatus without disturbing the high vacuum inside. Behind

the ''radiocactive" oven is a second oven which is used to calibrate the
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ZN-1723

The atomic beam appafatus as viewed from the

source end.

Fig. 3.
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ZN=-2195

Fig. 4. Tantalum atomic-beam-source ovens, showing
the adjustable-slit assembly.
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transition field of the apparatus. When it is desired to calibrate the
field,' the ''radioactive! oven must be moved to one side, so that the
beam of the calibration oven can enter the magnet system. This move-

ment is provided from outside the a>pparatu‘s by a movement of the entire

"oven loader.

In order to calibrate the value of the field in which the rf

transitions take place, a beam of alkali atoms is used. The atomic

" and nuclear constants of the stable alkali atoms are known well enough

that the field may be precisely calculated from the frequency at which a
'res.onancé‘is observed to occur. Of course, the simplest way to produce
a beam of alkali atoms is to heat some of the metal in an oven. However,
the alkali metals are very reactive and deteriorate rapidly in the '
atmosphere. A standard method of producing a source of alkali atoms

is to heat together an alkali halide and freshly cut filings of calcium metal.
The reaction is a simple one, the calcium exchanging with the alkali at

a moderate temperature. In these experiments, this reaction proceeded

in an iron oven set on pins and heated by conduction from an insulated

tantalum coil filament. The calibration oven was mounted inside the
apparatus, and since it could not be removed and refilled so conveniently
it was designed with a larger capacity than the ''radioactive' oven. Most
of the time the calibration beam is obstructed by the other oven, but when
it is necessary to calibrate the fields, the tantalum oven is moved aside,

and the alkali beam can enter the field régionsr

2 Beam Detection

Detection of the alkali beam is not a problem. The surface
ionization de’(:e<:1:or31 makes use of the low ionization potential of the

alkali metals. If the alkali atom strikes a hot tungsten surface (not

 thoriated), it is quickly "'evaporated' off again. Since the work function

of the tungsten is somewhat higher than the ionization potential of the
alkali atom, the single valence ele‘ctro,n is le‘ft-bevhi‘nd, when the atom
leaves the tunsten surface.. In this particular application, the resulting
positive ions are collected on the grid of an electrometer tube, thus

unbalancing the electrometer circuit and causing a galvanometer deflection.
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Surface-ionization detection is possible, of course, only for those '
elements which have a very lew ionization potential. For eiiver or gold,
which.are. of interest here, other means must be employed.

_ Since all the isotopes under investigation here are radloactlve,
it is convenient to look for and identify them by means of that rad1o-=
activity. 8 To this end, provision is made for collecting vsamples of the ’
beam and for counting the radioactivity of these samples. In order to
: be' able to take samples of the beam, it is necessa_ry to have some surface
. to which the radioactive atoms will stick after striking. Surfaces of
fused sulfur have been found to be satisfactory for a wide range of elements,
including gold and silver. The sulfur is melted into a milled slot in a
brass holder called a button. Use of this holder provides a convenient
. means for handling the sample and for rvepro‘ducible'posit;iening in the
- apparatus and in 'the counters. When a sample of the bearr1 is to be
‘taken,  a button is introduced into the apparatus by a '-'butto'n' loader'" so
that the sulfur surface on the butt'on is iri such a. positioh as to be hit by
the beam, The button loader 1nc1udes a vacuum lock. 51m11ar to that on
~the oven loa.der, so that buttons may be quickly placed in or removed
from the hlgh vacuum without dlsturb;ng_that vacuum, After a timed
exposure to the beam,. each butf'on is removed frOm the apparatus, and
. the sulfur surface 1s covered with Scotch tape: This procedure precludes
_ brushing any act1v1ty off the button after its exposure, particularly in the
' x-ray counters, where the sulfur surface must be placed in c_.lo‘se prox-
imity to the sodium iodide scintillation crysfaln _

On the side of each button is a groove which locks the button to a
spring-loaded.ball bearing in the button loader. | This device serves
to place the sulfur surface of each button in the same position relative
" to the beam. The same type of locking device positions the buttons in
counters which determine how much radioactivity has been .accumulated
on each of them. v 7 : - -
Since most of the isotopes under investigation decay by electron
capture, special x-ray counters have been found to be very useful for
counting. - These counters use a very thin (~2mm)NalI(TZ)crystal, which

is sufficient to stop radiation of energies up to about 70 kév. The crystal
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is slightly larger than the surface on which the radioactivity is collected.
It is desirable for the crystal to be as small as possible in order to
minimize the cross section it can present to background,radiation., The
light pulses are sorted by a photomultiplier tube and single-channel
pulse-height analyzer. The quality of this counting system is found to be
very high for x-rays between about 20 and 80 kev. For lower energies,
the background due to electronic noise becomes appreciable, while for
higher energies, the resolution is poor. Higher-energy radiation cance
be counted with these crystals, but with reduced efficiency (see Section
III-D). If a quantum of radiation goes completely through the sodium '
iodide crystal, the amount of energy lost in the crystal (and reradiated
as light visible to the phototube) is not a sensitive function of the energy
of the quantum. Since the energy lost in the cryétal by the quantum
determines the apparent energy of that quantum as measured by the pulse-
height analyzer, all radiation above ~/ 100 kev seems to have about the
same energy. Thus, if a nucleus decays by any process that includes
some gamma radiation, it can be counted in the x-ray crystal counters,
although there is virtually no resolution. The efficiency of counting is
also decreased for high-energy radiation. Even if there is only a single
gamma transition, to the counter the gamma quanta will appear to be

of many different energies, depending on how far they traveled in the
crystal, i.e., at what angle they passed through. Since it is désirable
to count as narrow a range of energies as possible in order to reduce the
background rate, the counter is able to record only a part of the pulses
.caused by‘ incident gamma quanta of a given energy. Furthermore, since
the counter background consists of radiation that does not stop in the |
crystal, the background can be expected to have a similar behavior to
that of high-energy nuclear radiation. Consequently, when the counters
are so adjusted as to best count whatever high-energy radiation is emitted
by the sample, they are also set to best count the background radiation
that can reach the crystal. The counter background is observed to have
a maximum at just those counter settings at which nuclear gamma '

radiation is most efficiently counted.
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The sodium 1od1de crystals in the x- ray counters must be pro-
‘tected from the atmo:;phere because of thelr del1quescence If 2 crystal
takes up enough moisture, its transparency and hence its usefulness is
permanently 1mpa1red The crystals of the x- ray counters used here
are protected from moisture by immersion in mineral o0il, The part
of the crystal that is exposed to radiation is protected from the air by
a th1n,(0.001 ~inch) aluminum-foil window, through which the radiation
must pass in order to reach the scintillator. The unavoidable absorption _
by this w1ndow is much larger for beta part1cles than for electromagnetm
-radlatlon I '

A second type of radlatlon counter has been used for some of
r.the more recent exper1ments on the [3 - em;ttmg 30- mlnute 1sotones
.. :_of s1lver The new. type of’ counter av01ds any attenuation of the radiation
" from the button mounted sample by effect1ve1y usmg the sulfur surface -
"of the button-a’s part of the 1omzat1on chamber of an. ordmary gas counter.

"The buttons are inserted 1nto the counter so that the sulfur surface

- (not covered w1th Scotch tape th1s ‘time) is actually 1nS1de the countmg

" chamber, A contmuous flow of 'gas (methane) is mamtamed to flush out

the a1r that may be admitted whénever. the samples are changed.

The gas counters have not yet proved very sat1sfactory for
precision work when it is necessary to differentiate between two isotopes
~with 51m11ar ‘half 11ves The counters seem to be sub_]ect to sudden -

changes in: countmg efficiency. As a result ‘the decay curves of certain
samples have been observed to be somewhat errat1c. Although the
.‘h1gher eff1c1ency of the gas counters aided. greatly in, the search for
resonances the final statement on the comp051t1on of a resonance was
w1thhe1d unt1l a conf1rmat1on run could be made and counted in the

' crystal counters If no X= ray could be detected in the spectrum of an

V _1sotope then 1ts decay curve was. obtamed by (1neff1c1ent) countmg of

the h1gher energy nuclear gamma rays that followed beta decay
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3. . The Magnet System

The 'heart" of an atomic beam apparatus consists of two strong
inhomogeneous magnetic fields (A and B), ‘a»variable homogeneous
C field between these deflecting fields, and an rf '1ooi:>'> in the C field
to induce transitions. The apparatus used in these exper.imerits' is
asymmetric, i.e., the B magnet is ~9 times as long as the A magnet
(21-1/4 in. compared with 2-1/4 in.). To retain the focusing properties,
compensation for this asymmetry is obtained by having a larger field
gradient in the A field (about five times as large). Both fields are of
nearly the same strength.,/. Their windings are.connected in series
across.a 4-v output from banks of submarine batteries.. The A~ and
B-field coils normally draw currents of 500 to 600 amp and produce
a field strength of about 5000 gauss. ' | -

It is in the C field that transitions are induced among the energy
levels of the atomic system. This field is produced by an electro-
magnet, the pole tips of which must be accurately Iparallel to pﬁ:ovidé a
higfx degr_ee of field uniformity. The strength of the transition field is
continuously variable from 0 to 640 gauss. The required magnet
currents (0 to 125 ma) are supplied by a volﬁ;age-di_vider circuit which
is connected across a regulated power supply, Temperature effects in
~ the potential divider are believed to be one factor contributing to the
observed drift of the C field. A secun'd contribution to this drift -
may be magnetic coupling between the C field and the inhomogeneous
fields on either side. As‘the current changes in the deflection-field
windings (1 to 3 amp per hour, depending on battery charge),_ the changing
‘strength of those fields could be expected to "pull' the much weaker
C field. Fortunately, the transition field strength is observed to drift
only slightly during a given set of exposures; SO that the small correction
can be neglected in many cases. If a correction is deemed necessary,
the assumptmn of a linear drift with time is suff1c1ent to remove much
of the uncertamty in a glven measurement

The radio- frequency magnetlc fleld Wthh actually causes tran-
_51t10ns is produced by a conductlng loop (”ha1rp1n") ca.rrylng an os-
cillating current. The rf hairpin is oriented in the region of uniform

field (C field), so that the b.eam may pass through the loop.- The
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oscillating current in the loop is supplled from an rf source, the exact
nature of which depends on the de51red frequency range Often an

oscillator will not produce suff1c1ent power to estabhsh an rf magnet1c
field that is strong enough to cause tran51t1pns. : Then it is necessary to
increase the rf power oufput by suitable.amphflcatlon. - The particular

rf equipment that was used in these experiments is listed 1n Table I.

Table I

Radiofrequency sources

Frequency E‘quipment
~ range
(Mc)
1 - .'20‘ ’ Tektronix 190 signal genera‘;of
15 - 210 Hewlett- Packard HP 608A variable

" oscillator plus wide-band linear
amplifiers (HP 640 AB or ifi
500 and 510)

200 - 1500 ’ Airborne Instruments Model 124 ¢

: power oscillator
500 - 1000 ' Gertsch FM 4A + traveling-wave-tube
: ' amplifier (Wave Particle Company
No. 505A)

At no time did poor oscillator stability seem to be a problem, although
the Airborne 124c had to be well adjusted to prevent its drifting.

The oscillator frequencies were continually monitored by a
Hewlett-Packard 524B frequenvcyv counter. Plug-in units 525A and 525B
extend the monitoring range to ~200 Mc/sec, and a transfer oscillator
HP 540A provides harmonics to beat against higher frequeneies, The
internal 100 kc crystal timing standard of the frequency counter was
periodically standardized by comparison with an Atomichron cesium

clock.
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- C. Isotopes

The atomic-beam rﬁéasurerﬁents déscriBed here include work on
six neutron-deficient isotopes each Qf,éilverr.‘ari.d gold. In addition, the
neutron-excess isotdpe silver- 110m has been studied. All thirteen
isotopes are well known (with the posmble exceptmn of ~1- hr silver- 104)
and are 1nc1uded in most compilations of radloactlve 1sotopes \ For
many resonance samples the. isotope asmgnments.were made by a crude
. measurement of the half life of the sample Therefore, the accuracy
of the 1sotope aSS1gnment is dependent upon previous measurements of
' 1sotop1c‘ha1f lives. In Table II are listed all the isotopes for which
measurements have been made. In,subsequent columns are tabulated the
half life and principal rﬁode. of d.ecay (if known) of each isotope. .In the
* final column aré listed a few primary references for the isotope. These
1nc1ude references for the or1g1na1 1dent1f1cat10n, the best half life value,

decay branch1ng ratios, etc.

Table II

Summary of measured isotopes

Isotope T Decay | .References
' 1/2 ‘ modes °
Silver-103 W W . 34, 35
104 27 min gt 36
104 1.2 hr . EC, gt 37, 38
105 - 40d EC - 37, 39
106 . 24min gt EC 34, 40, 41, 42
106 8.3d . EC. 42, 43, 44, 45
110m 253d B 46, 47, 48, 49, 50
Gold-191 3.0 hr EC 51 .
192  48hr . EC 52, 53, 54
193 17hr . EC 52, 53, 54
194 39 hr EC 52, 55
195 180 d EC 52, 55, 56

196 5.6 d EC 52, 55, 57, 58
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1. Isotope Production .

_ - The only neutron excess 1sotope in this ser1es (S1lver 110m)
was produced by the (n, ¥) reaction on stable sﬂver 109 in the
Matenals Test Reactor (MTR) at Arco, Idaho The long half 11fe

(253 days) made necessary a very h1gh neutron flux to produce

, .apprec1able quant1t1es of the isotope. At the t1me of the experlment
the MTR was the nearest reactor w1th a flux large enough

‘(NlO 14 neutrons/cm /sec) to produce a sample. W1th high speC1f1c
act1v1ty ‘The Knudson cond1t1on59 effectively 11m1ts the rate at which
the s1lver may be boiled out of the oven in aausa.ble beam. There
_must be a certain minimum amount of rad1oact1ve silver in th1s beam,
thus establ1sh1ng a minimum spec1f1c act1v1ty for an oven charge:l
Neutron bombardment of stable silver also produced s11ver 108 but
its 2.3-min. half life precluded any interference with the measurements
on‘tne 253-day 1sotope, whlch were conducted -._sev_eral weel;s later.

The neutron-deficient ‘i-_sotopes of silver and gold were produced
in the Crocker 60—in. cyclo_tr:on'on‘ the Berkeley campus of the
-University of ‘Calivfornia. This cyclotron accelerates prot'ons‘,’ deuterons,
- or alpha particles to energ'ies of about 12 Mev/nucleon. All three types
of bombarding particle havel been used'in-various‘. stages of this work

and will be discussed in detail in later sections.

2. Cyclotron Targets.

Two general types of cyclotron target have been used in these
experiments. The internal target, which uses a single foil of the target
material, is inserted into the cyclotron tank to intercept the beam at

‘any desired radius (giving some control over the particle-energies).
The external target, an aluminum assembly for holding solid target
materials of any form, is attached to the edge of the cyclotron vacuum
tank, and the beam is deflected out from its circular orbit to the target.
The beam current that may be directed onto an external.te.rget is con-
siderably less than that which may be used on an. "internal probe"
target. vThe_ external target is isolated .from the main cyclotron tank

by a system of thin aluminum foils, and if too high a beam current is
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directed through these foils, they may rupture, thus raising the tank
pfeSSure above its operating level. Ion currents of as much as 50pa
have been used.on external targets for short periods of time with no
apparent damage. On the internal probe, a beam current as high as
125 pa has Been used for bombardments of several hours' duration.
Target material for the intjernaﬂ probe must be in the form of

a single pi\ece of foil 1-3/4)( 1-1/2 in. The material must be soft
enough so that the foil can be rolled into a semicylindrical shape without
cracking. The necessary thickness of the foil is determined by the
range of the bombarding particles and by the length of the bombardment.
(Another consideration is the amount of target material it is feasible
to dissolve in a time short compared with the half lives of the desired
isotopes produced,) If the bombardment is to be long (as when a
long-lived isotope is being produced), the foil should be thick enough to
stop the incident beam'completeiy. Otherwise, the unstopped beam
.strikes the water behind the target. The\result is a corrosive action
on the back of the farg_et, which will cause the target to fail during an
extended bombardment. The ranges of 12-Mev protons, 24-Mev deuterons,
~-and 48-Mev alpha particles are roughly in thé‘..ra.ti_os of 1:2:1 for a-
given target material. ‘ ‘ ' )

- Owing to the high cost and limited availability of rhodium and
Jridium foils, no attempt was made to run‘_cthe.m on an internal probe.
Neither would seem to be very suitable because of the brittleness of
the foils. Palladium and platinum were both bombarded on the internal
probe with good results. Although the plai:inum foil could be rolled
equally well in either direction, the palladium seemed to have a
‘preferred direction of rolling. If the foil was foll’ed,the wrong way,
cracks appeared which caused an early failure of the target. It has not
been determined whether this phenomenon is a gen.erél. characteristic
of palladium fgiils or merely a consequence of‘thé methods used in the

production of this particular fGill,
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For the external target, there is no necessary form for the target
‘material. Large and small pieces of foil of various thicknesses have
been used with uniform success. - An aluminum cover {oil is used to hold
small pieces of foil in the target. One advantage.of the external target
over the internal probe is a greater control by the experimentér.over the
energy of the particles incident on the targ_ét material itself. Any desired
thickness of aluminum foils can be placed on top of the target material
to degrade the beam energy to a preferred value. This is of particular
impoi‘tanée in alpha-particle bombardments, in which it may be desirable
to produce one of the (a, kn) reactions with a minimum contamination from

the other a-induced.reactions. ' : .
The photograph of the external target assembly used in these

experiments is presented in Fig. 5. The assembly is made of dural to
minimize its contamination by a bombardment. Water coohng is used to -
dissipate the heat produced. by the cyclotron beam. The target foil is
placed directly on the water-cooled back plate a.mdv covered with the desired
thickness of aluminum foil to degrade the beam. The grid serves to
hold the target in place, and also improves the thermalv contact between
the target foil and the back pla’te.; The most serious damage to the farget
“that has been obéerved .is the melting of the thin (0.001-inch)aluminum
cover foil which was used when the full energy of the beam was needed

on the target. Cooling of this cover foil is provided principally by
_conduction through the target material. When this material consists

of foil pieces, there are necessarily gaps between the pieces where

there is no cooling of the cover foil at all. Unequal cboling may also

" warp the cover foil tocsuch an extent that it is separated from the target
foil and can be easily melted. A decrease in beam current would prevent
such effects. Since the target material is in the form of pieces with o
appreciable size, there is no danger of contamination if the cover foil
ruptures. However, such a rupture might avllow the target foitl‘to fall
away frofn the region of high cyclotron beam d’ens_ity9 .thus decreasing

the efficiency of the bombardment. : :
A principal design feature of this external target assembly is

the ease and speed with which the target foil may be removed. After
bombardment, the three screws may be loosened. The swivel socket

is used to flip one screw out of the way, allowing the cover foil and grid
to pivot around one of the two at the other end of the assembly. The

target foil is then exposed for suitable disposition.



-49.

ZN=2193

Fig. 5. External target assembly.
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D. The Silver Isotopes

1. Rhodium Target

The only stable isotope of rhodium is,Rth3. Since the ~48-Mev

alpha particles from the 60-in. cyclotron can be eXpected. to produce
(a,kn) reactions with 1 <k €4, it is possible to produce silver isotopes
with mass number A between 103 and 106. The dominant.reaction is

v de‘_t.:ermi’ned by the actual energy of t‘he alpha beam as 1t passes thfough

" the rhodium target.. By _d_égrading the beam Vener_gy>and .us‘ing: targets of
various'.thicknesses, it'is possible to .prodl.l_ce .’-f.;wh‘iclv'ieverbf‘vthes,e‘
isotopes is desired. ' ' o

" Since the lcmng—livedvAglo5 06

(40-d) and Ag1 (8.3-d) é;re also
produced by Pd(p, n) reéctions, it is mofe convenient to make thefh that
way and use the more lengthy chemical 'separafion-. The recovery of the
silver is nearly 100% for the palladium chemistry, - while it appears to
be only about 50% for the separation from rhodium. The long half lives
and consequent low-level activities make the higher yield desirable. For
_ _thé‘v s'hoﬂ:-lived éilver isotopes, the yield mﬁst be sacrificéd in favor of
a fast separation. ' B ‘ 7

To determine the foil thickness a;nd.alpha—partic':le: enérgy for each

103 104

~of the short-lived silver isotopes (l.1-hr Ag™" ", 1l.2-hr Ag ,, 27-min

’ Ag104, 24-min Agloé)fa "'stacked foil' experiment was 'perfovrmevd. In
this exp'erifnent, twelve small pieces of 1-mil rhodium foil were stacked
in a target holder such that the alpha beam could not enter a given foil
without passing through all preceding foils. The assembly was placed
in. the cyclotron and exposed for one second to a 15~pa beam of ~.48-Mev
alpha particles. The target was then broken open, and each of the pieces
of foil was placed in a standard beam-collecting butﬁon, These buttons
were rotated through threé't}}pes of counters for several hours, until the
rates leveled out into the long-lived components. The three types of
counters were: (a) a standard x-ray crystal counter set to count the
silver x~ray; (b) a similar counter set to count (inefficiently) the
higher-energy gamma radiation; (c) a cbntinuous—ﬂow gas ionization
chamber. " The decay curve for each button in each counter was plotted

and analyzed into two components, one of 25-min half life, another of
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70-min half life., The decay fit was performed on the IBM650 by the
OMNIBUS computer program of H. B. Silsbee. The program,‘ which
will be discussed later, determines the act_iirity at time 1t = 0 due to
each compo'neﬁt by performing a least-squares fit to the observed data.
| (The data obtained were not sufficient to differentiate between 24-min and
27-min or between 66-nﬁin and 72-min half lives.) The longer-lived‘
components (TI/Z > 1 day) were not identified, but were.treated as a
constant background with essentially infinite half life. The results of
this analysis provided crude information about the relative cross section
for production of each of the short-lived silver isotopes as a function |
of fhe energy of the alpha beam. These results are illustrated for each
type of counter in Fig. 6. From these graphs, two important pieces of
information are gained (besides the confirmation of existence of the four
isotopes). These are: (a) the approximate alpha energy required to
produce a maximum amount of each of the isotopes; and (b) the most
advantageous method of cournting for each of thé four isotopes. _

Apparentfl'»y l.1-hr Ag103 and 1.2-h Ag104 decay principally by
K capture, while 27-min Ag104 and 24-mibn Aglo6 decay by positron
emission or isomeric transitions. The ‘counting can thus be done
according to the most efficient method for the isotope that is to be
measured. : |

The combinations of degrading foils and rhodium target foils
which were used in the target to produce each of the silver isotopes

are s‘ummarvized in Table III. As can be seen from Fig. 6, Ag103
was always produced inthe presence of Ag104., since the Rh target

was 2 mils thick.
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APPROX. INCIDENT ALPHA ENERGY (Mev)

45 - 43 40 37 34 30 26 22 17 10
| |. | | i | | | | 1
Rh(a,kn) Ag

x-ray counter

50~

40—
® 30-min. Half-life

30— 0 60-min. Half-life

T

Ag'O3(L1 k) count hv= 80kev

Ag'O%(1.2 hr)

(thousands per minute)
[\
o
1

Ag'°4
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MU -—17482

Results of ''stacked-foil' experiment on rhodium.,
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Table III
' » - 103 .
Targets for Rh (a, kn) reactions
Isotope - Thickness of ' Thickness of
desired aluminum . ' rhodium
cover foil : target
(mils) ' . (mils)
A =103 ! ' ' 2
104 5-7 v '
106 ', a2l | o 2

In most experiments with rhodiurﬁ—produced actifritieg, the
target foil was cut into small pieces Before the cyclotron bombardment.
After irradiation, these pieces were put into-an atomic-beam oven
énd loaded into the apparatus. If the oven were heated sufficiently, the
radipactive silver could be driven out of the rhodium to form.a satis-
factory beam. If the oven became tdd hot, however, the rhodium
melted, and all the silver was expelled in a very short time.

In many of the early trials of this method of obtaining a beam,
the rhodium did melt. As a result, the counting rate was always high
for whichever button was being exposed when the rhodium melted. After
several of these runs, it was possible to predict at what oven power the
rhodium would melt. A more satisfactory procedure for running could
then be devised. The oven temperature was raised to a vaiue just below
that at which the rhodium would melt. This assured getting as much
active silver out of >the target as was possible without melting it. The
beam intensity decreased rapidly.-and had to be monitored frequently.

It did not, however, decrease to zero, but remained measui‘able for
almost an hour. This was sufficient time to perform a spin-search

experiment or to take a single resonance.
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The rapid decay of the beam intensity is generally an undesirable .
feature for a run. . Any uncertainty in the monitored-beam will produce
corresponding uncertainties in the normalized ratves of the &afioﬁs samples
that are.taken. If the beam is changing rapirdly_,u.t‘henr. the uncertainty in
any interpolated normalizing factor will be greater than it would. be if
" there were only minor changes in the beam. Furthermore., _- an;f' small
uncerteinty in the time at which a given exposure was made is ma.gnified
by the rate of beam decay to produce a more appremable uncerta1nty in
the normahzlng factor and hencealso in.the normalized rate. Thus,
while it is possible (and sometimes necessary, e.g. with very short
half lives) to obtain a reasonable normalization with a. rapldly varying
. beam, it is preferable to have a beam which:varies only slowly with time.
' This can be prov1ded only by a prior separation of the silver. from the
| .rhodlum target .so that the atomic- beam oven ¢ontains essent1ally pure
.metalhc silver. ' o
v - Since rhodium is virtually insoluble in the standard reagents,
Chefﬁiéai s'epfai'atibntec'hniques are practically useless. As an altérnate
."J"brc')cedufe,"‘use has been made of the. fact that the meltihg and boiling
pomts of silver are much lower. than those of rhodium. It is this fact
that causes the sudden loss of all the radioactive. silver when the rhodlum
‘melts in the atbrhic-=beam oven. If some means were to be ‘devi_sed,to
catch the radiocactive silver as it was freed from the oven,,the two methis

shouldbe physmally separated since the rhodium should not be evaporated
1n any quantity.

. The evaporator apparatus which was designed.to q:gerfdrm this
physical separation is shown in Fig. 7. The procedure is to place the
“irradiated rhodium foi‘l.. 'in4th,e'icylindr'ical'ta,ntalum “'pot, whieh is then
heated by electron bombardment until the rhodium is melted.- When the
rhodium melts, the silver is released through the collimating snout
which is directed into a standard:atomic-beam oven.  This oven'is then
removed from the evaporator and loaded into the atomic-beam apparatus,
where the experiment is performed. To help stabilize the beam, 25
to 50 mg of stable silver carrier v;}as usually evaporated into the atomic-

f

beam oven before the radioactivity. Tinz:
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ZN-=2194

Fig. 7. Illustrating the use of an evaporator for separation
of radioactive silver from a rhodium target.
a. Evaporator pot on rails.
b. Evaporator pot in position.
c. Evaporator collimation.
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ZN-2196

Fig. 7b
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Since the evaporator was designed especially for the separation
of the short-lived silver isotope from rhodium,- a number of features
were. included which contribute to the speed of the process. To
facilitate loading of the pot into the evapdrator head, a pair of rails are
used. These provide a track (Fig. 7a) that guides the pot to a position
directly in linev with the hole of the QQen, wh‘ich is held in a water-
cooled copper assembly. The rails are then allowed to fall é,way,_ (Fig. 7b)
leaving the pot standing on the pins that serve as ‘it.;sv-high-voltage contact.
The high-voitage platform is insulated from the ré»st‘oAf the system by a
large solid piece of a high-temperature ceramic,

After the pot has been set on its pins;, 1t is desirable to get a
good vacuum very quickly. Provision has been ‘fhé.de for this by using
a 6-inch oil diffusion pump sepérated from the chamber by a 6-inch
valve. After the éhamber has been roughed by a mechanical pump to
about 100 microns, the large valve is opened, and an operating vacuum
is reached after a few minutes, Further.‘pumping speed can be obtained
by a liquid nitrogen tfap which extends into the vacuum chamber.

. “As an electro'nl'SOu,r“c‘e‘ for hea‘,.tingf the ,pot,- an »aé—heated filament
of 15-mil thoriated tungsten wire has bejen._loope"d .aro»;mdv.thr‘ee sides of
the pot. A bombardment éu.rrent 6f ~'3'OOI ma at >600V_ was ordinarily
found to be sufficient .tolfnelt the rh(_).dit_;m.',f The.evapor,ation could be
monitored by placing a meter on top of the eVa_porator chamber several
inches from the pot. As the activity was transferred from the pot to the
atomic-beam oven, the radiation level at. tha,f point hearly doubled as
-a result of the increase in solid é.ngle irit-ért:epted by the counting chamber.
When the radiation level stopped risin»g; “the. évaporation was assumed to
be complete. The chamber was isolat‘ed from the vacuum system and
‘brought up to air. o ’

The ..atomic—béam‘oven is held in close contact with the water-
cooled copper by a system of 00ppér wédges._ After these are removed,

the oven may be easily picked out of the apparatus.
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The yield of the evaporator method of separation has been estimated
to be of the order of one-half of all the radibactive.silver.that is in the
rhodium. Since only a small part of the lost activity remains in the pot,
the conclusion is that what is lost is lost in the collimation from the pot
into the oven. Although the apparatus is designed.so that the geometrical
shadow of the collimator is projected onto the bottom of the oven.cavity
(see Fig. 7c),.a layer of silver was always deposited on the top of the
oven around the cavity. It would be reasonable to say that when the
silver leaves the oven, it leaves as a cloud rather than as a beam. As
a result, the simple collimation considerations may not be valid. In
any case, the yield of the method could be increased considerably by an
imprvovement in the collimation of the beém,‘ Figure 8 shows the gain
in beam stability after physical separation of the active silver from the

rhodium target.

2. - Palladium Target

The 12-Mev pro'ton beam of the 60-inch cyclotron 1s sufficiently
energetic to produce vonly/the {(p, n) reactibns, When a, palladium target
is exposed to this proton beam, mé.ny silver isotopes of widely differing
half lives are produced. Table IV lists the abundances of each of the
stable isotopes of palladium. Next to each abundance figure are noted
the half lives of the s‘ilver_isotopes_hairing the same mass number A.

Certainly the most important of these reactions will be those on
the three most abundant isotopes, A = 105, 106, 108. Appreciable
qua-ntitieé of the isotopes having A = 104, 110 may also be produced.
The 16-min. activity which results from the (ps 1) re‘ac1’:ion‘ on the 1%
Pdlozloczan probably be neglected because of the low relative abundance
of Pd .

1

The half lives of Aglo8 {2.3-min) and Ag1 0(2,4 sec) are certainly-

too short to be of interest in these experiments. Of the remaining half
lives, there is a "short group' including both isomers of Ag104v(27-min

and 1.2-hr) and one isomer of Aglo6 (25-min), and there is a "long

group' including 40-day Ag'®® 8.3-day Ag'?®, and 253-day ag?1o™
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Fig. 8. Improvement in beam stability by the use of an
evaporator to separate radioactive silver from the
rhodium target. : - o
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Tabie IVV

Silver isotopes produced by Pd(p, n) reactions

A | Palladium _ ~ Half lives of silver
abundances - o isotopes
102 L% | 16 min
104 | | 11.0 . 27 min; 1.2 hr
105 | 22.2 - 40 d
106 273 - | 24 min; 8.3 d
108 ‘ 26,‘_7 o -2.3 min

110 11.8 ‘ o 24 sec; 253d

If a short bombardment is used, . the activity caused by the 'long group"
should be much sma._lle:r:than_that caused by -the ''short group. " A short
bombardment could.then be followed ‘by an experiment on any isotope in
the 'short group." In order toproduce appreciable:quantitigs of isotopes
in the 'long group', long bdmbérdments ‘-mu:s‘t be used. The activity due
to the m,ember‘s of the :.'shor:t group c-é;n be eliminated by merely waiting
a day or so before performing the d_e"‘sired},expé_rimen_t on a member of the
long group. ' '

- In practice, this method has been used almost exclusively to
105 2nd 8.3-day Ag'%®. The shorter-lived isotopes
can be identified less ambiguously if they are produced frém rhodium,

while the very long-lived Ag1 10m can be conveniently produced in.a ‘

produce 40 ~day Ag

reactor by neutron irradiation of natural silver.

It is most convenient to bombard the palladium on the internal
probe if only the long-lived isotopes are desired. The high bombardment-
particle density produces. larger quantities of the desired isotopes than
is possible using the external target.af.'ssembly.,' : o

The »separ'ation of silver from. ‘a palladiurri target is straightforward,
Both physical and.chemicél methods of separation have been used. In the

physical method, the iri“adiated Pd was packed directly into the atomic-
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. beam oven. The oven was then heated to dr1ve the silver out of the
paliadium target foil, .much the same as in the rhochum targets. '
Although some acceptable results were obtained in this way, the much
lower melting temperature of palladium (1.5490(3, .compared with
1966°C( for rhodium) made the process much more difficult to control.
'In most cases, the‘refore, chemical separation techniques were used
to separate silver from a palladium target.
| Since palladium is easily dissolved in aqua regia, the actual.

separation is trivial. At the same time that palladium is going into'sclution,
silver chloride is precipitating out.” 'This precipitate can be washed,
~dis solved in ANH4QH [with the formation of the complex ion
Ag(NH3)4 , and reprecipitated by boiling off the. NHj'. Further washing
~and purifying can be continued until the AgCl is white with no discoloration
from the orange PdCl,. ‘Silver chloride is a very stable compound.
The reduction of silver to its metallic form from the chloride is.the
‘only ee;;ioos pro"blem' of the sepafatioh chemistry. Two methods of
reductioh have been 'osed The first employed a straightforward
_electroplat1ng techmque, plating metallic silver from a solution of
AgCl in NH4OH A platinum electrode proved quite Satlsfactory,
the silver plated loosely onto the wire. The electrodes were then held
over the oven and the silver was removed. _

‘In the later runs, a different method of reductmn was used with
' considerable success. This method made use of the fact that silver
'i.o‘tlide'decomposes at intermediate temperatﬁres ‘(NSSOOC) into
'metail.i“c'vsnii‘ver and jiodine. (The process resembles the photoreduction
of silver bromide in photographic processes. In fact,. silver bromide
“could be used instead of silver iodide, with similar results.) After
the silver‘;chlforide had been purified as described above, it was dissolved
in ammomum hydrox1de Addition of ammonium iodide now caused the
prec1p1tat1on of silver 1od1de, which is 1nsolub1e in NH OH. This pre-
cipitate is much more bulky than silver chloride and is yellow1sh rather
than whlte After several washmgs, the silver iodide was carefully
dried and loaded dlrectly into the oven. Gradual heat1ng of the oven in

the apparatus reduced the compound to silver with the ‘evolution of iodine.
Further heatingthen producedthe beam of radioactive silver which was used

14

for the experiment.
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E. The Gold Isotopes

1. Iridium Target

There are two stable isotopes in natural iridium, which have mass
numbers 191 ‘(38.’5%) and 193 (61.5%). Because ofAthis-facf, ‘the alpha
bombardmént of natural iridium does not yield gold isotopes in quite
so clean a fashion :hs did the alpha bombardment of rhodium yileld silver
isotopes. For each value of k, .the (a,‘kn) reaction on iridium will

produce two isotopes.of gold, as shown in Table V.

Table V

Gold isotopes from Ir{a, kn) reactions

Mass numbers of

k gold isotopes
1. 194, 196
2 193, 195
3 192, 194
4 191, 193

The iridium used as targets in these experiments was in the form of a
sintered foil about 0.005 inch thick. The mean range.of a 48-Mev alpha
particle in iridium is.‘abouvt:" three-fourths és,far as for the same
particle in rhodium. 60 .Since.the beam energy was degraded below

the (a,n) threshold by:ax 0.00_?-inch thickness of rhodium, the
0.005-inch iridium foil would be expected to include products of all

the reactions in Table V. Fortunately, the half lives of the gold isotopes
are sufficiently different that unambiguous isotope assignments can be
made to the resonances obtained from runs with irradiated iridium. In
practice, bombardment of iridium targets has been used only for the.
isotopes ‘A £194. The longer-lived Aulg:5 196

and Au ° can be produced
more easily from platinum targets.
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Because of the procedure found necessary for running gold
_.isotopes as produced.from iridium, bombardmeﬁts were made using
the external target assembly described before. The iridium foil was
very brittle, and pieces could be broken off to use in the standard target
assembly. The foil was mounted behind a thin aluminum cover foil.

As in the case of rhodium, the standard methods of chemical
‘analysis were practically useless for separating radioactive gold.from
the target iridium. Iridium is even more impervious to strong acids
and bases.than is rhodium. Furthermore, the melting point of iridium
metal(2'454OC) is high enough to make difficult an evaporator separation
such as was used for the short-lived isotopes. Consequently, it has
been necessary to diffuse the radicactive gold d'ire.c.tly out of the iridium
target placed in the atomic-beam oven. . This procedure brings with it
the inherent uncertainties of normalization which were mentioned .above
in connection with the Rh(a, kn) Ag reactions. There is, however, no
danger of meiting the iridium with the power available for heating the
oven. Also, a lower beam intensity can be tolerated. The conSequently
. smaller resonances can be counted for longer periods of time, owing
to the longer half lives of the gold isotopes. ) |

A curve of beam intensity as a function of time is shown t

(Fig. 9), in connection with the normalization example of Section IV-A.

2. Platinum Target

If a platinum target is exposed to the proton beam of the 60-inch
cyclotron, there are several reactions that'may be of importan‘ce'; Of
these isotopes, Au192 is produced in very small quantities and the
30-second Au'195.ha.s a short hélf life. Both may be ignored, therefore,
in the analysis. Furtherrricgzé)e,, although several attempts have been

made to produce 14-hr Au , that isotope has not been observed. The

only published reports of this isotope, >’ ~ '
‘ 198

attribute its production to
an (n, 2n) reaction on stable gold. - Au can be produced in.a reactor

and is of only passing interest here. It has been investigated by atomic-
beam techniques. 15 .The isotope Au198 decays by B~ emission to Hg198.

- Since counting of the gold activities was done in crystal x-ray counters,
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gold is diffused out of an iridium target.
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Table VI

Gold isotopes produéed by Pt(p,n) reactions

192
194
195
196

198

Platinum
abundances

Half lives of

gold isotopes

0.8%
32.9
33.8
25.2

7.2

4.8 hr
39 hr
30 sec; 180 d
14 hr; 5.6 d

2.7d
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198. Only the three longer-

the counting should discriminate against Au
' 195 Au‘196

1 «
lived, neutron-deficient isotopes Au 94, Au

.have been studied
by using platinum targetéo

The deuteron beam of the cyclotron was .also used.to produce
these isotopes. . The larger cross sections for deuteron-induced
reactions provide larger quantities of the long-lived isotopes, where
detection may indeed be marginal. The qualitative differences of
(d, kn) results from (p, n) results will be the introduction of trace amounts
of Au193 199.

. been observed.

-and.possibly measurable amounts of Au These have not

The platinum was bombarded on the internal probe target of the
Crocker cyclotron. Ion currents of 100 microamperes or more have
been used for long periods of time. Integrated beams of more than a
thousand microampere-hours have been accumulated dn.single targets.

Qualitatively, thé separation of gold from a platinum target is
similar to the separation of silver from a palladium target. Here,
too, a physical separation is possible and: has been used successfully.
As in palladium, however, the melting temperature of platinum
(1774°C) is so low as to make such é. separation difficult. Con-
sequently, chemical means have been found more satisfactory.

It is only with some difficulty that platinum may be dissolved.
 In practice, several hours in hot concentrated aqua regia were required
‘to dissolve a target of 20-mil foil. The temperature of the acid seems
 to be a very important factor in determining the length of time necessary
to dissolve a given foil. If the acid is allowed to boil freely, the HNjO3
is quickly exhausted and the reaction stops. If the acid is heated just ssrongly
enough to cause the reaction to proceed (as evidenced by the formation
of bubbles of Cl_2 and N@Z ), then a minimum time will be required to
dissolve the platinum target.

After the target has been dissolved along with some stable gold
as a carrier, the solution is evaporated just to dryness. If the heating
is continued too long, some of the gold chloridé will be reduced to gold,
which will not follow fie next step in the chemistry. The residue from

~ this evaporation should contain gold chloride and chloroplatinic acid



o 67

- (""gatinum chloride'). Both are taken up in 6 N HCI and rinsed into a

‘ separatory funnel. If a similar quantity of ethyl acetate is mixed into
the gold—platinum—chloride solution, a.nd‘then_is: all'owed.to.stand, there
will be a separation into two layers.  The lower HCI layer will be found
to contain the platinum ions, while the upper organicléyé; has taken up
the gold. The platinum-bearing lower phase c:‘.-lnhbe drained off, leaving
the gold chloride in the acetate phase. A washing of the acetate layer
with 6§_HC1 will remove any platinum that carried over. A further
extraction into ethyl acetate.from’the. HC1 phase williremove any gold
that was not separated the first time. Iﬁ practice, it was not found
necessary to pérform the extraction more than once, since the separation
.seemed to be very efficienf. .

Evaporation of the ethyl acetate left; gold chloride which could be
dissolved in water. .Sulphur dioxide gas was used to reduce the gold to
its metallic form. Bubbling of the SO, through.the solution containing
gold ions was found to be undesirable. The gold crystals thus formed
were very tiny, and were difficult to handle without large losses from.
sticking to the glass containers, etc. . If the gas. was.blown acroés,the
-surface of the gold solution, however, the crystals. were somewhat larger,
. and handling losses were smaller. | , : |

The ethyl acetate extraction of gold from the platinum solution
1is a standard separation method, 61 and is probably the most satisfactory
- such method that is available. An alternative method has been used
with variable results. This alternate method uses the thermal decompo-
-sition of gold. chloride, as mentioned above, If the gold-platinum-
chloride solution is. evaporated. to dr&ness-andthen_ﬁu%her heated,
some of the gold chloride is reduced to gold. Some also sublimes to
.recondense on the walls of the container. This can be washed down
with water and evaporated again. After a few such evaporations, most
of the gold has.been,,reduc.e‘d, and.the platinum chloride may be washed-
off with water. This leaves crystalline gold, to be further processed

as desired.
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IV, RESULTS

A. Data Processing

1. Normalization

In.a normal atomic-beam experiment, the rate at. which atoms
reach the detector of the apparatus is studied as a function of the
frequency that is being used in the rf hairpin. Whén radioactive
.detection is used, such a study consists of comparing the radioactivity
of samples.that have been exposed in the appa‘tratusvfor equal times, but
while different radiofrequencies were available in the C field to induce
transitions. Obviously, if the rate at which the m‘aterial effuses from
the source oven is not constant, then such a comparison of observed
‘counting rates is rrie'aningless., The fact that a button that was exposed
during an excursion in the effusion rate exhibits a higher absolute counting
rate than some other button does not necessarily indicate the.existence
of a re‘sc.mance on the first button. Unfortunately, the effusion rate for
most of the materials used in these experiments is observed to vary
with time (Figs. 8 and 9). Consequently, some normalization procedure
is needed whic¢h can corrett.-the observed counting rates on resonance
samples, accdrding to the amount of material that left the oven during
the time the sé.mples were being exposed to the beam.

An ideal method of normalization would involve a measurement
of the number of radioactive atoms that left the oven during a resonance
button exposure and were deflected sufficiently that a transition could have
been observed, had the proper rf frequency been present in the transition
field. But such a method, involving the collection of all measurable
radioactive atoms, precludes the measurement itself. A more practical
procedure might be to monitor a fixed fraction of the deflectable radio-
active beam or some other qﬁantity_'that is proportional to it during each
resonance exposure. On this apparatus, however, pr.ovision is madg_for
taking radioactive samples at only one place—the detector end of the
apparatus. Since this is in use dtvl.ri'ng resonance exposures, an inter-
polation is made necessary. The beam can be méasured before and

after the exposure has been made,« Counting rates on buttons exposed
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at different frequencies can be compared if they are first expressed as
a fraction of the average beam' intensity to which they were exposed.

The atomic-beam apparatus used in these experiments was
designed to operate most efficiently with a beam of alkali atoms. Its
/,d1mens1ons and field gradients are such that only a fra,ctl.on of a percent
" of an alkali beam is able to reach the detector if both A and B fields
.are on and there is no rf in the transition field. (The rate at Which atoms
. reach the detector under such conditions is ca.lled the 'half-beam!' rate—

a traditional misnomer—as contrasted with the 'full-beam' rate at which
~atoms reach the detector when there are no intervening magnetic. fields. )
A small part of this "half-beam!' rate is no _doubt due to Majorana
_transitionséz.induced in the atoms as they cross from one field region

to ‘the next. But the 1ar;ger part of the half-beam rate consists of atoms
. and .molecul‘es that did. not receive sufficient deﬂ'ection in the inhomogeneous
fields of the apparatus. A molecule is not expected to be deflected
appreciably in this apparatus, since its magnetic moment 1s hkely to
be much smaller than the magnetic moment of an atom with a 1/2
‘electron. The reason for the atomic component in the half beam derives
from the existence of a velocity distribution of the atoms in the beam.
: Those atoms w1th high veloc1t1es do not remain in the deflectmg fields
long enough to attain an appreclable transverse component of velocity,
hence they_ travel virtually undeflected through the magnet system. As
the temperature of the source oven is raiséd, the mean velocity increases
for atoms in the beam, and the fraction of undeflected atoms also in-
creases. Since the oven tempera,tﬁres required to maintain a beam of
silver or gold.atoms are much higher than those for an alkali beam,
the half-beam rate is also. expected to be a larger fraction of the full
beam than the few percent mentioned above for alkali beams. The un-
deﬂected portion of the bea,m has been observed to be as much as 50%
of the total beam for 51lver or gold,

The fact that a large part of the beam of radioacti\}e silver or gold
is not deflected in the apparatus gives rise to special problems In the
first place, it is necessary to obtain h1gher beam intensities than for

the alkalis. . Since only half the beam is being used for measurements,
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twice as'many radioective atoms are required in order to obtain a given
amount of information. The presence ‘of the stop wire now becomes <o
' essential. If the undeflected part of the beam were not blocked from
reachmg the detector, it could mask’ ‘any resonance signal that might
appear. ‘ ’ _ "

The advantage of having such a large fraction of the beam unde-
flectable is that it provides a satisfactory way'of mbnﬁtoring the radio-
active beam. At a vgiven-temperature, the undeflectable fraction of a
beam should remain the same throughout a run. If the half-beam
intensity is sampled periodi‘cally‘, e. g., before and after each resonance
exposure, then the average half-beam intensity during the resonance
exposure can be interpolé.ted easily. Furthermore, since the vhalf-
beam intensity is proportional to the full-beam intensity, which is in
turn proportional to the deflectable-beam intensity, a normalization
referred to the average half beam during an e};posure will be accurate
' .except for a constant factor. This factor can be determined, if desired,
but it is usually more convenient to'express normalized counting rates
in arbitr'arir units. '

Experimentally, the half-beam normalization has proved quite
adequate, in spite of a number of untertain features about it. The fact
that the procedure gives consistently good results indicates that there
" are no large erratic c‘han’ges in beam intensity. The beam intensify
" often exhibits a slow decrease with time, but this seems tc be pvredictable.
The temperature dependence of the undeflected fraction of the beam does
not seem to be too impertant. Experimental checks on the "throw-out"
of a silver. or gold beam (i.e., the percentege of the radioactive beam
that is deflected away from the detector by the inhomogeneous fields
when there is no resonance) indicate that from 50 to 60% of the beam is
thrown out in most cases. A significant exception has been observed in
thermal decomposition of Agl to obtain a beam of silver. Here, the
throwout has been measured consistently higher—about 80 to 85%.

" When several isotopes are present in the beam,. a resonance of
one of them should actually be normalized to the amount of that isotcpe

that is in the beam. However, if all isotopes are well mixed in the oven,
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then the amount of any one in the beam should be proportmnal to the
amount of any other. In some cases, resonances of short lived isotopes
have.actually been normahzed._to the amount of long—hved.actlyuty in the
beam. This is more eonveuienf, since the counting of the normalization
buttons can then be done at leisure some time after.the resonance ex-
posures have been. finished. v

If radioactive isotopes.of elements other than th‘atxbelngt measured
are also present in the oven, then special problems may arise. Such
isotop,es.fney/ ‘be produced by competing cyclotron. reactions--_e. g,
(a, p)--or may be due to i_mpuritiesvin,_tlhe tar.get materials. . The
.rhodium and iridium used in these experiments were pure enough that
the latter problems were not of impor-tance. -Competing reactions no
doubt produced some palladium and platinum act1v1t1es in the respectwe
alpha bombardments,. but the boiling temperatures. of palladium and
_ platinum are suff1c1ent1y_ higher than those of silver and gold that
| probably none of the activity from (a;p, kn) reactions was able to appear
in the beam. '

One problem did arise as the result of a presumably impure
110m 11 life = 253 days)

was observed to be contaminajed with a -shorter-lived (~40-day)

target material. . The reactor-produced Ag

activity. A chemical. separation. of silver from. a solution of the target
v'matemal left a residual act1v1ty which was identified by its.characteristic
gamma ray as probably Hg 3(47 -day). . The heating of the irradiated
silver in the oven was .such that bursts. of radioactive mercury were
| released,,from the silver at unpredictable times. Fortunately, it was
pbs sible te distinguish between buttons with high counting rates of
-silver or of m_'e_rcury_v by using the cryetal x-ray counters. Buttons with

mercury contamination could then be eliminated from consideration.
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2. OMNIBUS Program for Data Analysis

-In order to minimize the work required to obtain significant
information from a series of measurements, a number of different
‘programs have been written whereby the data are analyzed by high-
speed computing machines. Of these, the OMNIBUS program of H. B.
Silsbee (formerly of this group, presently at the University of
Washington) has been most useful in this work. A complete description
of the computations done by OMNIBUS will not be given here, but a
brief outline may be useful in evaluating the experimental conclusions.

The OMNIBUS program includes three distinct parts, each of
which performs a calculations often used in processing the data from
atomic-beam measurements. In the first part, the decay curve of any
sample of radioactivity is analyzed into its component parts. In-the
second part, a bell-shaped. curve is fitted to the points of a radioactive
resonance as a function of frequency. The third part calculates the
hfs Av of an isotope from a knowledge of its resonant frequency and
of that of a calibration isotope in the same transition field. Curve
fitting is done b‘y OMNIBUS, using a least-squares procedure. The
difference of each point from the fitted curve is weighted by the " |
reciprocal square of the unc-ertainty of the experimental point. The
weighted sum of these differences is then minimized by adjusting the
parameters which describe the curve. .

The decay-fit part of the OMNIBUS program actually synthesizes
a complex decay curve including as many as five different isotopes with
known half lives. The initial activity due to each isotope is adjusted
to provide a least-squares fit between the synthesized curve and.the
counting rates observed at various times. As a result of this pro-
cedure, the relative amount of each isotope on each sample exposed
to the radioactive beam can be determined.

The bell-fit part of the OMNIBUS program attempts to describe
the dependence of counting rate upon frequency in.the neighborhood of
aresonance. A bell-shaped curve is fitted by least-squares techniques
to the observed initial counting rates of exposures made at several

frequencies around the resonance. The experimental points are also
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weighted by the squares of their counting rates, so that the bell-shaped
‘éurve_. fits best those points near the peak of the resonance, rather
. than the somewhat less. impo'rtant points on the wings of the resonance.
The bell-shaped curve is described by.three parameters:: a maximum -
height, - a . frequency at which the maximum occurs,. and a half width at
half maximum. . The half width is considered in.later calculations of the
hfs .Av from the resonance-fit parameters.:
. The Av program uses the frequency at which.a known cali-
"bration isotope has a resonance. From this it calculates the magnetic
field in the transition region. . This field value is-then used in.a
calculation of the unknown hfs Av from its. resonance frequency
according to' Eq. (22). . Since there is an. ambiguity in.the sig‘nAof. g
‘the calculation of Av is made by first assuming g > 0, then assuming
g 0. (A preliminary value for gll is obtained from the Fermi-Segré
formula and the Av calculated from Eq. (22) assuming g = 0). . The
two values of Av, Av+ -and AV-.’:, , . may differ appreciably if the moment
is large in absolute value. However, for all the isotopes considered
here, the nuclear moments are so small that the two calculations give
| + anq Av .‘
.The uncertainty in a value.of Av calculated by the OMNIBUS

substantially the same result for Av

program is obtained,by combining by standard methods the uncertainty
in the field (due to uncertainty in.the frequency of the calibration
-resonance), the statistical uncertainty in the frequency at which the
radioactive resonance occurs, and a certain fraction of the width of
the resonace. How.large a fraction of the resonance width it is
-necessary to include depends on the quality of the resonance and its
symmetry. Usually,.the fraction.chosen was -about a-sixth of the

line width, measured at half maximum. The half width at half
maximum 1is obtained..fr‘ond the bell-fit program, and is included in

the -Av calculations.



-74-

. 3. Sample Analysis

As an illustration of the procedure used to obtain reliable values
of Av from raw data, consider the nonnormalized resonance No. . 2281
.shown in Fig. 10. (The first three digits of the resonance number
indicate the run during which the resonance sweep.was made. The
last digit indicates the s.weep number, if more than one resonance was
attempted). In this graph, the >ordinate represents the observed . initial
counting rate on each.of the several resonance exposures made at the
frequencies noted on the abcigsa. Since the intensity of the radicactive
beam was observed to decrease with time (Fig. 9), it was necessary to
" make a normalization as described jabove. Each of the observed counting
rates in Fig. 10 was divided by the corresponding half-beam intensity
~as shown in Fig. 9. The result of this normalization is to change the
relative cvounting rates of each exposure to the '"normalized' rates of
Fig. 10. It is clear that the resonance sweep has covered two resonances.
The identification of the two resonances was obtained from analysis
of the decay curves. cbrresponding to each of the resonance exposures.
- Since the resonance was obtained at a frequency near that of the Zeeman
frequency for I.= 3/2, only the two isotopes Au_191 and-Au193 (both of
which have spin 3/2) were considered. The two overlapping resonances
are shown in Fig. 11 as they appear after a decay-fit analysis by the
OMNIBUS program. The smooth curve through each set of resonance
points is the least-squares-fitted bell-shaped curve obtained from the
OMNIBUS program. Both resonances appear to be somewhataymmetric,
so that the bell-shaped curve does not fit the points exactly. However,
the limits of uncertainty on the frequency of each resonance (shown by
the bracket over each resonance) are large enough to include the peak
of an asymmetric line, if it were drawn through the same set of points.
The calculation of the hyperfine-structure separation for each
of the iosotopes Aul9! and.Au193 was performed by the OMNIBUS
program, and the results are included with those from other rescnances

of the same isotopes in Tables XXIV and XXIII, respectively.
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B. Silver Results

1. Nuclear Spins

Often, when a series of experiments is initiated on the radioactive
isotopes of some element, it is best to é’tart with those isotopes which
have reasonable half lives (several hours to several days). The _refine—

 ments of runningvfaroceldure which are necessary for isotopes of very
- short or \}ery long half lives can often be worked out in the first runs
when they are not really necessary. Such was the case here for the
several neutron-deficient isotopes of silver, The first few bombard-
ments of rhodium and of palladium were used to find spin resonance of
40-day Ag'®® and 8.3-day ag!%. |

Since very little was known about the beam decay, which.was -
observed later, no attempt was made to normalize the exposures of the
first few runs. Exposufes onl= 1_/2 and I = 6, however, were observed
to be high and to decay with ~40-day and ~8-day half-lives, respectively.
The first reliable normalized results on these two isotopes were obtained
with a beam being diffused out of the palladium target. A decay curve
of the monitored half-beam intensity was plotted, as described in the
exarﬁple of Section IV-A, and the average half-beam intensity during
~each resonance exposure was obtained. The normalized counting rates
obtained.on .the four spin resonance exposures are listed in Table VIIL.

Tal:le VI‘I

Pd{(p, n)Ag1059. 106 Nog'fnaliz.éé counting rates

I= 1/2 s .6 7

Normalized rates (arbitrary units) I.’{%‘qﬁl‘ﬁ) : df§38_;(.10) ﬁ”f?;é(l 1) "~ 0856(8)

The decay curves of Fig. 1>2 iliustrate the methbd of isotope identification
used here. The three curves represent the decaysy of the two high-
resonance sémples (I=1/2 and I =6) and a full-beam exposure for
comparison. From the markedly different half life of the spin-6 ex-

posure, the assignment of I = 6.to 8.3-day Agl'o6 is lunambiguous.
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The virtual absence of 8-day activity on the I = 1/2 exposure, as compared
with the decay of the full-beam button, established I =1/2 for Aglos,
The OMNIBUS decay-fit routine described in Section IV-A was used
to analyze each button to find the original percentages of Aglos- arid-Ag106
-that would be required to give the observed decay curve. The results

of such analyses are listed.in Table VIII.

Table VIII

Decay-fit analysis of Pd(p,n)Ag spin.exposures

Full-beam I=1/2 I=5 I=6 1=7
exposure(FB) : '

40-d Ag'%° 19.7(2)cpm  14.1(i)units 0.2(2)units 0.10(3) 0.4(2)
: o units units
8.3-d Ag %% 16.7(3) 1.4(3) 0.2(3)  3.35(7) 0.1(2)

A similar analysis has been perfovrmed on the full-beam eprsmce so

that a comparison of relative amounts can be made. (The normalized
counting rates for the resonance exposures are expressed in arbitrary
units. . Usually the normalization is adjusted. so that the normalized rates
are similar in magnitude to the actual coﬁnting rates. ) The composition
of the beam as obtained from the full-beam decay shows almost equal
105 and Ag106.
both 5 I =5 and I=7 agree with this, within the accuracy of their

parts of activity due to Ag The resonance exposures for

measurement. The exposure for I = 6 shows a resonance of 8.3-day

106 . . '
Ag 0 , as seen in Fig. 12. The exposure for I = 1/2 shows that the

Ag105 activity is higher by a factor of ten than Ag106 activity. The

large amount of Agl,06

on the I= 1/2 exposure is not explainable in
any obvious way. '

The positive.assignment of a nuclear spin to a certain radioactive -
isotope is the result of several observat_io'ns. of the spin resonance of

- the isotope at different fields. A final check may be made by sweeping
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through a resonance of the isotope at low fields. Both confirmations
have been made for these two silver isotopes. The frequencies at which

.the spin resonances have been observed.are listed in Table IX,

Table IX

Spin resonances of Aglos, Ag106

40-day Agl0® '8.3-day Agl?®
I=1/2 I1=6
(Mc) ' (Mc)
7.4 ' 1.3
8.0 2.4
8.4 3.1
12.2 8.6
15.4 | 15.7
An entire series of resonances has been obtained for Ag105. These
resonances are discussed later in connection with the consequent
measurement of the hyperfine-structure Av of Ag105., Three low-
field resonances have been obtained for ,Ag106, but the resonance is not

shifted enough away from the Zeeman frequency to afford a reliable
calculationz of Av for this isotope. The resonance at 72.8 gauss is
shown in Fig. 13. Evidently, this field is not sufficient to decouple the
electronic and nuclear magnetic moments. The resonance in f‘ig. 13
does confirm the spin assignment of I = 6 to 8.3-day Ag106°

’ Since 253-day Agllom was produced in a reactor by neutron
irradiation of stable silver, no chemical separation Was necessary. A
beam was easily produced by merely heating the irradiated silver in an
oven. Detection of the beam could not be done so efficiently as for the

K-capture isotopes, but counting rates were sufficient to establish the
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Om. The results of 2 complete spin

search, using a beam of radioactive Agllom, are shown graphically

13
nuclear spin of I = 6 for Ag

in Fig. 14. No spin resonance other than that corresponding to I=6
has an appreciable counting rate. As is indicated, the exposure on
I = 6 was made twice, and the resonance is observed to be repeated.

110m

The spin resonance of Ag has been observed several

times at five different fields. The resonance has been detected at
frequéncies of 2.4, 3.9, 7.9, 12.7, and 15.7 Mc. As with’AgIO()? there
is no appreciable shift from the Zeeman frequency at fields up to
about 70 gauss. The magnetic moment is thus indicated to be large.
The best I = 6 resonance that has been obtained for Agllom

shown in Fig. 15u>

The resonance lines of the I = 6 resonances of both Ag106 and

Agllom were observed to be narrower by a factor of three or four than
the resonances of other isotopes at comparable frequencies. This
phenomenon has been tentatively explained by the hypothesis of very
large nuclear moments for these two isotopes. If the nuclear magnetic
moment is sc large that the lines on the Breit-Rabi diagram (see
Section II-B) curve only slightly, even in fields as strong as the A and
B fields of the apparatus, then it may be necessary to induce multiple
quantum transitions {(Am » 2) in order to produce an observable
resonance. Multiple quantum transition lines were expected to be
'na.rrower*:63 than the usual transition lines, and have actually been found
to be so. 15 Further measurements on the high-spin silver isotopes are
required before any sound conclusions can be drawn.

It is convenient to treat the four short-lived silver isotopes
together, since they are all part of the same problem in identifiéationn

The first results on the short-lived silver isotopes were obtained
after a short proton bombardment of palladium. After chemical separation
and électroplating, a satisfactory beam was obtained which was observed
to include large amounts of a ~30-min activity. Spin-resonance exposures
were made on integral spin values upto I =6. The exposure cor-
responding to I =1 was observed to have a high counting rate which

decreased with a half life of less than an hour. After an OMNIBUS decay-
fit analysis, the composition of the resonance was clear. Table X lists
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‘onliy-the amount of ~ 30-min activity on the several spin exposures.
Evidently, one of the short-livéd isotopes of silver has I.= 1. Since
more 24-inin .Aglo6 .tha,n.2.’7-minv.A_g104 was .made in.a proton bom-
bardment of palladium (Section III-D), it seemed reasonable to-assign
the I.=1 to Ag106. Howe\/;er, there_«was,-considerab_le_ a.r_nbiguity in |

such.an assignment.

Table X

Spin search for ~30-min silver from Pd(p,n)Ag

Spin . ' .Normalized
counting rate

32(4) units
8(5)
1(1)
3(2)
2(4)

1o SN E, TR O SR

"The uncertainty of the spin assignment was. removed.by an
experiment on'Aglo"6 produced by the (a,n) reaction on rhodium. As
described in Section III-D,. Ag106.can be produced uncontaminated by
, Aglo4 if a rhodium target is covered with ~21 mils of aluminum foil
before alpha bombardment in the cyclotron. . Such a bombardment was
.made, and spin.résonances were attempted on I =1,2,3,. .and 4. The
results of this experiment are sum.marized;'_’-by, Fig. 16. When the first
exposure at I =1 seemed to be higher than the others, it was repeated
during the éame run with the same result. No resonance sweeps have
been made of the 1 =1 resonance of Ag106,_ but the spin assignment
has been confirmed by sp-in_resona.nc_esvat 5.3, 8.3,. and 9,9 Mc.

Spin assignments for the two isomers of Agl 4 were made

possible by use of only a 5-mil aluminum cover foil on the rhodium target



-86-

SILVER SPIN SEARCH

60- .
Rhl03 h’n) AgIOS
H=5.7 GAUSS .
W 4or
g
14
(D {
P
= L
=2
2 L
o
o T
[a]
N
= 20t
Py .
2 #
ac
- O
=
L {

0 1 1 { | 1 1

0] 2 4 o 6
FREQUENCY {Mc /sec)
| 1 1 % 1
5 4 3 2 ]
NUCLEAR SPIN MU- 16793

Fig. 16. ResultS'oféa search for the spin resonance of
24-minute Aglo .



-87-

This cover foil served to prevent the production of Ag103, which has

a half life almost identical to that of one of the Aglo4 isomers. The
results of a search for 'AAg104.spvins are shown in Fig. 17. Two spin
resonances were observed, correspondmg to I =5and I =2, The
decay curves were consistent with the assignment of I =5 to 1 2-hr
Aglo4 and I =2 to 27-min Ag104. The possible small s.1gna1 on the
exposure for I =1 was shown to be spurious by a confirmation run
using thinner rhodium foil. The. results o_f a decay analysis of ex-

posures made corresponding to> 1=1, 2‘,.3 are summarized in Table XI.

‘Table XI -
104 . . :
Ag Analysis of spin-search exposures
o : Ag104_(27—min) . | A,g104_(1'.2-hr)
: '0(3) cpm . . 33{2) cpm
2 _ 130(4) . o 35(2)
6(3) 34(2)
Half .beam 210(20) | ~1110(10)

On the resonance button corresponding tovvspin 2, the counting rates
of the two isotopes are comparable. On spin.l and spi‘nx3,v however,
as omthe half-beam exposure, the l.2-hr activity is dominant by a
large factor. The low-field_spin resonance corresponding to I.v =2
. for 27-min .Ag1'04.has been observed at frequencies of 3.8, 4.4, 4.5,
5.5, and 6.4 Mc.
The assignment of I = 5 to 1.2-hr Aglo4 is based on obser-

vations of low-field sp1n resonances. at frequenc1es of 1.4, .1.7, 3.0,

3.4, 3.6, 37and81Mc
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In,experiments on the two isotopes with half lives of about an

103
hour. (Ag 0 and Ag 104 "), it was possible to discriminate against the

contamination of 27—m1n Ag 04.  The short-lived Ag 04‘appears to
decay principally by B+ emission,. while for the longer=1ived pair, the
main decay process 1s electron capture (see Fig. 6). If only silver x-rays
are counted, then an effective discirimiﬁ.ation-fagainst 27-min -.Aglo4 is
achieved. The results of 2 spin search in which counting was done of
x-rays only are shown in Fig. 18. (The exposure at. I = 7/2 represents
a confirmation of the Aglo'3 spin éssignment} ) |
The high spin of Ag1'03 was not expected from comparisons with -
_the other odd-A isotopes of silver (four silver isotopes have I =1/2).
When a signal of l-hour activity was obtained at the low- field resonance
frequency corresponding to -1.= 7{2 , it was bel1eved to be a part of
" a wide resonance of the 1.2-hr Aglo_ . Such effects have been observed
.at low fields, where the resonant freqtiencie-s of nearly equal spins become
close together. However, after observations. at higher fields, where
the two resonances corresponding to I=5and I = 7/2 were well
resolved (Fig. .18),, there could be no doubt of the separate resonance
on I=7/2. . The spin resonance of I =7/2, A 103, has been observed
‘at 2.0, 4.7, 4.9, 9.1, and 9.4 Mc, | |
-Measurements have been deécribed in the preceding para-
graphs that led to the assignment of nuclear spins to seven isotopes

‘of silver. The data there presented are summarized in Table XII,

Reynolds et al. 64 have reported identical results for 27-min

-Ag104 and for 24-min ‘Agl‘06,v using deuteron-irradiated palladium
. targets. Publications of these results by the Berkeley atomic-beams
. 103 106 I'l10m,
group include Refs. 65 (A ), 66 (8.3d Ag Ag )
105 105 106 110m, 104 106

67 (Ag "7), 68 (Ag "7, 8.,3d Ag "7, Ag ), and,69 (Ag "7, Ag ).
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Table XII

L4

Summary of spin data for silver :

Isotope Half life Nuclear

‘Observation frequencies
spin (Mc)
agh®’ 1.1 hr | 7/2 Ui 2.0, 4.7, 4.9, 9.1, 9.4
agt® 27 min 2 3.8, 4.4, 4.5, 5.5, 6.4
‘Ag_lg'1 1.2 hr 5 @14, 1.7, 3.0, 3.4, 3.6, 3.7,
8.1, 20.5
agt0? 40d 1/2 b7 4, 8.0, 8.4, 12.2, 15.4
Agl.o’é | 24 min 1 25,3, 8.3, 9.9
Agt0® 834 6 1.3, 2.4, 3.1, 8.6, 15.7
Agllom 1253,d 6 "22.4, 3.9, 7.9, 12.7, 15.7

a .
‘Includes one or more low-field resonance sweeps.

) ?Additional observations on Ag

paragraph.

105

‘are.described in the next
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2., Hyperfine-Structure Separation of Ag105

As yet, the hyperfine-structure separation has been measured
for only one neutron-deficient isotope of silver. The low spin (1/2)
and convenient half life (40 days) of Aglo5 made comparatively simple
the observation of enough resonances to obtain the hfs .Av quite
accurately. In fact, this Av was found to be small enough that a direct
(AF = % 1) transition could be observed at a low transition field.

The principal AF = 0 resonances that led to the direct measure-
ment are shown in Fig. 19. No normalization procedure was deemed
necessary, since the beam was chemically pure silver. (Pefiodic
monitoring of the half-beam intensity supported this conclusion in a
general Way‘.‘) - The solid curve through each set of resonance points
is the bell-shaped curve, which was given by the OMNIBUS analysis
as the best such curve that could be drawn through the points. The
bell-shaped curve appears not always to be the best smooth curve that
can be drawn through the data points. For example, the resonance at
203.5 Mc in Fig. 19 seems to be slightly asymmetric and somewhat
flatter on top than the bell-shaped curve is able to describe. However,
the peak of this resonance is still within the uncertainty limits set for
the peak of the bell—shapéd curve,

After the resonance at 708 Mc was obtained, a search for the
direct transition was instituted in the region of 1520-1530 Mc. Since
the width of a resonance,because of inhomogeneities in the C field,
is greater for field-dependent 1ine$ than for field-independent lines,
the resonance search was made for the transition (F, m) = (1,1} (0, 0).
The field dependence of this line is comparable to that of the standard
transition, so the line width (at half-maximum intensity) should also
be a few hundred kc/sec at low fields. The resonance that was observed
‘at A/ 1529 Mc was less than 100 kc wide (Fig. 20). When the fields
were raised slightly, the resonance position shifted only about 30 kc,
compared with an expected shift of the strongly field-dependent line
(1,1)(% (0,0) of nearly 3 Mc. The observed resonance was thus
identified as corresponding to the nearly field-independent transition
(1,0) «— (0,0). Calculations of the hfs Av from the observed resonance

frequencies are listed in Table XIII, assuming that the observed resonance
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is due first to one transition, then to the other. (These are the only
two direct transitions that satisfy the focusing condition of the

apparatus. )

Table XIII
105 . . VT s .
Ag Confirmation of direct transition assignment

Calculated Av,, assuming
: Transition (1,1)¢—(0,0) (1,0)¢—(0,0)

Resonance field(gauss) (Mc) (Mc)
2436 3.50 1524.18(4) 1529.07(5)
2437 5.85 1520.89(4) ' - 1529.04(2)
2438 5.68 1521.13(4) 1529.05(2)

The consistency of the calculated hfs Av values gives assurance
that the observed transition was indeed (1,0)¢—)(0,0).
In Table XIV are summarized the calculations of Av from

105, The calculations were

each of the observed rescnances of Ag
performed on the IBM-650 computer by the OMNIBUS program
(Section IV-A). The uncertainty associated with each computed value
of Av was found by combining (using standard methods of propagation
of error70)‘ the uncertainties in the field calibration and in_the assign-
‘ments of the resonance frequencies. The weighted average of the
several calculated values of Av was obtained by weighting each
individual Av calculation by the square of the reciprocal of its stated
uncertainty. This procedure assures the greatest weight to the most
precise measurements. In the over-all average, the very small
uncertainties in the directly measured values of Av cause them to

be weighfed s0 heavily that the measurements of AF = 0 transitions

might as well be ignored.
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It is unfortunate that the value s of Av ‘as calculated from
measurements of the standard transition converge so well to a number
so different from the directly measured Av. - Such behavior of the
calculated Av values suggests that po.ssibly a systematic error is:
introduced in the procedure or by the apparatus. If the measurement
of the direct transition had not been undertaken, then the hfs Av would
have been quoted at 1521(5) Mc, which does not include the directly
measured value. In order to ensure the inclusion of the actual value
within the quoted experimental uncertainties, it may be wise to increase
the uncertainties in the final average values by a factor of two until
this situation has been further investigated. This has been done for each
of the weighted averages for Av of the gold isotopes as well as of
Ag1'05.

The apparent change of the calculated AV:{: (which renresents
an average of two calculations, ‘first assuming g1 > 0, then g < 0)
with field is not attributable to a greater inconsistency of the calculations
for Av+ or Av_. In each case, the difference Av+ - Av_ was less
than the uncertainty as svociated_.with Av:t‘ For example, at the highest
field used (383.4 gauss), the difference was only' Av_ - Av, = 0.3 Mc,
while the uncertainty of the calculation was 3 Mc. This is another way
of saying that the nuclear magnetic moment of Aglo5 is too small for
its sign to be determined with the precision of the present apparatus.

Until such timé as the field deviations of the calculated values
of Av can be investigated more closely, the hyperfine-structure
separaion of Aglo5 can be given as

40-day Aglosz AV:!: = 1529.05(10) Mc .
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Table XIV

‘ AngS.- Av summary

gl05]1,0)¢—5 (171

-~ ‘Calibration
Resonance Frequency Isotope:i Frequency Transition" Avi_
- Mc) . (Mc) ' field -~ (Mc)
(gauss)

2161, . 19.9(1)  RbS’ - 9.85(2)  14.01(2)  1500(900)
2431 42.57(10)  RbO. . 20.84(1)  29.52(1)  1410(130)
2432 1203.51(10) RBS'  .94.65(2) 129.94(3) 1525(8)
2433 . 203.61(10) _RbS'  94.67(2)  129.97(3)  1521(8)
2434 203.48(10) RBS' -+ 94.60(1) . 129.88(1)  1519(7)
2435 707.82(20) RbS'  302.46(5)  383.39(6)  1521(3)

| | Weighted average Av, = 1521(5)
105[(1 0) < (0,0)]
2436 1529.10(5) RbS’ 2.45(2) ©3.50(3)  1529.07(5)
2437 1529.13(2) RbO'  4.10(2)  5.85(3)  1529.04(2)
2438 . 1529.13(2) RbS' 3.98(2) 5.68(3) - 1529.05(2)

Weighted.average Avi .= 1529.05(2)

Over-all weighted averége Av:b = 1529.05(2)
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’ 105
3. Calculated Magnetic Moments of Ag

The,magnetic-dipole moment of silver—"105 can be.obtainéd most

| easily from the Fermi-Segré formula (Eq. (46), Section II) and the measured
/.momen’cs and hfs Av of the stable silvér is‘.o;topes, both of which also

héve I =1/2. Since the spins are the same, the ratio of the magnetic

moments should be equal to the ratio of hfs Av (except for _the small hfs

anomaly), that is, :

' Av
105

Av ref

M

’ HIOS ’ ref

where the subscript "ref" indicates either 107 or 109, the masses of the
two stable isotopes of silver. . The hfs Av of each of the stable silver
“isotopes has been measured by atomic-beams methods. 32 Wessell and
107 = 1712.56(4)Mc and AVIO‘)': 1976.94(4)Mc. Nuclear-

resonance methods have been used by two groups = -to obtain direct

Lew obtained Av

measurements of the nuclear magnetic-dipole moments;
= - 0.1130 nuclear magneton (nm) and K09 = - 0.1299 nm. .
= 1529.05(10)Mc gives the

M1o07
Combining these with the measured Av

105, 105

-magnetic moment of Ag

0'()

09y

The sign of the magnetic momentisprobably negative, in accord with the

0.1009 nm (referred to Agl

M1os5

0.1005 nm (referred to Agl

measured moments of the stable isotopes, although the present measure-

ments are not precise enough to warrant a definite statement. The hifs
. . . 7

~anomaly for the two stable silver isotopes is 0.41%. ! It does not seem

~‘reasonable, then, to report an accuracy better than about 1% for the

105

magnetic moment of Ag Therefore (using the subscript "FS' to

indicate a moment calculated using the Fermi-Segre relation)

= 0.101(1) nm .

v
IQSJFS
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/ |
It will be &;>f interest to calculate the magnetic moment of Ag105

.directly from a n’ieasuréme‘ﬁt of its hfs Av, 'usin'g‘the loriger formalism
' devevlolpedni'n Section II- E. A cofn_pariso'n of the magnetic moment so
" calculatéd with that obtained above from the Fermi-Segré relation should
give some information about the reliability of éuch’i.éalcula‘.ti'ons when they
are later app11ed to the gold isotopes, for which no magﬁetié moments ~
have been measured dlrectly “ | v
The calculation of p from Av is made possible from Eq. (43)
(Section II) by the evaluation of all the correction terms there described.
Wessel and Lew32 have obtained the electronic g factor as gJ=-2,00224(2_0)
Bohr magnetons. For neutral silver atoms, Z = 47, ZO = 1.
The Fermi-Segre facto‘r (1- %% ) has been evaluated from - 5
spectroscopic measurements by-Shenstone -~ as re-interpreted by Brix et al.
The effective quantum number for the 5s electron of silver'is

n, = 1.34009.. Replacing &g_ by Ag/AT, with differences between the

0
5s and 6s' energy levels of the valence electron of silver, Eq. (31)

gives
(1- do ) =1.25,
dn Ag
which is in agreement with Brix et al.
The Racah correction for relativistic effects (Eq. (33a)) is

evaluated directly, using the value of a in the Appendix,

1 _
F_(— , 47) = 1.2626.

The Breit-Rosenthal correctioh for the finite extent of nuclear

charge (Eq. (36a) ) gives, for silver, & = 1.088 (y;) 0. 8787.'. -Assuming,

with Crawford and Schawlow, a uniform nuclear charge distribution,
then ViR Vg T 0.1006 for Aglos, for r, = 1.20X 10-13cm., Then
6Ag = 0.019, in agreement with Crawford et al?% "é:n'd-i

(1 - 6),, =0:981 .
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The Bohr-Weisskopf.correction, ¢ , which includes the effects of
a finite distribution of nuclear magnetism, has been evaluated ‘with the
help of the graphs and tables.included in Ref. 27. Since ag and a,
involve g for the nucleus, it is necessary to iterate from the final,
calculated moment to get a consistent value for ‘e . After two such
iterations, the calculation of « yields '

€ = - 2.31(70

105

(1+¢)}y5= 0.9769 .

The assumption of a sign for the magnetic moment of Ag105 is implicit
in this calculation. The sign has been chosen negative, in accord with
the stable isotopes.

Combining all the factors listed above, as in Eq. (45), gives

(#105)cale, = - 0-108 nm .

The agreement between the magnetic moment as calculated in this way and
that obtained . from the_FermiaSegré_ formula is not as good as it might be.
However, the indication is that magnetic moments calculated directly from

the measured hfs Av may be expected to be good to about 10%.
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C. . Gold Results

1. Nuclear Spins

As with silver, the first experiments on gold were perférmed on
the isotopes with conveniently long half lives. . Small pié-éés of platinum
-foi‘l were bombarded with 12-Mev protons in the ‘cy_clof:ron.and then loaded
directly into.the oven. When_ the oven was heated, a beam was obtained
which was 'sufficient to obtain resonance exposures corresponding to
I = 1 through 6,. although .an adequate normalization was not possible.

The .counting rates on most exposures were not sufficient to warrant
counting them more than once, ,-,although both I =1 and.I = 2 exposures

- were somewhat higher. A comparison of th.e decay curves for the buttons
corresponding to I = 1, I = 2 with the decay curve of a full-beam exposure
is shown in Fig.! 21. . The decay curve of the I ='1 exposure very clearly
indicates a resonance of ~40-hr activity. This corresponds.to an
assignment. of I.= 1 to. 39-hr Au1194. . The deeay curve o{f the I.= 2
button is definitely different from that of the half-beam exposure, but
its exact composition is questiona;ble'. .An OMNIBUS _decay-fit -

, ana,lysié of all three curves gave the normalized results listed in:
Table XV. -

Table XV

194

Au and Au1‘96 .comparison of resonance.samples

Sample 39-hr Aul’? 5.6-day Aul?®
I1=1 45(2) units _ 0(2) units
I=2 - 5.8(7) 4.7(7)

half-beam ©52.9(9) 8.1(4)
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Fig. 21. Identification of gold spin resonances by decay
analysis.
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96

-The enrichment of Au1 on the resonance button establishes its spin.as

I = 2. Spin resonances of 5.6-day Au196 have been observed at transition
frequencies of 4.1, 4.5, 5.6, 5.8, 6.0, and 9.;9 Mc. A low-field resonance
sweep of Aulgé. has been obtained at 19.5 Mc (Fig..22). The measurable
shift of this resonance at such a low field precludes the possibility of
confusion with Au198, which has a ,measuredlS hfs _Avv_,_. = 21,800(150)

.Mc. Counting of the resonance samples with x-ray counters also

198
194

discriminates against any Au that might be present.

- Spin resonances of Au {I.= 1) have been obtéined, at twelve
different frequencies below 17 Mc. In addition, ‘the standard transition
resonance has been observed at several highér fields up to 640 gauss,
as will be discussed later. |

. The long half life and consequent low counting rates make Au]‘()5
a difficult isotope to observe. When attempts were made to study it,
platinum targets were exposed to proton or deuteron beams for periods
of several hours. . The target was then set aside for several dags or even
weeks while the shorter activities decayed away. The platinum was then
dissolved and the gold separated chemically (Section III-D). After chemical
purification, .the gold was loaded into a tantalum oven.and a beam was
obtained. In Table XVI, are compared -the actual counting rates of

several different exposures at I = 1/2, 3/2, and 5/2.

Table XVI

Aurg_B- spin search

1=13/2 1=5/2 I1=1/2 1=1/2 1=3/2
Counting rate 3.0(1) 1.8(2) 1.1(3) 1.2(1) 3.0(2)

Both times the rate is seen to be higher for I = 3/2. Since the target
was allowed to wait for such a long time after the bombardment, any

competing activities were expected to be negligible. The spin.resonance

195

was thus presumed to be due to Au Confirmation of the assignment
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195

of I= 3/2 to Au has been obtaiﬁed.at frequen.cies‘of 5.0, 5.7, 6.3,
and 6.6 Mc. Because of the low specific activity, no resonance sweeps
of Au.195 have been observed. ' ,

The 5-mil iridium foil which was available for cyclotron bom- -
bardments to produce gold was broken into pieces Eefore irradiation.
After the bombardment, the gold-containing foil wa{s{_placed in a
tantalum oven and heated strongly to produce. a,beazrrvl'o_f. radioactive gold.
The dominant activities here were the shorter-lived ones: AulglA(3.0=hr),
Aul?2(4.8-hr), Aul93(17.5-hr), and Aul?%(39-hr). The fact that Au'?*
was produced from alpha bombardment of iridium prm}ided an inde-
pendent check of the spin {I = 1) obtained for that iéotope from proton
bombardment of platinum. .

Normal_ized counting ratés obtained for the first spin.search

using alpha-irradiated iridium are listed in Table XVIL,

Table XVII .

Ir (q,ﬁkn)Au spin search

‘I=0 I=1/2 1=1 1=3/2 1=2 I=5/2 "

Normalized 2,2(6) 2.4(4) 3'3.5(13) 29.7(13) 1.7(5) 1.9(6)
.counting rate

The only apparent resonances are at frequencies corresponding to I = 1
and I=3/2. The normalized compositions of these two spin resonances

as obtéined by OMNIBUS are compared in Table XVIII,

Table XVIII

Composition of Au spin-resonance exposures !

| at? AP AP a0t
I=1 o(L1)y 32(10) 1 3(2) 4.3(6)
I=3/2 16(6) 1{6) 16(2) 0.6(5)
half-beam  48(14) 119(13) 60(3) 25.2(9)
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It is apparent from Table XVIII that four spin resonances have been
observed: I = 3/2 for Aaut?t 1=1 for Aulgz, I=3/2 for Au’l‘93, and
I1=1 for Au194. This conclusion is affirmed by a comparison of the decay
~ curves for the three samples (Fig. 23). Each of the spin-resonance
exposures correspondingto I =1andI= 3/2 has a short-lived component,
with a half life of a few hours. The two decay curves then change slope
quite differently, with I =1 going into a 39-hr decay and I = 3/2 going
into'a 17-hr decay. High-{field resonances of all four of these isotopes
have been observed and will be described later.

. -The measurements described in the preceding paragraphs made
possible the assignments of nuclear-spin values to six isotopes of gold.

The results-are summarized in Table XIX.

Table XIX

Summary of spin data for gold

Isotope = Half life Nuclear spin Observation frequencies

(Mc)
191 | a, |
Au 3.0 hr 3/2 6.2, 6,3, 8.2, 8.9, 13.9
Aul?® 4.8 nr 1 3g 2, 8.4, 12.9
193 a
Au 17.5 hr 3/2 6.2, 6.3, 8.2, 8.9,13.9
194 |
Aur 39 hr 1 5.4, 6.9, 7.6, 8.1, 8.2, 8.4,
9.3, 10.9, 11.9, 14.4, 20.0
195 - '
Au 180 d 3/2 5.0, 5.7, 6.3, 6,6
196 :
Au 5.6d 2 P41, 4.5, 5.6, 5.8, 6.0, 9.9,

! 19.5 -

= : :
. 1.Fur’cher resonances (in high fields) are discussed in Section IV-C-2,
.below. |

b
~_Includes a resonance sweep at 19.5 Mec.
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Fig. 23. Identification of gold spin resonances by decay
analys1s The time scale has been shifted for the
spin-resonance samples in order to provide a clear
separation of the decay curves.
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The results of some of these spin measurements have been
published in Refs. 75 (Aul?t, Au!??, Au!?3) and 76 (Aul?%). The
measurement for Au194 was done simultaneously by the Berkeley and
the Princeton.atomic-beams groups and was reported jointly by the two

groups.

2. Hyperfine-Structure Separations of the Gold Isotopes

The hyperfine-structure separation Av has been measured for
- . 191 192 193 194
the four lightest isotopes of gold, Au , Au , Au and Au . All
four can be produced by alpha bombardment of iridium, and most of the
successful resonances have been obtained from gold isotopes produced

194

in this way. . Resonances of Au produced from platinum have also been
observed.

In the data for the gold isotopes, not all observed radioactive
resonances will be presented. Only a few will be used .to illustrate
particular points. A summary of all reliable resonances for each
isotbpe, together with the hfs Av calculated from thé resonance data,
‘will be included. as for AglOS. It is to be understood that each gold
. resonance has been,analyied in the same manner that was described in
Section IV-B-2. In.addition, a normalization of each of the resonances
has usually been necessary. The nuclear magnetic moments of these
four gold isotopes are so small that it has not been possible to establish
the signs of the moments. OMNIBUS calculations of Av+ and .Av_,
assuming positive or negative moment respectively, have not differed by
so much as the uncertainties in the calculations. As it was for Ag]‘o5
(Section IV-B-2), the quantity Avi is an average of Av+ and  Av_
from the OMNIBUS delta-nu calculation.

For Aulgz, “the first indication of the magnitude of Av was
obtained when.an .I = 1 spin resonance at 12 Mc \l;v(;zs observed. to be

composed of almost pure Au19‘4,. even though Au was present in the

beam. Further investigation revealed that even at this low field the

192

Au résonance was already shifted away from the Zeeman frequency
by almost 1 Mc. This is illustrated by the resonance sweep shown in
194

Fig. 24, Whereas the resonance of Au has no appreciable shift,
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_the Aul??

well resolved. The two resonances were identified by the difference

resonance.is shifted far enough that the two resonances are

in the observed decay of the radioactivity on the two exposures marked
A and B (see Fig. 25).. Subsequent resonances (Table XX) at

transition fields up to ~75 gauss indicated.that the Av for Au'192 N

as
only about 375 Mc, so that an attempt to see the direct transitions.at
low fields was feasible. A direct transition was observed at two values
of transition field. The resonances obtained are shown in Fig. 26.
Identification of the transition involved in the resonance is based

05) on the consistency of the hfs Av as calculated from the

(as for Ag1
resonance frequencies at the two separate fields. The observable direct
192 are shown in Fig. 27. Of the five possible transitions,
‘the doublet [(3/2, 172 )—3(172, - 1'/z§J + [(3/2, - 1/2)e—(1/2 1/2)]
(which would not be 'resolved- at theseﬂ iow.fields) has "che smalle;t )
field dependence. The hfs Av v'was calculated from each of the observed
resonances in Fig. 26, assuming in turn that the resonances were
caused by each of the focusing transitions shown in Fig. 27. The results,
listed in Table XXI, clearly show that the observed transition was in-

deed the unresolved doublet [(3/2, 1/2)<,_>(1/2,-1/22| + o0

E3/z, -1/2)<7_.__>(1/2,.1/2)].
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Table XX

192

Au Av summary

at??(3/2,-1/290(3/2,3/8]

: Calibration
Resonance Frequency ' Isotope Frequency rl'.‘ra.nsition AV:!:
(Mc) (Mc) field(gauss) (Mc)
0691 12.84(15) RbS. 9.20(5) 13.10(7)  520(180)
0781 18.92(20) RbST  13.23(5) 1 18.80(7)  480(80)
0821 30,25(15) RbS!  20.06(3) 28.41(4)  407(17)
0841 56.38(10)  RbS!  33.96(1) 47.83(1)  376(3)
1161 100.38(15) RbS!  54.07(2) 75.50(3)  375(2)
1162 100,31(20) RbET 54.05(3) 75.47(3)  376(3)
Weighted average Av, = 376(3)
aut?% [3/2,1/209(1/2, -1/2)+ (3/2, -1/2)65(1/2,1/2)
1191 374.94(5) RbE®  3.95(5) 8.41(11) 374.28(5)
RbST 5.90(3) 8.41(4)  374.28(5)
1192 375.15(5) RSP 4.40(5) 9.36(11) 374.33(5)
RbST 6.63(5) 9.45(7)  374.32(5)
Weighted average Av, = 374.30(5)
Weighted average of all measurements Aviz 374.30(5)
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Table XXI

' Au'1 9 2 .'a_s signment of the direct transition

Assumed transition | Av, from " Avg from
V1g2= 374.94(5)Mc V1g2= 375.15(5)Mc
=" 8.41(10)gauss 2f=  9.40(10)gauss

. \(MC:) (MC) _'
(3/2,1/2)—> (1/2,1/2) - 366.42(13) 365.58(13)
(3/2,-1/2y¢>(1/2,-1/2) 382.14(10) £383.08(9)
(3/2,3/2) <> (1/2, 1/2) 358.88(21) - 4 357.23(21)
(3/2,1/2) 6—>(1/2),-1/2)|" |

4+ - 374.28(5) . 374.,32(5)
(3/2,-1/2)¢=(1/2,1/2) '

As in the\case of Aglos,(Section,IV-B—Z.),,.the calculated values
of Av~ for" Au192

field at which the resonance data were taken. - The weighted average

show a systematic variation, which depends on the

of all Av values: calculated _frbm AF = 0.transitions is, however;. still
uncertain enough to include the value calculated from measurements of
the direct transition. Again, .the weighted average of all Av calculations
is the same as the weighted average of those calculated from the direct
transitions.alone. The high precision of these measurements . is sufficient
to provide a Av value within 0.1 Mc. = The best value for the hfs Av

of Au192 hés been found to be

2

4.8-hr Au'7%: Av, = 374.30(10) Mc .

92

Because of the very low Av of Au1 , its standard transition

resonance was shifted cénsideré;bly even at relatively low values of the

transition field.a.At only 12 Mc, the Au192 resonance was observed to
be shifted almost a full Mc away from the unshifted . Zeeman resonance
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- . 194 .

frequency for I = 1. On the other hand, the resonance of Au ’ , which

has the same spin, occurred at almost exactly the ‘Zeeman frequency at

such low fields. Because preliminary work77. had been done on the -
194

measurement of Ay for Au ', it was not necessary to make resonance

194
W

sweeps below 100 Mc. The first observed resonance of Au as

exposed at a transition field of 112 gauss, and the standard transition
‘resonance was followed out in field to 640 gauss. The results of the

194

measurements on Au are summarized in Table XXII.

Except for one (starred) determina.tidn, ‘the Av: values calculated

194

from the observed Au resonances.are in agreement with the weighted

average. In Run 162, as in several others, . the magnetic fields were
calibrated by using both Rb87 and Rb85,. Usualiy, ‘the intensity of the
transition field was consistent as calculated from independent resonances
of the two isotopes. Here, although both resonances were observed three
separate times, in each case the field intensity was different by about a
,gaués, depending on which isotope was used for the calibration. Evidently,
one of the calibration resonances was observed incorrectly. The in-
confsistency of the Av calculated from the Rb87 calibration for

Resonance 1621 . would indicate that it is this measurement which is in

error. However, neither calibration is a priori more suspect than

the other. If the inconsistent calculation is not included in the averaging,
then the second weighted average is obtained. It seems reasohable,
since the two weighted average values of Av are not far different, to
accept the second as the more probable value, 'but to increase the limits
of uncertainty to include the first weighted average. With these con-

siderations, the hfs Av can be given for Au194:

| 39-nr Au'?% Ay, = 3503(10) Mc .
Both Au'?! and Aul93 have 1= 3/2. At the low frequencies at
which spin resonances were observed, there seemed to be no difference

between the field behavior of the two isotopes. The half life of Aulc)3

is 17.5 hours, while that of Au191 is only 3.0 hours. Consequently,

94

. radioactive samples of Au193 (along with Au1 )} could be prepared

191

free of Au contamination by the simple precedure of waiting for
several hours before performingthe experiment. Ordinarily, the cyclotron
bombardment was performed at night and the radioactive beam was not

run until the next day.
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Table XXII

§ A\_x1 9% Av summary .

at? 372, _1/2)(3/2, _3/_2)]

Weighted average (omitting'J‘f)Ayiz

_ Calibration
. Resonance Frequency Isotope Frequency Transition .,Al_{_+
' - (Mc) ' (Mc) . field(gauss) gMc)7
1201 111.09(20)  RbS>  57.08(3) 111.94(5) 3510(110)
| Rb®7  81.17(1)  112.05(1) 3580(110)
1402 231.12(20)  RbS®  122.64(4)  219.97(6) 3500(30)
S ~ Rb®T 164.85(5) . 220.02(6) 3510(30)
1621 657.15(30)  RBS®  391.92(5) . 533.95(5) . 3499(6)
- | O RrpST 442.89(5) 535.01(5) 3533(7)"
197-8  827.48(30)  RbOC  516.36(5)  640.26(4).  3502(5)
rRb27  548.14(5) 640.35(5) 3505(5) -
) Weighted average Av, == 3508(10)
A 3503(5)
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The results of thirteen resonance measurements of the hfs Av
of Au193 are listed in Table XXIII. Resonances were observed in
transition fields as high as 640 gauss. The last three calculations were
made from resonances obtained in connection with simultaneous measure-
ments.on Au 191 described below. The unexplained systematic decrease
in Av calculated from measurements on the standard transition resonance

1'93. The best value for Av of Au.193

is observed again for Au is therefore

17.5-hr Au'??: A, = 5890(20) Mc

After this value of Av was obtained for Au193, a tentative value

191 197

was assigned to Au on the basis of a comparison of the Av of Au

with that of'Au193.
but the first separation of resonances of Au

accomplished'at 272.9 gauss. At this field, the two resonances actually

It was not found necessary to go to very low fields,

191 from those of Au193 was

~overlapped, but the OMNIBUS decay-fit progi'am clearly separated a

resonance for each isotope (Fig. 11). Further measurements on the
standard transition at h1gher ‘transition fields gave the other results
listed in Table XXIV. These high- f1e1d measurements are consistent

with a weighted average value of Av for Au 191 f -

3.0-hr aul?l Ay - 5780(20) Me .

A summary of all Av values measured for these four neutron-

deficient gold isotopes is g1ven in Table XXV.
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Table XXIII

Aul 93 Av Summary

Aul?? L(z, S (2, -2 )]

_ Calibration
- Resonance Frequency Isotope Frequency  Transition . - .Avi
(Mc) " {Mc) field(gauss) (Mc)
0692 13.93(10) RbS’ 14.00(2)  19.89(3)
0693 34.37(15) RbS/ 34,31(1) 48.31(1) ©  7000(3000)
0694 60.07(10) RbBS’  59.85(2) 83.37(3)  6500(400)
0822 105.70(20) RbS! 104.90(8) 143.41(10) * 6100(260)
0842 172.10(20) ,Rb87 - 169.98(2) 226.41(2)  5980(90)
1511 208.10(40) RbS’ 204.81(2)  269.16(2) 5880(120)
1512 7207.93(20) RbS! - 204.77(2)  269.11(2) 5920(60)
1601 451.6(5) RBST 437.33(10) 529.26(10) 5800(30)
1911 446.44(20) RbS’ ' 433,90(3) 525.70(5)° 5901(14)
1961 562.95(20) RbS® 511.44(5) 636.34(4)  5894(9)
 RmRB®T 543.84(5) 636.16(5)  5886(9)
2241 203.59(20) RbS' 200.46(3) 263.88(4)  5890(60)
2281 211.43(10) ‘RbS’ 207.90(5)  272.90(6) 5840(30)
2311 569.5(5) - RbE?  549.98(3) 642:13(1) 5880(20)

Weight,ed‘averag_e Av,= 5888(10)
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T_able XXIV

Aul Ay summary

Au191[(2,-1)<r—9(2,-2ﬂ

Calibration
. Resonance Frequency' Isotope  Frequency Transition Avi
(Mc) , (Mc) field(gauss) (Mc)
2281 2.1‘.1.8.2.('1‘01) _Rb87 207.90(5) 272.90(6) - 5738(30)
2311 571.44(20) | _ Rb87 ~.549.29(3) . 641.46(3) 5770(9)
2421 571..96(10) ‘ Rb87 549.94(5) 642.09(5) 5777(5)
2422 571.88(15) Rb87 550.00(5) 542.15(5)  5784(7)
Weighted average Av = 5777(10)

Table XXV

Hyperfine-structure separations of some

gold isotopes

Isotope

191
192
193
194

Half life Spin
(hr)

3.0 - 3/2
4.8 1
17.5 ‘ 3/2
39 1

Av

+

weighted average

(Mc)

5780(20)
374.30(10)
5890(20)
3503(10)
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3. Calculated Magnetic Moments for Gold

Unfortunately, the magnet1c moment of stable Au" 9 ' has not been

measured d1rect1y Consequently, there is no solid foundation from
.which the magnet1c moments of these four isotopes of gold can be
calculated. As an alternate procedure, the magnetic moment of Au197
has been calculated from its measured hfs Av. ' The result of ,thie
calculation has then been used as a basis for the evaluation of the
magnetic moments.of the other gold isotopes. The sample calculation

105

.carried out for Ag indicated that an accuracy of about 10% may

'~ reasonably be expected from such calculations.

The hfs Av and electronic g factor have been measured by
Wessel and Lew, 32 -who obtained Av197 = 6107.1(10)Mc,
' '.(g‘].)A =« 2, 00412(12) Bohr magnetons. For neutral atoms. of gold,
=79, ZO = 1.

The term values of the valence electron in gold have been
stud1ed by Platt and Sawyer, 8 using standard methods of optical
spectroscopy. For the effective quantum number of the 6s electron

,in’_gold, they obtain n, = 1.215. The derivative _cal% was again.re-
placed by —%’— with differences between the ground state 6s and the
7s levels.  When the 6s term value of Platt and Sawyer, is 1ntroduced

into Eq. (31), the Fermi-Segré factor is obtained:

do

(1- 5=)
Hﬁ.Au

= 1,424,

This is in.agreement with Kelly. ?9 Howevef, von_Siemens89 has pointed
out that if o is expressed as a quadratic function of T I:-Eq. (29_)] s

then the calculated value of (l- g%) is increased by about 4 %. Evaluation
of the constants A, B, and C in Eq. (29) from the term values and effective
quantum numbers measured by Platt and Sawyer for the .6s, 7s, and 8s
energy levels leads--through the use of Eq.. (3 2.)--to/ a value for

(1- g—g ) of 1.482. In order to maintain the calculation parallel to that

105, the value of the Fer'mi-Segre factor will be

carried out for Ag
taken to be that obtained by assuming no perturbation'18 between the
energy levels, .i.e., (lv-%‘—g— ) =1.424. The added uncertainty from this

factor must be considered in the final figures, however,
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The relativistic correction of Racah [Eq. (33aﬂv is straightforward:

1 N S
F. (5, 79)= 2.1976.
The Breit-Rosenthal correction is made, assuming a uniform
distribution. of nuclear charge, '

S} =10.4% ,

Au
(1—66)Au = 0.896 ,
which is in approximate agreement with Kelly. 79
. For the purpose of evaluating the Bohr-Weisskopf correction,

the nuclear spin (I = 3/2) and ma gnetic moment are assumed to be due
to a single proton in a d3/2 orbit. The sign of the moment is assu;r;ed
to be positive, as has been concluded from spectroscopic.evidence. -
With the use of the graphs and tables of Ref, 27, a value of ¢ con-
sistent with the calculated moment is obtained:

€

= 14.8% ,
Aut?? '

(1+¢) =1.148 .
Agl97

When all the above factors are combined according to Eq. (44),

197

the nuclear magnetic moment of Au is calculated to be

}ng? =+ 0.127 nm.

This number may be expected to be at least 10% uncertain, according to
the results of the similar calculation for Aglo5 (Section IV-B-3), In
addition, there is another uncertainty in the calculation of the Fei‘mi-Segré
factor. If the value calculated by von Siemen580 is used instead of that

of Kelly79

a basis for calculation of the magnetic moments -of the gold isotopes,

then the calculated nuclear moment is about 4% lower. As

an average has been taken of these two values, i.e.,



~L22

kg7 = * 0.125(15) nm.

In Table XXVI are summarized the nuclear magnetic moments

_of the four gold isotopes calculated from this basis by the Fermi-Segre"

formula.
Table XXVI
Nuclear moments of s.orné gold isotopes
o : : a
Isotope 2 Spinzy his Av l pd’ )
| | (Me) (am)
191 | 3/2 ' _ 5780(20) 0.118(15)
192 ' 1 ~ 357.30(10) 1 0.0068(10)
193 3/2 5890(20) 10.121(15)
194 | 1 o 3503(10) 1 0.064(10).

a
Calculated from the Fermi-Segre formula on the basis of a-moment

+0.125(15) nm for Au ',
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V. DISCUSSION

A. Silver Results

Since the atomic number of silver (Z = 47) is s_§ near the closed
shell at Z = 50, .the shell model22 is expected_to provide a good approxi-
mation to the nuclear configurations for the odd- A isotopes. In fact,
the ground-state nuclear spins of all the silver ivsotopes diecussed here
can be justified (though not necessarily predicted) by the shell model.
Table XXVII_'lists.t'he probable single-particle orbits for both neutrons
and p'rotons.of the silver isotopes. In the body of the table, these single-
particle states have been combined by Nordheim's ru1e58 to give a

list of the possible integral spins for the even-even isotopes of silver.

Table XXVII

Single-particle orbits for silver

neutron : 2d5/2. ' lg_//2
.proton

i :
lg9/2_ 3,4,5,6,7 : 1

The underscore indicates an integral spin that is prediéted by
.Nordheim's ''strong rule, " while all other integral spins are obtained

from application of .theA"wea_k rule. "
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The observed spin .7/2 for ,Aglo3 is to be contrasted with the
value .1/2,, ‘measured for the other odd-A isotopes of silver. It is
easier to justify 1=1/2.0n the basis of the shell model. . There is a
' pl/2 proton level, f1rst appearlng at. Z = 39, which m1ght be expected
to contam an odd proton if the pa1r1ng energy of the competing g9/2

.level were suff1c1ent1y high. From a first look at the levels, however,
.the. only other possible spin should be 9/2 The nearest level w1th
.spin 7/2 .is above the magic number 50, and. would be. expected to have
" an energy considerably hlgher8 than the g9/2 level. The fact that
Athe sp1n I=7/2has been tentatively a551gned to several states of
. 1sotopes with 0dd .Z between 43 and 47 indicates that the sspm-?/z
‘state has.a low energy. It, has been suggested8 that seven g9/2
.protons ‘may couple to.a total sp1n of 7/2, and this is the conf1g;1(;°;t10n

that must be assumed. here The first excited states in both Ag

and Ag 09 ~have been. observed to have I = 7/2, and are presumed to

" .have the same c;on_fl'guratlon.,

Configurations of the even-A isotopes.of silver can be assigned

uniquely v1f.theh'_'group___appr:oach_”_,of Way et al. _8_3 is adopted It 1s this
| approach.th’at has led to the construction of Table XXVII. The ground—
-State spins-are expected to be the states. of lowest energy among those
formed from the competing neutron and proton orbits. Although there
is no apriori evidence for makin.gorbit assignments,‘ the measurements
of the nuclear spins provide unique as signments if the group approach
" is valid. ‘ | "

The high-spin _low—spin isomerism observed in.the silver isotopes

is not unexpected .befor.evthe closed shell at 50 protons. The results
for Aglo6 have been anticipated by Bendel et :al, ) 34,41 who, from
decay—scheme systematics, assigned a spin of 1 to the 24-min isomer
and a spin 24 to the 8.3-day isomer. The short-lived isomer of Ag104
has been studied. by Johnson, 36 who correctly predicted the spin.of 2.

The 1.2-hr isomer of Ag Lo has not been prev1ously studied in a

manner that would dlstmgulsh it from l1.1-hr Ag103, The work reported
here confirms the existence .of two light isotopes of silver, each with

half life of about 1 hour.

>
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The magnetic moment calculated from present measurements
for Ag105 is in good agreement with those measured for the other
silver isotopes. However, all these are in only approximate
agreement.with the moment expected from the simple shell model,
for. which the Schmidt.limits_4 is p = - 0.265 nm. The deviation from

the Schmidt limit is customarily attributed to ''quenching' of the meson

fields around the free particle when it is placed in a nucleus. A second

.correction to the Schmidt-limit magnetic moment may be expected to

. . . R . 85, 86 .
arise from configuration-mixing interactions. ~’ Arima and

.. 85 , . .
Horie = have calculated a first-order correction to the magnetic

‘moments obtained from the simple model. These first-order inter-

actions. vanish for a pl/2 particle, however. More recently,

_Sano87 has used a higher-order mixing to explain the observed tran-

sition rates between the pl/Z and (gg/z)fl_ .. levels in the neighbor-

hood of silver. Such a configuration _inter”gééon has not yet been applied

to a calculation of ma gnetic moments.

B. Gold Results

1

The result33 I =3/2 for all measured.odd-A isotopes of gold

requires that the 79th proton be. assigned to the ‘d3/2 shell. .The

Schmidt limit for a d3/2 proton predicts that the magnetic moments,

then, should be +0.126 nm. Except for the fact that the measured

moment decreases with the mass of the isotope (and hence all d3/2

protons . do not have the same magnetic moment), the.results may be

said to agree.very well with the expected. shell-model value. The

-uncertainties that must be attached to the values obtained here,

although not affecting the agreement, must raise some question .about
a possible fortuity of the a_gréement. .

A c105up1ing,of.the d3/2 proton to a Pl-/Z n,eut_ron,has_been
postulated™~ to explain the observed spin (I = 2) and magnetic moment
of Au198. The same coupling could be expected to cau'se\ the observed
I=20f Au196., However, I =1 for Au192 a,nd,Au194

suggests the
necessity for some unusual coupling to explain the spins and ma gnetic
moments of these iosotopes. The competing proton .and neutron levels

are listed in Table XXVIII, together with the possible nuclear spins,
assuming strict adherence to Nordheim!'s rules. -
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_Table XXVIII' .

Shell-model levels for gold

neutron — ' 'pl/Z‘ ‘ ¢

s/ . 113/
.pro’toﬁ
°1/2 o 2 ’
by1/2 | R A T Y2

_ Gallagher and Mos.kowski88 have recently suggested an
‘adaptation .of Nordheim's rules to explain the ground-state spins of a
wide variety-of even-even isotopes. The nules. are applied to the

component of I along the nuclear symmetry axis and are able to

provide justification for I= 1, observed for Au'’% and.Au'?%,

A collective-model calculation of the magnetic moments of

~odd-odd isotopes has been.applied to Aul?t by Hooke. 89

.His calculations
provide small moments, p ~0,, but the uncertainties in the calculation

preclude any concrete comparison with experiment.
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APPENDIX

The physical constants used for the calculation of the magnetic

.-moments of Ag,1'05 and Au197

afrom their measured hyperfine-structure
separationshave been taken from E. R, Cohen, K. M. Crowe, and
J. W. M. DuMond, The Fundamental Constants of Physics

(Interscience Publishers, New York, 1957):

9

ap = 5,29172(2)X 10" “cm

Mp/r_ne ='1836.12(2)
-3

a = 7.29729(3) X 10

h - 6.62517(23)X 10”27 erg-sec
-20 |

Mo = 0.92731(2) X10 erg/gau.ss

ppy = o (M,/m )=0.505038(18) x107%> erg/gauss.

In order to calibrate the transition field of the apparatus,
the constants.of R’ti85 and .Rb87 have been taken from N. F. Ramsey,
Molecular Beams (Oxford University Press, Oxford , 1956):

RbSS. I

5/2: Av = 3035.730(5) Mc: m, = + 1,34818(11) nm .
I

Rb%7: 1=3/2: Av= 6834.681(10) Mc: ‘u = + 2.74138(4) nm

-.2,00238(4) Bohr magnetons.

1

gJ'<Rb)
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