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ABSTRACT

58 aligned in

The Y—rays emitted from traces of Co
single crystals of (xNi, (1l-x)Zn, 0058)SiF6-6H20 have been
studied with various nickel fracticns (x) between O and
0.1%,

These experiments were designed to determine the
fraction of Fermi decays (A) in the 00%8 Budecay. Results
using a 0% nickel crystal indicate a small dealignment of

11 second intermediate state which Just precedes

the 10~
the emission of the 810 kev ¥=ray. In addition, the nuclear
alignment is found to be strongly influenced by the presence
of paramagnetic nickel ions in the nickel bearing crystals.
Because of the dealignment in the intermediste state, it is

not possible to assign a definite value for A , However,

indicstions are thsat X is near to zero,
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INTRODUCT ION

In 1926 Debye (Ref. 1) and Glauque (Ref, 2) independently
proposed a method of obtaining temperatures less than 1°x,
This was by the adiabatic demagnetizatlon of a paramagnetic
crystale The first experimental results were obtalned in
1933 and 1934 by DeHaas and Wiersma (Ref, 3) in Leiden, by
Giauque and McDougall (Ref, 4) in Berkeley, and by Kurti
and Simon (Ref., 5) in Oxford,

With as low as 0,001°%K available it was now possible
to polarize nuclel by means of thelr very small interaction
with a magnetic or electric envirorment. The following
methods of stationary alignment were proposed:

1. Polarization of nuclel on external magnetie

field (Ref, 6 and 7).

2, Polarization of paramagnetic electrons by an
external magnetic field, The electrons in turn
polarizing the nuclel bj hyperfine interactlons
(Ref. 8 and 9).

3, Alignment of paramagnetic electrons by a
crystalline fleld, followed by nuclear alignment
by hfs (Ref. 10).

4, Alignment of paramagnetic electrons by an anti=-
ferromagnetic or ferromagnetic interaction.

Nuclear alignment by hfs (Ref., 11,12,13,14).
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5, Alignment by the interactions of the nuclear
electric quadrupole with a local field gradient
produced by asymmetrical electron clouds (Ref.15).

More recently non=stationary methods have been proposed
to achieve nuclear alignment. Some form of "pumping"
mechanism such as a magnetic field, light, rf, etc., puts
the nuclei in a non~equilibrium distribution. These methods
generally rely on hfs, however the alignment is maintained
only for times the order of spin-spin and/or spin~lattice
relaxation times, While these non=-stationary methods shed
light on some very interesting solid state problems, they
are not very precise as a nuclear tool because the alignment
cannot be predicted by thermodynamics=--g dynamic non-
equilibrium situation is involved. A brief review of the
theoretical and experimental work in all these alignment
areas appears in Gorter's "Progress in Low Temperature
Physics" (Ref. 16),

By studying the angular distribution of particles emitted
by aligned radioactive nuclel we can obtain nuclesar infore
metion. Many such studies had been completed at the time the
experiments to be described were initiated. In particular,
Griffing and Wheatley (Ref. 17) had aligned Co°C in (0.23 Cu,
0,77 Zn)Ké(SO4)é-6H20. They obteined a measurement of nuclesr
parameter ™) " which measures the fraction of Fermi #-decays
in the 470 kev position emission of 0058. They measured the

angular distribution of the 810 kev J=ray following this
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p=decay (Fig. 1) Their value of 0,11 % 0,04 for A was in
conflict with the value of A <0.012 obtained by Boehm and
Wapstra (Ref., 19) by applying the theory of f-decay (Ref,
20) to thelr f=3 circular polarization measurements,

58

In an effort to resolve this discrepancy Co was aligned

in Cey(Co®8, Mig) (WO *24H.0 (Appendix XII)., However,

3)12
result s of these experiments were inconclusive because of

the presence of tﬁo non-equivalent cobslt lattice sites in
the crystal~~the relative populations of the two sites being
unknown (Ref, 21),

For this reason, investigations were carried out using
the much more favorable salt, (Ni, Zn)SiF6'6H20. The equivaw
lent spin Hamiltonien describing the energy levels and
eigenstates for traces of 0059 in ZnSiF6°6H20 is well known
from paramagnetic resonance work., There is only one lattice
site (exclusive of defect sites which are quite rare) (Ref,
22), and we might hope to get a very accurate measurement of
Ao

However, there are twq poorly understood effects which
make interpretation of the experiments difficult. The first |
is the influence of interactions between paramagnetic ions
on the alignment of 6058. The second is the reorientation
of the nucleus during the time between the p-decay (more

precisely the K~-electron capture) and the V¥~ray emission,

Experiments have determined the effect of lonic interactionsj
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however no experiments have solved the problem of nuclear
reorientation. Experiments are suggested which may shed

some light on this subjects
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Te APPARATUS

I.1l CRYOGENIC APPARATUS

a) Description

The radloactive NiSiF6~6H20 source crystal is grown by
the method described in Appendix I, The crystal is glued and
tied with thread onto the pedestal (Fig. 2). The correct
design and assembly of this pedestal 1s essentlal to the
optimum'cryogenic‘performance of the entire system, After
the demagnetization this glass support should insulate the
crystal from the 1°K helium bath. At the same tiﬁé it must
be strong enough so that in moving the Dewar system from the
magnet to the counting position the crystal does not bang
against the side of the sample chamber,

Some potassium chrome alum Cr2(804)3K2804'24H20 guard
crystals are tled and glued onto the pedestal in seversl
places, After demagnetization these crystals which are at
0.005°K should pull the temperature of the pedestal at the
point of attachment down to the order of 0.1°K. Glass this
cold is a very good insulator, thus the heat flux into the
source crystal 1s greatly decreased, How cold the pedestal
becomes, however, depends on the manner in which these
crystals are attacheds Glue probably Increases the thermal
contact. However, the crystals are shaped and pulled tight
with string in such a way as to provide the'greatest possible

area of direct contact. In some cases guard crystals are
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placed on top of the source crystal. These serve to absorb
possible thermal radiation from above, They also act as a
getter for any helium gas which may be in the sample chamber
before demagnetization,

The’bottom section of the sample chamber is glued to the
top section of the sample chamber with Epibond 101 epoxy
resin. This joint has proven leak proof about 95% of the
time when the ground glass surfaces of the butt jolnt were
in anything but the worst condition. However, it is found
that the temperature changes cause the Epibond to tear chips
out of the Pyrex and after about ten to twenty gluings the
ground glass may develop a pit extending from the outside to
the inside, At thils state the seal will fail occasilonally.

Bven a good seal is prone to fall if it is maintalned
at room temperature for as long as four days., Thils is because
the epoxy hardens and is unable to take the thermal shock of
cooling.

The Epibond joint i1s made by applying a thin, continuous
ring of the epoxy to the carefully cleaned lower ground glass
surface, Care 1s taken to avoid btrapping air bubbles. This
is then butted sgalnst the clean upper ground glass surface
and a partial vacuum (P> 5 cm Hg) is pumped on the chamber,
The hose to the pump is then closed off, After about 2 hours
a bead of Epilbond is run around the outside‘of the joint to

seal possible leaks,



In the assembly care is taken so that particular crystal
faces lie normal to the axis of the sample chamber, Other
erystal faces are aligned in a known direction with respect
to the sample chamber assembly for use later on in sebtting up
the counters,

After the epoxy has cured at room temperature for about
12 hours the sample chamber is painted black with colloidal
graphite, All of the glass work is checked to make sure that
it is light tight, After attaching glass wool about one foot
from the top of the pump-out tube” the assembly is placed in
the Dewars and a black wax seal 1s made between the pump=outb
tube and the manifold on the boom, The boom swlngs between
the counters and the magnet,

The Bitter type A. D. Little To. 1lron magnet supplies a
field of 21,8 kilogauss with 5-1/2" pole faces 2~5/16" apart.,
The current requirement for this field is 220 amps (at about
120 volts). At this point the magnet is almost saturated,
Increasing the current by a factor of YZ2' would increase the
field by 1000 gauss. The uniformity of the field is very
good, It changes by 1.5% at 3 cm from the center, 5% at 5

cm, and 10,3% at 6 cme "

“The glass wool is to damp out the strange sonic
vibrations which transfer energy from the warm cap to the
helium liquid.,

*#*The maintenance of the magnet is simple but cannot be
neglected, The cooling fluld level 1s kept halfway up the
site glass, Tetraphenyltin is added with new fluid to prevent
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The helium Dewar is connected by means of a large
dismeter pumping line to a Consolidated Vacuum KB 150=04
Booster Pump. Thisroil diffusion pump operates at 294°¢,

The line from this diffusion pump goes to a Kinney mechanical
pump.

Tn addition to its being connected to the sample chamber,
the manifold is also connected via stopcocks to an oil dif=-
fusion pump locaﬁéd on the booﬁ, the helium Dewar, the vacuum
space of the helium Dewar, pressure gauges, and an unconnected
tygon tube, These multiple connections permlt accurate gas
handling both during the setting up of the experiment and

during the experiment itself,

b) Operation of the cryogenic egquipment

The system is cooled gradually over a period of € %o 8
hours to liquid nitrogen temperature (77°K) in order to
minimize thermal shock, When it is certain that the system
is at nitrogen temperature a vacuum is pumped on the sample
chamber., (Prolonged pumplng on a warm sample chamber will
dehydrate the crystal.,) Only then is the main helium Dewar

pumped on-~this avoids the danger of a pressure differential

decomposition of the trichlorobenzene cooling fluld. The
silica gel desiccant in the expansion tank should be changed
occasionally. If the leakage resistance to ground across
all the colls in the magnet is not better than 100K measured
with an ohm meter, it may indicate deterioration of the
coolante,



pulling the bottom off the sample chamber, After filling
the main Dewar witﬁ helium gas and evacuating the transfer
space between the hellum and the nitrogen Dewars, liguid
helium is transferred into the main helium Dewar. After the
helium is pumped down to as low a temperature as it will
reach ( 0.95°K) and 5 to 50 microns of hellum gas have been
put in the sample chamber, the Dewars are put in the magnet
and the‘magnét turned OnNe

The heat given off by the sample and guard crystals in
this isothermal magnetization is transferred through the
helium gas to the helium bath; about twelve minutes 1s al-
lowed for this, The helium gas is then pumped out of the
sample chamber removing the thermal linkage, The chamber is
pumped down to about 1075 mm with a pump=out time of 5 to 40
minutes,

Now the crystals can be adiabatically demagnetized-=the
magnetic fleld has already split the almost degenerate,
paramagnetic energy levels by 1 or 2 k and the ratio of the
population of the higher energy level to the population of
the lower energy level is el or &% (Maxwell~Boltzman Law),.
Clearly some of the randomness of the system has been removed,
Since the entropy of a system is solely a measure of its
randomness, the entropy has also decreased,

As the magnetic field is removed the splitting of the

energy levels of the paramasgnetic ions becomes smaller and
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smaller. However, the ratio of the populations must remain
the seme as long as the ions can be considered as being
independent because the randomness (entropy) would change 1f
the independent ionic level populations were to change.
Since the demagnetization is being done slowly (2 sec) on a
thermally isolated salt the entropy cannot change.

As the splitting which is proportional to the magnetic
field decreases, the temperature must alsc decrease to
maintain the same population distribution,.

Tt may at first seem that the sample will cool to abso=
lute zero when the field has been removed, Of course nature
finds s way to prevent this. The unavoidable mechanism of
inter-ionic coupling becomes importent at low filelds and the
ions can no longer be treated as independent. The couplings
split the approaching degeneracy and the salt stops cooling,
The final temperature in zero field is the order of the ionic
interactions, Appendix II gives quantitative dats on the
thermodynamics of demagnetization,

If the nuclear spin of the coolant ion is not zero some
of the orderliness of the electron spin system will have to
be sacrificed to order the nuclei, Thus the hyperfine inter-
sction also limits the temperature achieved In zero fieldss

When the field has been removed, the boom is carefully
moved into the counting position where the desired number of

cold ¥~ray counts are taken, Then about 20 microns of hellum
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ges is introduced into the sample chamber, This establishes
thermal contact with the bath and brings the sample quickly
to 1°k, In these experiments alignment at 1°K is negligible,
and warm counting rates are then taken. The Dewar is moved

back into the magnet, and the next run is started.

I,2 COUNTERS AND ELECTRONICS

a) Description

When the Dewar is in counting position the sample is
surrounded by four NaI(T!) scintillation counters. These are
arrenged either all in a horizontal plane or with the two |
45° counters in the plane determined by the vertical and the
axis of alignment of the source. In either case, the biggest
crystél (2" x 1~3/4"™ D) is in the 0° position measured with
respect to the axis of nuclear alignment., The second largest
(1" x 1-1/2" D) is in the 90° position, and the small ones
(1" x 1" D) are at 45°,

A 3=ray absorbed in the NaI(T1l) causes a pulse of light
proportional to the energy absorbed to be given off and to
enter the photomultiplier tube. This causes & current pulse
to arrive at the output of the light sensitive tube, This
pulse, after cathode follower preamplification, is sent
through twenty foot RG 114 cables to the counting room up=
steirs, Here the signal sppears on the matched input of a

linear amplifiers
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In the case of the 0° and 90° counters the pulse is taken
from the outputb of‘the linear amplifier and fed into a pulse
height anslyzer (Detectolab DZ15). For each pulse into the
analyzer which falls within a given preset voltage interval
a pulse appears on the output and triggers a scaler,

In the case of the 45° counters the pulses are taken
from the pulse height selector output of the linear amplifier
and fed directly to the scalere Any linear amplifier input
pulse above a certain preset level will trigger the scalere.
The scaler is left on for the desired length of time, and the

accumulated counts are recorded,

b) Stability of the electronics

In the coldest 15 minutes of the average run the order
of 300,000 counts will be recelved using a 15 pcurie source.

The counting statistics on this many counts will be

| 300,000 0.2%, Thus, it is clear that the electronics

must be very steble in order to have these stetistical errors
meaningful. Once the pulse height analyzers are set so that
the counter is looking at the 810 kev line, the gain of the
system must not change by more than 1%. (This prohibits
1 volt fluctuations in the high voltage supply.) The channel
width in the pulse height analyzer must be stable to 045%,
and the base line to 1%,

These requirements are met, and fluctuations of 0.5% in

counting rate are seldom observed. This is evidenced by the
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consistency from run to run in the measured M (Appendix VIII).
In order to obtain this stability it was found necessary
to keep the electronics at a very constant temperature during
a run. Hence, they were allowed to warm up for at least 24
hours, and there was no opening of doors and windows while
experiments were under way. The ac line voltage was found to
vary by as much as 8 volts during the dsy, For this reason
runs were made oniy at night, and ac line regulators were

used on sll the sensitive equipment,
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II THEORY FOR THE IDEAL CASE

II,1 THE NUCLEAR PROBLEM

If radioactive nuclei are oriented randomly in space
then, of course, all radiation from these nuclel will be
isotropic in space, However, if the nuclel are not oriented
at random, then, in general, the expression for the angular

distribution of radiastions must be written as follows:

n
w(e =1 - 2 Y. o™ P™(cose) cosm - (1
(0,9) 2. 2. op P(cose) (-5, ) (1)
6 1is the polar angle measured with respect %o
a directlion in space
¢ 1s the azimuthal angle about this direction

Pﬁ(cose) are the Legendre polynomials

Cﬁ are constants dependent on the choice of
coordinates, alignment mechanism, tempersture,

and the mode of nuclear decay.

This expression is normalized to unit intensity in all

directions for the unsligned nuclei. Note that since

jP‘z(cose) afl =0 for n>o (2)
sphere
W(Q:QI{) dﬂ = 47T : (3)
sphere

dJl is an increment of solid angle
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If there is axlal symmetry about the polar axis, clearly

equation 1 becomesé

W(e,f) = W(e) =1 « ;‘Ei ¢, P (cosé) (4)

In almost sll cases of interest, axial symmetry can be
assumed, Therefore, unless otherwise noted, expression 4
will be used.

How do the Cﬁ‘s depend on the mode of decay and the
alignment parameters in the particular case of a d=ray emitted
after a B-decay (Fig. 3a)? Cox, Tolhoek, etc., (Ref, 23,24,
25,26) are the basic references for nuclear aspects‘of this
problem. While they treat the axially symmetric nuclear
problem in great generality, they only calculate the alignment
parameters in the very simplest case. Their conclusions will
be given here, In the next subsections the calculation of the
alignment parameters will be considered in some detaill,

First, let us assume that we know the alignment proper-
ties of level (i) immediately preceding the ¥~-decay of
interest. In particular, examine the case where the magnetic
quantum number (Iz) is a good quantum number. In addition
let us assume that we know the relative populations (aIi) of

i

the 2IF + 1 levels. (Note that the z~axis is the axis z

symmetry, and hence the axls of @ = 0.) We thus have o1t
independent numbers aIi if we add the condition that (Ref,

23) s z
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= a, =1 (5)

As a result of the calculations of Tolhoek and Cox
(Ref. 23) the a_; will always sppear 1n combinations of the

I
s k
form 2%(1:) aIi Z(often called moments), We therefore define
I

b3 z
independent combinations of this form which are equivalent to

the set of BIi independent numbers aIi
z

K
1 19
£, -.;Z%cxk’g {?%(IZ) aIi] k>1 (6)

The «, , are chosen so that if the aIi's are all equal
2

s

£f7 =0, In addition reference 23 sho%s that

k

£ =0 if k> 2T +1 (7)

We now, for convenlence, shall describe the allgnment
in terms of the f;'s instead of the a_4's. As a matter of
fact, fz and fi are written as follows”(Ref. 23):

.—-)2_,,‘2 1
e = (1l [ (I;) a ,=%F Ii(Ii+-1ﬂ (8a)

. ] |
£, = (11 4{52(11 4aIi- %[6(11)2+611~é]§;(1§)2a .

Z Z P4 I
Z (eb)

+ %(Ii)(xf’-..l)(xiarl)(Ii+2)}



We now write down the equation for W(8) in the case of
dipole radiation {the Y-ray carries away 1 unit of angular

momentum) and quadrupole (the Y~ray carries away 2 units)

(Ref, 23)s

Dipole:
for Ie = I, = 1 We) =1+ S Wt fi P (cos®) (92)
f i 2 o Yo "o e
I =1 W) =1~ 2K £X P (coso) (9b)
e =1 i =1- 5K, P lcos
I =T.+1 We) =1+ 2w ¢l p (cose) (9¢)
i i 272 "o g
Quadrupole:w
- 15 .1 .1
£ = T, ' = ] . =2 P ¢
for If N 2 W({e) 1 = N2 i Pz(coge) (108)
) 1.4
5 N4 f4 Pé(cos@)
- , ; - 15 1 1
Ip =13+ 2 W(e) =1~ 51 £y Py{cosd) (10p)

w 5 Mt p Pd(cosg)

“We have not covered all possible cases of quadrupole
emission, However, if |Ie=I;| <1l the ¥-ray will either be
dipole or a mixture of guadrupole and dipole radiation. The
mixed transitions sre covered by Tolhoek (Ref, 26),
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where
=§. . 2 1
Pg(cosg) = (cos & w 3) (11a)
4(cos@) 8 (cos™8 7 cos”e + 5= (11b)
k
N; = bk(Ii) (exiai) ) /(21h) ) (122a)
k
Mi = bk(Ii) (21t+1)) /(21teue1)! (12b)
1 |
K, Ii/Ii+1 (12¢)
and where
i
bk = 2 if k is even (124)

However, we still do not have the problem solved, because
we must relate the alignment parameters for the intermediate
state (1) to those of the initial state (o). Suppose that the
radiation occurring between states o and i carries off L units

of angular momentum. Then (Ref, 24):

- 1.1 _ 0 .0 :
for Ii = IonL Nk fk - Nk fk (13a)
- i .1 _ 0 .0

Ii = IO+L Mk fk = Mk fk (13b)
1T k(k#l)
i k{k+l

£ =] = 13
k [ 2I°(I°+1)] k (13e)

-
i
=t



w2 P

Thus, using equations 9, 10, 12, and 13 we can calculate
wW(e) in terms of fg and fz in a wide number of cases=~gven
for Xz in figure 3b, Of course, sometimes the cascades will
not satisfy the conditions on equations 9, 10, and 12; however
the more general tsbulations referred to in (Refs 24,25) will
handle these cases,
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In the case of the principal 810 kev line in Co w(e)

is (Appendix III):
4.5 o 80(q_ 5yy¢0
W(e) = 1-z(1+\)f, Pg(cosg)* 51 AL, P4(c089) (14)

where A is the fraction of the P=decays or K~captures which

go by Ferml decay.

I1.2 THE SPIN HAMILTONIAN

We can now predict W(e) for a glven A if we can determine
the alignment parameters fg and fZ’ We must examine the
forces which act on the nucleus, Consider the various terms
in the Hamiltonian describing an isolated paramagnetic ilon
in a crystal (Ref, 27). In order of decreasing magnitude
(for the iron group elements) they are:

1. The coulomb interaction of the electrons with the

fixed nucleus and with each other.

2, The term describing the effect of the crystal
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4,

Se

8o

7o

- B

electric fleld on the individual electrons.
Interactions between the different electron spins
and the different electron orbits (10° - 10%k),
The term describing the effect of the external
magnetic field interacting with the electrons,
The magnetic hyperfine term which couples the
nuclear magnetic moment to the electronic magnetic
field (10™%),

The nuclear electric guadruple term which couples
the nuclear quadrupole moment to the gradient of
the atomic electric field. This is the order of

4k except for the uranium and transuranium

107
elements where it may be ~ 1k,
The coupling of the nucleus directly to the external

magnetic fileld,

This complicated Hamiltonian is solved by obtalning from

theory and experiment a representation which 1s diagonal in

terms 1 of the Hamiltonian. Terms 2 are applied as a pertur=-

bation to obtain a new representation with a new energy level

scheme,

Then, terms 3 are applied on this new representation,

ete, Finally, we are left with a long series of energy levels

covering an enormous energy spectrum. We are not interested

“In the rare earth series the spin orbit term 1s larger
than the crystal fleld term because the unpaired electrons
which cause paramagnetism are not on the outside of the lon,
Instead they are in inner orbits where they are shielded by
outer electrons,
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in levels which are more than ~1k above the ground level,
The low levels can be described by an "effective spin
Hamiltonian" (¥). The derivation of this ¥ is long and
involved and is covered by reference 27, A check on the
velidity of the spin Hamiltonian, as well as values for the
numerical coefficients in ¥ , is obtained from paramsgnetic
resonance data., The most general spin Hamiltonien is as

follows:

= g (gZHZS

+ s
, t B S+ ngySy)

o 2 1 e 2 2
+ D[SZ Egs)(s+1j] + E(Sx - Sy )
(15)
+ASI +A8SI +ASI
z2z2z XXX §J3VJ
w g f T+ P[0 = H(1)(zh2)] + Pr(I - I?)

where
g is the Bohr magneton and ﬁn is the nuclear Bohr
magneton

S

%3 Sy’ and SZ are electronic spin operators

IX, Iy’ and IZ sre nuclear spin operastors
S 1s the effective spin of these low lying levels
I is the total nuclear spin

H

%9 Hy’ and Hz sre the magnetic fields in the indicated

directions

And the other quantlities are numerical coeffleients,
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The first term describes the interaction of the electron
spin with the magnetic field, The "D" and "E" terms are due
to the effect of the crystalline field on the electron orblts
and in turn on the spins, If S = % these terms do not con-
tribute.

The "A" terms describe the magnetic coupling between the
nuclesr moment and the magnetic field of the electron at the
nucleus, The "P" terms couple the nuclear guadrupole moment
to the gradient of the lonic electric fileld at the nucleus.
The "gn" term connects the nuclear spin to the external mag-
netlic field,

For traces of 0059 SiF °6H20 in pure diamsgnetic

6

ZnSiF6'6H20 at 209K resonance dats (Ref., 21) shows that the

Hamlltoniasn is:

H = g, B stz + g, B (fosx + Hysy)
(16)

+ ASI +4B(STIT #351I)
Z Z x X Ty

where
+
g, = 3.44 0,07
= 0,0184 ¥ 0.0004 em™t
-1
B = 0.,0047 % 0.0002 em
and
S = effective electronic spln = %
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I = total nuclesar spin of 0059 is %

Several comments about this expression are necesssarye.
1. The notation has been changed from equation 15 to
be more appropriate to the axial symmetry involved,
e S = % means "D" and "E" terms in equation 15 are
zero because Sz‘-(’ = Siq’ = S?‘-f = -};‘f = %—S(S+1)€’ if
1s any wave function of a spin % particle. (Opersate
on any wave function with equation 18a or 18b
squared, )
3. "P" and "HeI" are too small to be observed,
4, This expression 1s in terms of cm“l instead of
degrees Kelvin times k and the expressicn 1s for
0059 instead of 0058.
After correcting unlts, snd adjusting the parameters to
Co58 (Appendix IV) we obtailn the Familtonian for 0058 nuclei
of independent ions in ZnSiFs'GHZO:
#/k = 3,91 x 10™4 H S, + 2,51 x 107% (A5 + Hysy)

(17)
+ 0.0403 8 I_ + 0,0103 (S_I_+ S I)
2"z x'x vy

where HZ, Hx’ and E& are in gauss and #/k is in degrees Kelvin.

IT.3 DIAGONALIZATION OF THE SPIN HAMILTONIAN

In order to use the spin Hamiltonian to derive the

=

© and f° for Co58 it must first be diagonalized.

gquantities fg 4

*n some approximate methods this may be avoided,
(Appendix IX),
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This will give the energy levels and the elgenstates of the
Hamiltonian, Using Maxwell-Boltzman statistics we can
obtaln the populations aIZ. (For convenience we have left
off the o denoting the initial state.)

We choose as our representation states which are diagonal
in 8, and I . They are ISZ,IZ> using the Dirsc notation
(Sz = + %, - %; Iz = 2,1,0,~1,~2), We recall several proper-

ties of the spin operators (Ref. 21),

ko -
S, =—35 (18a)
S = 8 |
+ -
Q. T c———— 18
and that
1
s, |M> = [S(5+ 1) - M(M + D) I SR Y (192)
1

[s(s +1) = MM =~ 1] 2 |m-1>

S_ [1)

]

The same properties hold for Ix and Iy'
Because the external fileld in these experiments is zero
and because we are not considering ionic interactions we write

M (Eg. 17) as:

i

H AS T +B(SI +#S7I) (20)
2" 2 X X vy

where

A/k = 0,0403 degrees

B/k = 0.0103 degrees



Using equations 18a and 18b, equation 20 becomes
= + + )]
H=A5 I +B/2(8,I +8TI) (21)

An eigenstate, (Wﬁ) of this Hamiltonian can be written

as follows:

\VF" = Z‘ b IS ’IZ> (22)

S ,I wS_TI z
Z Z

and because it is an eigenstate:

T R Wp (23)

In order to find the b's and the E's we write down the

2,

energy matrix of H as:

*A typical element, for instence, column 1/2,1 , row
-1/2,2 , is:

{i/z,1lM(-1/2,2> = a<1/2,11 8,1 | -1/2,2>

+ BQu/e,1 18,1+ 81, | =1/2,2)
Using definition of SZ and equations 19a and 19b we have
{1/2,1) #l-1/2,2) = A<1/2,1| -1/2I,| -1/2,2)

+ 2<1/2,1 111~ | +1/2,2)

= A <{1/2,1 | -1/2°2 ] -1/2,2)

+ g.<1/2,1! 1.2 1+ 1/2,1)

= -2Q1/2,1 [ -1/2,2 |

+ B (1/2,1 11/2,1)
because of the orthonormality of the [SZ,IZ> representation we

have <1/2,1 K | -1/2,2> =B



w20 e

g~‘3/1~
-2/1-
2=‘2/1
o¢g/1=
=°3/1
T¢3/1-
0°2/1
38/1~
T¢2/1
2‘g/1

g=¢3/1~

=3/1=

g=2/T 0°@/1-

1-f3/T T8/T- 0°3/1 3‘%/1- 1°8/1 3°3/T
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The eigenvalues are the roots,; E, obtalned by setting
the determinant of this matrix equal to zero., Since there
are no elements mixing states between the boxes, we can
simply set the determinant of each individual box equal %o

zero., A typical eigenstate is simply Vi = “11/2, ﬁ>4-36~1/2, 2>
where (<)(a/2 = FH) +f(B) =0 (24)

and

«? + 82 =1 (25)

lable 1 gives a list of the ten eigenvalues and the ten
eilgenvectors obtained, Table 2 glves the same thing in the
specific case of B/A equal to % as given by eguation 17,
Figure 4 shows the corresponding energy level diagrem,

IT.4 STATISTICAL MECHANICS

Because the 0058 ions are assumed to be independent, we
can drew an imaginary sphere around a typlcal ion and discuss
the probability (PH) of its being in eigenstate (p) of energy
E (Fig. 4).

H( ge 4)
Using Maxzwell=Boltzman statistics we see that:
~E /KT / — =
P'=e“‘/ ZeE"/kT (26)
b z

where

The summation on " is over all ten eigenvaluess,



Gfe/t-| (g8 + g(v9/2)]
(T¢8/1-| (8 3/2 mﬁa¢\ﬁy\
Ao.m\T_ A,wm g/¢ &3\3\
{-a/1-| ( 21+ glve/))
<{z-‘3/1- I
C=cg/1-| |« o mhdw\nv\
% {o‘a/1- (.8 8/¢ mﬁ<¢\ﬁv\
{te/1-| (58 /¢ mﬁﬂw\H«x

Ge/1-] (8

z(¥9/2)f

+

+

+

+

i

|

1

Y¥/¢ )
¥$5/1 )
V9 /1)

v9/2=)

Ve/2-)
V¥/1-)
V¥/T )

Y9/S )

+ (12T
+ {0°8/T]
+{-‘3/1|

+ (B=3/T|

wicn wmin

+  (2-°3/1|
+ {13/ 1|

2
1%
+ Ao.m\ﬁ_ .m

mtl

m‘

i

L

]

L

ot o mﬁ%\ﬁ\
4 8 3/ mj%\i\
h g8 8/e + 5 (/1)
“A 28 mﬁ%\mv\
s

m} e me\E\
v o8 8/2 + g (v/T)
“h .9 8/e m?w\d\
A o8+ 5(V9/2)]

+

L

-+

+

¥/~
¥/v=
¥/v-

¥/v=

A ke
A b
v/V-

v/v=

i

]

f

£ £

. ;
("I's + "T7s)E + (PI%8)V = '3 = I €3/T = § 40J SUOTAOUNS AR PeZTTEUIOU-UL

T 9®19®L

pus seTIJaeud



mBDss

Table 2

Energles and Normalized Wave Functions of Table 1 in the

Case B/A = 1/4.

Energles Normalized Wave Functions

E, = 1.0000 A | Y, = 1 |1/2,2)

E, = 0.5406 A Y, = «Y0.973 |1/2,1> - V0.027 |-1/2,2)
B, = 0,1453 A Vs = ~y0.817 |1/2,d> - J0.183 |-1/2,1>
B, = 0.1453 4 v, = -{0.187 |1/2,-1> - V0.817 |~1/2,-0)
B, = 0.5406 A Ve = -J0.027 |1/2,-2> ~ /0.975 |~1/2,-1)
By = 1.0000 A Vs = + 1 |-1/2,-2>
B, = -1.0406 A p, = -¥0.973 |1/2,-2) + /0.027 |-1/2,~-1)
By = -0.6453 A Yy = -\h.817 |1/2,-1> + 0.183 | -1/2,0)
E, = =0.6453 A vy = -y0.183 |1/2,0) + /0_.517|-41/2,’1>
By = -1.0406 A V1o = ~fo.027'|1/2,1> + /0.973 -1/2,2>
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These apply to Co in ZnSiF6'6H20 in zero magnetic field,



PRINCIPAL
E |Izl
[.LOO A 2
0.54 A ———— |
0.15 A Ce— O
- 0.65A |
—-1.04A 2

PHERGY LIVELS OF Co®® IN ZnSiFge 6HL0

WITH NO MAGNETIC FIELD

“ 0
From Table 2, prceeding page. Afk = 0,04°K

FIGURE 4
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Note thsabt

% PEJL =1 (27)

When the energy eigenstates are mixed the expression

S k
%L (Iz) 2, of equation 8 (p. 19) must be written more

Z z
generally. We want the statistical average of the quantum

: ko . . < k
operator (IZ) . Appendix V shows this to be %raH<ZIZ) >l&.
Using this fact, along with egquations 22 and 23 and
allowing mixing of many states we have that:

1k, =E, /KT 2
SZ' % % (T 7™ e, , )

< k - z z Z77
%faP«<(IZ) >1~L -

S o~y /KT (28)
=

Hence, using these sums in equations 8a and 8b in place
of ‘%: aIZ (IZ)k we can obtailn W(®) as a function only of
and og temperature merely by substituting these values of f,
and Ty into equation 14,

Table 3 shows calculated values of W(0°), W(45°), and

W(90°) for various A's and various f's:
B = A/24T (29)

These results for 0° and for 90° are also plotted graphically

(Fige 5)e The same graph contains several points for the
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W (90°)
.00 .10 .20
1.00
0.90
0.80 —
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THEORETICAL WORMALIZED Co°° COUNTING RATES AT 0°
W(0°) AND AT 90° W(90°) . ZnSiFg+6H,0 WITH
NO INTERACTIONS &ND NO K-CAPTURE DFALIGNMENT
The spin Hamiltonlan is:
M = AS, I, +B(8,I +8.T)
B/A = 1/4 '
B = A/2kT

The asrrows indlicate the effeet on certain theoretical
points of letting B/A becone zero, holding @ =nd A
constant,

FIGURE b5
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case B = 0, when there is no mixing of states and the energy
levels are evenly spaced (Ref, 25). Note that this table
and figure contain theoretical points ealculated using a
negative A . While the definition of A precludes negative
values, additional factors combine to give "apparent”
negative A\'s experimentally,
Several interesting properties of this graph will be
stated without proof:
1. For given values of f, and f, (and therefore £ )
the locus of points formed by varying A is a
straight line. The distance between A= 'Al’ and
A= Ag on this line is proportional to (Al - Xz).
The above is exactly true, and can be demonstrated
from equation 14,
2, For a given A and ﬁ(:';k@') the locus of points
formed by varying B/A lie in a straight line for
small B/A. The distance between (B/A) = (B/A)l
end B/A = (B/A), is proportional to (B/A):— (B/A)lz.
This is shown by deriving f2 and f4 as a function
of if B/A = 0, and then including the effect of
B/A as a perturbation. Deviations from this
spproximation are insignificant at B/A = 1/4,

%3, In the high temperature region, f_ is proportionsal

2
to T2 and f, is proportional to T"4, as can be
shown by an expansion of f2 and f4 as a power series

in (T—l).
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It i1s now possible to obtain an experimental value of A
by measuring W(®) at any two angles, plotting the values
obtained on a graph similar to figure 5 and determining what

value of A best fits the dats,
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III EXPERIMENTAL RESULTS

ITI.) OBJECTIVE

We would like to obtaln an sccurate value for the
nuclear A . In an attempt to do this our first experiments
aligned Go°8 in crystals containing 6%, 12%, and 19% nickel,
Comparing the experimental Y-ray angular distributions to
the previous theory we obtained apparent values for A
These experiments (discussed in Section III,3) yielded A 's
which varied with nickel concentration, and which in most
cases were negative, Since by definitlon A expresses the
fraction of Ferml type f-decay, the consistent appearance
of negative values constituted a paradox reguiring an
examination on some other basls.

It was now apparent that ionic interactions were in
some way disturbing ﬁhe nuclear alignment. Thus, in order
to obtain a true nuclesr A it was necessary to align the 0058
in a crystal which was free of paramaegnetic materia}. Because
the crystal had to be cooled to ~ 0,029 this necessitated
indirect cooling of the crystal, = until then only successful
in cooling to about 0.,1°K, However, using a different
approach it was possible to cool a crystal containing a

nominal 0% nickel %o ~ 0,012°K., These experiments are dis=

cussed in Section IIT.4,



I1T.2 EXPERIMENTAL METHOD

After a crystal of the desired type has been growng
mounted, and cocled from room temperature to A*loK, a seriles
of demagnetizations ("runs") is made., For each run a series
of simultaneous measurements of the J¢-counting rates slong
the axis of symmetry, perpendicular to the axls of symmetry
and at *48° with respect to the axls of symmetry is obtained
while the sample is cold following the demagnetization.

When the sample has warmed up to where no accurate measurementy
of Mis possible helium gas 1is introduced into the sample
chamber to warm the sample to 0.98%K, Additional warm counts
are then taken, The uncorrected normalized counting rates
w(0°), W(90°), and W(+45°) are obtained by dividing a
particular counting rate by the warm counting rate. Cor=
rections are then made to take into account the weak competing
co°8 Yerays (Appendix VI). Appendix VII discusses the cor-
rections for the finite solid angle of the counters, the
measured counter noise, and the contamination of co% in the
sample, The data is processed by plotting values of W(0°)

and W(90°) on a graph containing the theoretical W(0°) vs,
W(90°) curves of figure 5 (p. 36). These curves are plotted
for different A 's, Points from many demagnetizations sare
plotted on the same graph. Each point is assigned a A and

a statistical error, It is slso placed in one of five
temperature ranges, All the points in a range are then

statistically averaged to give a A for each range. These
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results are tabulated at the end of this section in Table 5.
They are also given graphically in figures 6, 8, and 10,
The assigned errors include statistics and possible shifts
in the electronics (Appendix VIII). VWhen in the first
demagnetizations of a crystal the asymmetry in the two 45°
counting rates indicated that the sample was misaligned by
more than a few degrees in either the vertical or horizontal
planes the counters were repositlioned, and correct allignment
observed, If there was any chance of the previous data being
incorrect because of misalignment, 1t was discarded.

The 45° data was slso checked to see if it was consistent
with the 0° and 20° data, If W(0°) and W(90°) are knowng,
and if it is assumed that only Pz(cosé) and P4(cose) terms
are involved in the expression for W(e), then W(e) 1s de~-
termined. We set the observed W(+45) + W(=45)/2 equal to a
Ww(e') predicted from W(0°) and W(90°), The derived ©' is

given in Table 4,

TIT.3 6%, 12%, AND 19% Ni CRYSTALS

These crystals were uniform in nickel concentration and
in 0058 concentration throughout. The molar nickel concen=
tration was obtained from chemical analysis. The crystals
were grown'from saturated water solutlions with molar nickel-
zine ratios of 0.043, 0.085, and 0,17 respectively. The
weights of the crystals were 2.8 gms, 3 gms, and 2.1 gms.

Each contained about 15 pcuries of 0058. See Appendix I,
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Table 4
o S AEO
Derived Angle of 45° Counters Obtained from W(+45°) ; W(=~48°)
Derived Angle(e') Derived Angle(e')
with Counters in with Counters in
Horizontal Plane Vertical Plane
Crystal (in degrees) (in degrees)
6% 45,3 F 0,3 46,2 £ 0,8
12% 44,0 * 1,0 42,5 £ 2,0
19% 44,3 t 0,2 ——
0% (first) 44,3 * 0,5 47,6 X o,.6
0% (second) 48,5 t 0.8 48,5 L 0.5

4% 47,4 F 2,0 45,0 ¥ 0.7
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The results of these experiments, after all corrections,
are shown in figure 6.* The measurements for these concen=
trations were obtained by 11, 4, and 4 demagnetizations
respectively. As previously mentioned, the points shown
represent the average of many points in the same "apparent”
temperasture range., The ranges are: ,9 < 1.00; 1.00(@(1.5;
1.3<8< 1,65 1.6 < 25 anad 2<P,

TII.4 TWO 0% Ni CRYSTALS

In an attempt to measure the real nuclear A 1in an
environment free of interaction effects, two differently
constructed crystals were grown with the nickel and 0058
separated in space (Fig. 7). The first crystal weighs 2.3
gms and céntains 4 ueuries; the second weighs 1.9 gms and
contalins 1.8 pecuries,

If the crystal conducts heat well enough, the section
of the crystal containing the 0058 will be cooled by the
nearby 12% material after demsgnetization. This effect was
actually observed and good alignments were obtained. The
results of these experiments again grouped in temperature,
and averaged are shown in figure 8,

The interpretation of the 0% nickel measurements must

be made with caution. There is the problem that the 0058

Dagley et al. (Ref. 28) obtain A = -0,003 % 0,005
using a crystal which they designate as (0,10 Ni, 0.90 Zn)
ZiFge6Ho0, However, it is most likely grown from a 15% Wi
solution (Ref. 29) which would give us a 17% Ni crystal.
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W (90°)
.00 110 .20

.00

| ¥6°/o, (23)
- O.90—|9°/°,(|2)> /6%,(I 172

e 12 %, (35) 6%, (2/3) -0.10
= | | ®
L 12%, (5)— N\
X= 0.00
0.80
A=0.10

w(0°) VERSUS W(90°) FOR 6%, 12%, AND 19% Ni UNIFORM CRYSTALS

The number in parenthesils sssoclated with each point
represents the average time in minutes for the sample
to warm up to that tempersture.

The size of the point represents both statistical
counting error and uncertalinties associsted with shifts
in the electronics, ete. (See Appendlx VIII).

Curves are for no interactions or K-capture de=alignment.

The curves show the idesl theoreticsl relations of
Section II.

FIGURE 6



0% Ni CORE
0% Ni BLANKET

SECOND
SCALE 10:1

STRUCTURE OF 0% Ni CRYSTALS

Cross seetion perpendiculsr to the axis of alignment

FIGURE 7



W (0°)

W (90°)
.00 110 .20
.00
SECOND, (25)
| =—0.10
090 FRsT (0!
FIRSTN(T)
|
FIRST, (5) —_ A=0.00
|
0.80 FIRST,(l 2/3)
' | |
FIRST,(1/2)
] e

w(0%) VERSUS W(90°) FOR 0% Ni LAYERED CRYSTALS

See caption of figure 6, p. 44.

FIGURE 8
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from Oak Ridge contained traces of impurities. When these
impurities are concentrated in a thin layer their concene-
tration may be as high as 3/4 molar percent, Some of these
impurities are paramagnetic nickel, iron, cobalt, etc. The
effect of interactions between the latter two and 0058 is

unknown.

III.5 4% Ni CRYSTAL

Figure 9 shows the 4% crystal. It is layered, as are
the 0% crystals. The crystal weighed 3.5 gmses and contalned
about 0.7 peuries of radiosctivity. The 4% region of the
erystal was in thermal contact with its 12% surroundings
through the 0.6 mm layer of 0% materisl. This material is
apparently toc poor a thermasl conductor to bring aboutb
equilibrium between the 4% and the 12% materials in the time
of the experiment.%

In thils very dilute sample the nickel-nickel interactions
are small and the 4% material gets qulite cold upon demagnet-

ization (Pig. 10).

IIT.6 SUMMARY OF RESULTS

Several significant features are apparent in these

experimental results:

*Mis is to be expected since the conductivity (K) 1is

K = 1 erg/sec~cm-degree (Ref, 30)
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The magnitude of A is generally close to zero,

as had been anticipated on the basis of Griffing
and Wheatley (Ref, 17), Boehm and Wapstra (Ref,
19), and Dagley et al (Ref., 28).

Although close to zero, the measured A's show &
marked dependence on the nickel concentration of
the crystal, This concentration dependence
greatly exceeds the limits of experimental error,
Finally, in a nominal 07 nickel crystal we observe

negative Nlg,

These behaviorisms provide clues to the mechanisms that

are evidently responsible for the discrepancies.

a)

b)

On the basgsis ol 2. above we are lorced to conclude

. that the presence of nickel lons in the crystal

disturbs the messurement of A , In some way
interactlons between the radloactive co°® ions and
the nickel ions are affecting the nuclear alignment.,
This matter is discussed in Section IV.,1 to follow,
From 3, asbove we see that even where only small
ionlec interactions are expected, theoreticelly
"impossible" negative measured A 's are obtained,
This consideration reveals that a further mechanism
is entering in - a mechanism associated solely with

the individual 0058

ion. The only likely mechanism
ig the "K=capture effect", This is discussed in

Section IV.2,
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The evident inadequacy of the ideal theory for coping
with effects thus encountered in actual, experimental systems
forces an extension of the theoretical treatment. Resultant
modification of theory, and the extent to which these effects
thereby become explainable will constitute the remainder of

this presentation.
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IV, MODIFIED THEORY

The preceding experimental results indicate that the
simple ideal theory of Section II is not adequate, As
already stated, this theory does not account for the de=
pendence of the measured A on concentration or for the
negative measured A's in a nominal 0% Wi crystal. The
physical problem therefore must be examined much more
closely in an effort to understand the discrepancies
betwesen such an ideal theory and the cbserved results, The
following presentation will be devoted primarily to the
attempts that have been made to provide an adequate

theoretical basis for interpreting these results,

IV.1l THEORY INCLUDING INTERACTIONS

a) Introduction

One effect not taken Into account by the ideal theory
is the matter of ionic interactions. Such phenomena are
important in many areas of solld state physlcs, being for
example directly responsible for ferromagnetism and spin-
spin relaxation in paramagnetics, Hence it will be of
great interest to examine the theory including interactions
not only to understand the present experiments, but possibly
to shed further light on the properties of magnetic substances
in general,

Even a cursory examination of the actual physical

situation reveals clearly the inadequacies of the simple
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idealized theory. In the crystals generally used in nuclear
alignment the radioasctive material is in an environment
containing an apprecilable number of paramagnetlc lons. In

this case the Hamiltonian egquation 20
¥=A(s,I ) + B(S. I + sny) (20)

which was used to arrive at figure 5 (p. 36) must be modified

to become (Ref, 31)

+ B(S +
® = A(SO’ZIO,Z) ( o,on,x So,on,y
+ X P(8,,8)+ = D8, (30)
(13) 7 it0 i

s > Q(Si’Ii)

where

The subscript o denotes the radioactive lon under
consideration

the subscript i, or ] denotes an arbitrary paramagnetle
ion

P(§5,§J) 18 a functlon which describes the interaction

between paramagnetic ions i, and j
D(gk) is a function of only 5,
Q(gi,fg) describes the hyperfine effects in lon 1

(533 is a sum over all psasirs of pasremagnetic lons,

taking each pair only once.
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The energy matrix given by this Hamiltonlan is now very

large. Instead of 10 x 10 it is n x n where

N N N N
n= (2L#l) =~ (28.41) © (2I,+1) 7 (25,+1)°° (31)

if there sre N, ions of type « in the crystal and if there
are Ng atoms of type # . The problem can no longer be
solved exactly even if the P's and Q's are known., However,
in the high temperature limit it can be approached with some
rigor (Appendix IX). Unfortunately, there is not much
information availsble concerning the Pls,

If the P's were associated with magnetic Interactlions

exclusively they would be:

= 2 2
P(Si,sj) = Sgi,qgj,ﬁﬁ

P

Sugp Ti3..F13
-3 2Jo 1Jsf g s, 2
ij 13

where

subscripts and are X, y, and 3z,

Sup is Dirac delta function

rij is the distance between the lons

ri, « is the length of the projection of this
Jds \

distance on the « axis

rij,ﬁ is the length of the projection of this
distance on the £ axis

gi’x is the g factor in « direction of ion 1

gj,ﬂ is the g factor in the @ direction of ion J

is the Bohr magneton
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However, exchange effects of the same nature as those
responsible for ferromagnetism may be many times as large as
the magnetic interactions. The exchange interactions afe
due to a virtual exchange of electrons between two lons with
overlapping wave functicns. The exchange is required to
symnetrize or antisymmetrlize the spatial wave function,
depending on whether the intrinsic electron spins are antie
parallel or parallel respectively. The total wave function
(space plus spin) must be antisymmetric for an interchange
of electrons as required by the Pauli exclusion principle.

A good treatment of exchenge is given in Van Vleck (Ref. 32),

Because there is little known about these exchange
effects, we are forced to guess on scanty evidence at the
P terms in ¢ (BEge. 30). Using this guess we must make a
model which will allow us to calculate fy and f4 for 0058
from the assumed M., The guess will be used in the following
subsections to modify the Ww(0°) vs., W(90°) curves for 0058

(Fige 5).

b) The static approximation=-ecgstimate of the intersction size

Nickel-nickel intersctions

Let us consider the physical problem to be solved, The
paramagnetic environment of & cobalt lon is made up of nickel
ions located at assumedly random zine lon sites, Consider
the nickel lons in detail. From (Ref. 21) and Appendix IV

we f£ind that thelr Hamiltonian is:



ey e

» -2 2
k = H S 3 4 H + o o :
Hm/ g@(zz+w%%: y%) sz £) (33)
where
= 2,3
D = =0,176°K
and g = 1.55 x 10" degrees/gauss

The effective spin (8') for nickel is 1. No hyperfine
splitting has been observed for the 1.25% of the nickel ions
with non=-zero nuclear spinse

The level structure of nickel in a small magnetic fleld

is as follows:

T ’ S = 0O
z

0.176°K

l ] S = 41
, . z

Qg@HZ

Note that we have neglected mixing of Sz states caused by
X or y components of the magnetic fileld,

Now, if the magnetic field caused by a nearby lon is
small, the picture remains the same and we can consider the
iong individuelly. It is meaningful to specify the spin

state of a particular ion (SZ = 0, 1y,
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What this means classically is clear--cach nickel wants
to be pointing in the t z direction. To change it from a +z
orientation to a =2z orientation requires going over a high
potential hill at S, = O. Instead of sharing 1 unit of spin
with a nearby nickel (or with all other nickels) and pre=

cessing from SZ =1 to &

5 = 0 and back again as the other

nickel does the opposite, it will merely stay in the SZ = ]
orientation,

Mathematically, the meaning is that a state described
by specifying the z components of angular momentum (SZ) for
each of the nickel ions in the crystal is approximately
disgonal in the Hamiltonian for the crystal (equation 33 +
interaction terms).

The above discussion applies to magnetic dipole
couplings snd exchange couplings as well, Both are described
by interaction terms which look like

(_Si__;) EZF Pij,«@ Si,otsj,a (34)
Again i and j are different ions and « and @ are x, y, and 2.

With this picture for an approximstion we can now venture
a guess at the size of this Interactlon from thermodynamic
date obtained from demagnetizations. The entropy per ion
(8/N) of the nickel ions before and after demagnetization
from 0,95° and 22 kilogauss is 0.1 k (Appendix II)., We can

equate this entropy to the entropy of an ensemble of nickel
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ions having the ground state split by energy 2€, again using
the statle approximation. (Actually 2€ 1is a weighted
average of the splittings of all the ions in the crystal--in
a dilute crystal each ion sees a somewhat different environ=
ment.) Now, since in zero magnetic field, after demagnet=
ization the temperature is about 0.02°K we can neglect the
contribution of the SZ = 0 level to the entropy of the
crystal. Using figure !5 (p. 94) applying to a three level

system with =D/e >> 1, we can see that
kT/€ = 0.52 (for S = 0,10 Nk). (35)
Remembering from equations 29 and 17 (pages 34 and 26)

A 0,04

b= 57 = Ziw (38)
or, from equations 35 and 36
€= 0,04/8 (for S = 0.10 Nk), (37)

Since we know S = 0,10 Nk after demagnetization, we cean
conclude that the lowest temperature obtained in our experi-
ments corresponds to a crystal with 8 = 0.10 Nk, We can use
equation 37 to estimate 2 € .

Esbimates of 2 ¢ are given in Table 6 and flgure 1l.

Tt is emphasized that the values of § thus used to obtain 2¢
are not obtained from equation36; rather, they were "apparent

Bts" deduced from experimental observations with the ald of



the W(0°) vs., W(90°) graphs such as figure 5 (p. 36). In
other words, these apparent B 's are chosen such that when
combined with an appropriate A and using the previous ideal
theory they yield the W(0°) and wW(90°) observed immedistely
after demagnetization.

Thus, it 1s directly observable that the effective A
decreases with increasing concentration, By the foregoing
analysis this is expressed as an increasing Interaction (e)
with increasing concentration. Viewed in this manner the

€'s provide the mechanism to determine the low temperature
limit ahd its concentration dependence,

We have been forced to use the above rather indirect
and tenuous procedure for determining e because such direct
methods as straight resonance techniques are precluded by

the line broadening inherent to such strong interactions.

Nickel=ccbalt interactions

Thus we have an idea of the splitting of the nickel
ground level. However, we sre interested in the splittings
of the Co ground level. We must now try to estimate the Co
splitting knowing nickel splitting., If the splittings of
these ground levels are purely magnetic we expect the average

magnitude of the z component of ionic magnetic fleld” at a

an

“The x and y components of magnetic field will not be
very effective in splitting the ground level of the nickel
ion because of the large "D" term in the spin Hamiltonian
equation 33,
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Table 6

Estimates of Nickel-Nickel Ground Level Splittings (2¢)

Based on Apparent ('s Observed Upon Demagnetization

Crystal | 4 2e = 9—-’-;0-{-3‘ (in degrees)
4% Ni 2.4 I 0,5 0,024 ¥ 0,004
6% Ni 1.35 * 0,13 0.060 * 0,009
12% Ni 1.35 ¥ 0.13 0,060 T 0,009

19% Ni 1.05 ¥ 0,10 0.072 * 0,012




Ni GROUND LEVEL SPLITTING
(2€/k) (in degrees)

@8

0.10 - 1
0.08 - =
0.06 |- _
004 |- .
ooz 1 i
0.0 1 | 1 |

0 4 8 12 6 20

% NICKEL

ESTIMATES OF GROUND LEVEL SPLITTINGS (2¢€)
OF NICKEL IONS IN (Ni,Zn)SiF6°6H20

Based on apparent temperatures obbtalned
upon demagnitization. See texto

FIGURE 11
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Ni ion site in a 6% Ni crystal to be, from equation 33 {p. 57)

and figure 6 (p. 44):

H = 25 = 200 gauss (38)

Z  (1.55 x 10"4)4sz

A4S, = 2 = the difference between 5, in the two
ground states.
on the basis of the present observations,

By using this field in equation 17 (p. 26) we can obtein
an‘estimate of the effect of the z directed lonic field on
the spin BEamiltonian for cobslt. This leads to a splitting
of the electronic ground state of?

2e}CO = 3,01 x 10"% x 200 x 1 = 0.078 k (39)

On the other hand, suppose that the principal cause of
the nickel and cobalt ground level splittings is electron
exchange. Then it becomes more difficult to guess at the
cobalt-nickel interactions. We know that the cause of
exchange forces is an overlap of the electronic wave functions
of two nearby ions. It is reasonable to expect that the
overlap (and most likely the exchange energy) of a cobalt-
nickel pair will be between that of a cobalt-cobalt pair
and a nickel-nickel pair. Fortunately there is some evidence
concerning the cobalt-cobalt and nickel-nickel interactions,

Appendix X reviews this data and concludes that cobalt-

cobalt exchange energy is about 7 times that of nickel-nickel
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exchange, Hence, we may expect the cobalt-nickel interaction
to be about 2.5 times that of the nickel-nickel interaction.*
On this basis we may expect splittings of the electronic

level of cobalt to be

2 =2.5x2él ( 40)
Ni

€ Co

In a 6% Ni crystsl 2€¢| is about 0.06 k (Fig., 11). In that
» N

i
case

2¢ = 0,15 k (41)
Co
Hence, the static picture can be expected to bear some
semblance to reality since the interactions, while not small,
are less than the "D" term in equation 33 which elevates the
S, = 0 level. Calculations based on the static model do tend

to agree with experiment, and will be discussed in the fol=

lowing subsection.

c) The static spproximation--—Results

58 electrong are

In the statie approximation the Co
coupled by a magnetic field, or an effective magnetlc fleld
due o exchange effects to fixed magnetic nickel ilonse

Equation 16 (p. 25) can be written as:

G S
g ¥

+ A S I, + B(SXIx + Sny)

Mk = @,S, + G S+ |
(42)

*By a gquantum mechanical argument based on the relative
size of wave functions the interaction between unlike species
may be seen to be roughly the geometric mean of the assoclated
functions for like specles,
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for convenlence change to energy units of 0,04 k.

H=0G6S8S +#6¢8 +6¢8 +3I +B(SI +35T1I) (422)
z 2z X x Ty z % X X Ty

where all the quantities Gz’ GX, G, Band H are in units of
J
A = 0,04 ko This simplification results in the coefficient

unity for the coefficient of the SzIz term,

and
1
B/A = 7 (42v)
_ 0,078 0.15
G, = 5.04 ©° 5.0

= 2 to 4

from equations 39 and 41,

58

Faech Co ion will have a different value of Gx and G

Since there is axial symmetry averaged over all lons we neZd
only compute the population distribution funetbions f2 and f4°%
These two numbers along with a known decay scheme completely
describe an axially symmetric angular distribution of quadru-
pole ¥-rays. We set Gy = 0 and compute the statistical
average of I;gand Iégfor a given posltive value of G (and
Gz). Clearly by the symmetry of the Hamiltonlan these
statistical averages are unchanged for the same negative
values of Gx or for the same positive or negative value of

Gy (when G, = 0). Of course, changlng the sign of G, has no
effect because we are computing only the even moments of the

nuclear spin.

*If there is a net polarization of the crystal this is
not true,



Setting Gy = 0 and using the technigues of Section II.3

the energy determinate of equation 422 becomes:
(See Page 67)

This cannot be disgonalized manually., However, it was
diagonalized on the Datatron 205* for several values of the
variables G, and GZ. Proceeding exactly as 1n Section IT.4
we arrive at W(0°%) and W(90°) for B =1, 1.5, and o0 for
differont choices of the variables (Table 7). Some of the

W's are plotted in figure 12,

IV.2 K=-CAPTURE DEALTGNMENT

a) The problem

Another inadequacy of the ideal theory for coping with
the complications of systems experimentally encountered
results from the complete neglect of dealignment processes
occurring within the ion itself, For example, the 84% of
nuclei undergoing K~capture are subjected to strong pre-
cessional effects during the short lived interval following
B ~decay and preceding Y-emission. Such precession is
produced by magnetic interactlons with the electronic shell,
Since very little 1s known concerning such proceéses the
following discussion will be highly speculative.

We will be primarily concerned with the effects of

recrientatlon on the 84% of the nucleil which K-capture, For

*program Code 2.42.025 by Christopher and H. Fox was used.
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W (O°)

1,00

0.90

0.80

B0 e
W (90°)
.OO .10 [.20

e NO INTERACTIONS
>\ ooo

| X Gg= 12 Gyg= 12

+ G,= 1.2 Gy = 2.8
AG,=28 Gy =12
o 6,#2.8 Gy =2.8 _

A=0.10

THEORETICAL COUNTING RATES W(0®) AND
W(90%) WITH STATIC INTERACTIONS AND A=0

Gz and Gx are in units of 4 = 0.04 k& .

Curves arec for 1deal theory (Fig. 5) .

Note the large effect of intersctiorns in
the case Gz = 1.2 and Gx = 2,8 .
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about 3.8 x 10-16 seconds the Kwshell hasonly one electron
and the coupling between this electron and the nucleus is
huges Fermi (Ref. 34) shows that the energy splitting (AE)
between the F = 5/2 and F = 3/2 states of the system (spin 2

nucleus plus electron) is given by

a3 = & (252 )y o o] (49

where

Py is the nuclear magnetic moment
B 1is the Bohr magneton
I is the nuclear spin
Y(O) is the wave function of the K electron

at the nucleus.

Using a hydrogen-like wave function with Z = 26 for this
innermost electron and 1f we use By = 0.4 (see page 86) as

the nuclear g-factor of this intermediate state we find that:

4E = 0,019 ev (45)

*This mean time (7¥') before an electron from an outer
shell drops into a K-shell vacancy is readily ascertained,
The Kx. x=ray line width is 2.5 ev and the K« 1is 2,6 ev

1
(Refes 33). If we take the width of the L-she%l to be 1/4 of
the line width we get the K-shell width as 0,75 x 2.5 ev or
1.75 eve We get the life time of the state to be

e h _ 6.6 x 10 ~16 ev_sec
T 1,75 ev T 1.75 ev

= 3.8 x 10718 sec
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However, relations given in Subsections b) and c¢) can
be used to show that even with this large coupling, the
lifetime of the state (?') is too small by a factor of 50 to
give appreciable nuclesar fealignment.

After the K-capture there is a rapid cascade as electrons
fall from higher energy levels into lower vacant levels,
Sometimes an X=ray is emitted as an electron falls, but more
often the energy is conserved in the cascade by ejecting s
less strongly bound electron from the lon (Auger effect),
After this cascade, which lasts about 10-14 seconds, the ion
is left highly ionized (Ref, 35) and optically excited,
(Optical transitions teke about 1078 seconds; the Y§~emlssion
takes place in a much shorter time,)

It takes about 25 x 10'12 seconds% for the 3Y=-ray to be

*We are interested in s 810 kev Y-transition going from a
2+ level to a O+ level in ,.Fe58 (see Figs 1, pe 4). While the
mean 1ife (¥) of this nuclsr level in Fe°8 is not known the
half=life (tl 2} of the 2+ level in Fe®® 1s 6.0 x 10512 sec, in

gNi60 it is gFeater than 3 x 10712 sec, and in z;Zn®% 1t is
+6 x 10712 gec (Ref., 36). All these are even=~even nuclel and
the decay is to the 0+ ground state. We may expect the cor-
responding Pe98 level to have the same lifetime, except for_an
ES energy dependence. Bxtrapolating to 810 kev using the E
law we find the following estimates for the half-life of the
exeited state of Fed®8
%1 /plpe58 = 7 x 10712 sec extrapolated from Fe®°
> 36 x 10”12 sec extrapolated from 11 60
= 7 x 10712 sec extrapolated from 7n8%
Teking an sverage of these estimates we find that
ty fplpe58 R 17 x 10712 sec

or ~12
V58 ='t1/2’/ﬁ69 = 25 x 107*% sec

probebly to within a factor of 2,
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emitted after the nucleus has K~captursde. It is during this
time that we expect nuclear dealignment to take place,

It is difficult to treat dealignment in this state
accurately. The resson is clear. Before the K-capture the
electronic shell as well as the nucleus is aligned., After
the K-capture and the Auger effect has taken place the
electron shell (and of course the nucleus) will "remember"
their initial alignment to a certain extent,

As a matter of fact, the wave function of the lowest
energy states before the K-capture has the paramagnetic
electron pointed opposite to the nucleus since A in the spin
Hamliltonian (Eq. 20,kp. 27) is positive., Thus in the most
populous states the z component of spin of the total system
(electron plus nucleus) is 1/2 smaller in magnitude than
the nuclear spin magnetic quantum number (I,). During the
precession following the K-capture and the Auger effect, if
the electronic shell remembers this initial situation, the
system will precess between from the ]IZ, wl/2>> and lIz =1, 1/2>
state and back again (IZ taken as positive). This is a de=
alignment of the nucleus. This effect is considered by
Steenburg (Ref. 37) and his conclusions are given in Subssction
c)e

However, there are reasons why the electronic shell may
not remember its initisl alignment too well. On the average
there are four particles given off during and after the

K=capture,
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There is one neutrino, about three Auger electrons
(Ref. 35), and an occasional x-ray; each of thesc cerries at
least 1/2 unit of angular momentum from the system. Thus
during the time following the Auger cascade the electronic
shell is losing some of its initial orientation.* The de=
alignment effect of an unoriented shell is discussed in

Subsection b)as

b) Theory of reorientation with an isotropic electron

shell of spin = 1/2

If, after the Auger effect the electronic shell is in
a spin 1/2 state and is spherically symmetric i.e., it is

A7 A,
W

unpolarized and has the spin Hamiltonian:
N=at (st.Th | (46)

then the effect of reorientation is easy to work out. This

has been done by Tolhoek et al (Ref. 38) and they find that

W(G) = 1 = ;75-(1 + N) £pQ,P,(cos8)

(47)
+ %(l - 295X) f4Q4P4(COSQ)

“As an added complication, we must remember that these
particles are not given off randomly; for example, the
neutrino which is emitted by a polarized nucleus is itself
polarized, Similarly, the Auger electrons which result from
a cascade between polarized electronlec sub-shells are polar=-
ized, Hence, while the K-capture, and the following cascade
would have a tendency to dealign the aligned electron shell,
they will also have a tendency to realign it., More rigorous
attempts to understand K-capture dealignment have also been
doomed to faillure because of the complexity of the problem.

*The 1's are to denobe that these are quantities relating
to the intermediste state.
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whers
X is the usual P~decay parameter
.1“;2’4 are the allignment parameters of the initial
0058 state

Qz 4 are attenuation parameters associated with
2

the nuclear precession in the intermediate state

O.24 4 (48a)

8
i
]
i

0.80 A ( 48Db)

&
Ul
bt
1

where, if the state has mean life T 3

2
__(8%)
4% T (57 (49)
and
1~
D(:A-:-g-? (50)

ZThe reason for this‘somewhat devious definition of « 1s that
it is the important quentity in the Subsection c)e The
energy difference (AE)between the F = 5/2 and F = 3/2 state
of the coupled electron and nucleus system is 5Ai/2 (Eg, 14
of Ref. 14).7

The effect of this type of reorientations is given in

2 = 0,02, We have

figure 13 for the exemplary case of &
assumed that A = 0, and that [, and £, are given by the non-
interacting theory. It should be mentioned that the effect

of reallgnment on w(0°) and W(90°) is proportional to 4 as
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can be seen by substituting equations 48a and 48b 1nto
equation 47. 4 is roughly proportional tocxg in region of
ot = 0,14,

Thus, with a spherically symmebric electron shell and
an o of 0,14 the effect on the observed A 1s not large, It
moves the A in the positive direction sbout 0,03--opposite

to that observed with the 0% Ni crystal,

c) Theory of reorientation where the electronic shell

"remembers" its initial alignment

If the élignment of the electron shell after K-capture
and Auger effect 1s the same as before, and if it has spin
1/2 the work of Steenberg allows us to compute the effect
of realignment on the angulaf distribution, |

He gives the changes in the intermediate state popu-
lations, AaI%, as a power series in A/2kT = f ., (VWe are
adapting his notation to that used by Cox and Tolhoek,) By
using the definitions of these alignment parameters in terms
of the intermediate state populations (Eq. 8a and 8b, pp. 19
and 20) we can arrive at values for the changes in the
i
2
the intermediate state populations,

alignment parameters (4af andlsfi) in terms of changes in

If the spin Hamiltonians for the initlal and intermediate

states are respectively

— 1,
M = AS,T, + F A(S,I, + S;I) (5la)
i i1 1, .13 I |
= ST : )]
= A Sz"z + B (SXIK + Sny) (51b)
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then we find

arl =« p+3 §7 D« (524)
A:E'i = xz(Blﬁ + B2 B 2) D4(o(2) (52b)
where
B, = & x (x! - 0.25) (53a)
B, = 0.052(x ) (x" = 0.4) (53b)
with
< = BL/at (53¢ )
Now for small °<2:
Dz(d?) = =21 (534)
Dé(az) = 0 (53e)
We now know Afi and.Afi‘as a funetion of «2, xi, and

2 4
temperature, From equations 10a and 12a (pp. 20 and 21) we

see that

10
7

P (cose) - 22 £y Pi(cos@) (54)

we) =1 -~ o =

T

o e

hence the change in W(8) due to precession in the intermediate

state iss

10 .1 40 .1
AW(B) = = 4T, Po(cosd) - S AL, Pé(cosG) (55)

i

4 2re obtained from equations 52a and 52b,

eredféandAf
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This effect is shown in figure 13,

When x2 is not small, Dg(“g) and D4(a2) become:

i

r xt =pl/at =2

Dg(«g) = - f}m (56a)

D, (%) = o (56b)
Ir x =1,41

Dg(ocz) -_--.21(1-42 22 4 Leeod v o (574)

D (%) = =20(«® + seul ¥ oes (57D)
If x' = 0.5

Dg(ocz) = -21(1 - 122 &+ ., (582)

D4(°‘2) = 15(0% + 4.4 (58b)
I xt =0

Dz(oiz) = e2L(1 - 8 %° + .4, (598)

D4(0<2) = 20(%% + .es (59v)

Figure 13 shows the effect of a gross variation of xi on

the directlon in which a theoretical point is moved on the

2

w(0%) vs. W(90°) graph if we take o< © as 0,02, The distance

that a point is moved on this graeph is given for (Blﬁ +73262)

= 0,04, This quantity is very sensitive tc variations in xi
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W (90°)
1.00 | 1.10 1.20

.00 |

0.90
o
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0.80

CALCULATION OF K~CAPTURE DEALIGNMENT OF THE INTERMEDIATE STATE (1)
ON W(0°) AND W(90°) (In Absence of ITonile Interactions)

Selid lines and solid circles (e } eomputed for ideal theory
(no Kecapture dealignment, i.0., *=0). @-volues as Indicnbed.

Open eircles and triangles (o,a) computed for Kecapbure deslign=-
ment, for the case A =0, and xg"(A v/2h)2 =0,02, Arrows
Lnchate resultant 76106%tL0D (same B's).

Dealigned Aligned
Shell (Sec, b) Shell ( Sec, €)
(xt=8l/al=1) (1) xt=0, (2) x'=0.5 and 1.0,

(3) x*=1.41
FIGURE 13
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(see Eq. 53a and 53b), Note that if we hold x~ and o 2

approximately constant and double the value of (B18 + Bzﬁz)
we also double the distance that a point is moved, but do not
appreciably change its direction. Also, it can be shown that
1f «% i{g decreased by a factor of 2 the angle (?) for any
value of xi (see Fig. 13) is cut approximately in half, If
o< 2 15 increased by a factor of 2 then v is about doubled,
We now mention that we have not included the effect of
a magnetic field on the K-capture dealignment., For small
axial fields and smell values of = (i.e4, o« < 0,02 and
Gi//ki,$ ¥ Steenberg power series expansion shows no effect),
However, for large values of GZ,/Ai we expect that the
electron will precess so rapidly around the z axis that the
off axis components of 1ts fleld at the nucleus will average
out to zero in the time that 1t takes for the nucleus to
precess around the electron's field, The z-component of the

electron's field will not dealign the nucleus, and we expect

no K-capture dealignment,

ats
X4

Gz is the standard notstion of equation 16, p. 25,
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Ve INTERPRETATION

Vel TONIC INTERACTIONS

These experiments indicate the presence of both K-capture
dealignment in the intermediate state and perturbations of
the initisl nuclear alignment due to lonic interactions. As
an approximation to reality we shall for the most part discuss
these two phenomenon and their effects on the angular distri-
bution as if they were independent.

Uhder the above assumptions we can determine the effect
of ionic interactions on the measured A , If interactions
are not important in the nominal 0% Ni crystals, then any

) between the measured A's of a 0% Ni

difference (4A Tonic
crystal and another crystal must be due to interactlonsa

Any non-interaction effects are included in the measured

N\ of the 0% Ni crystal. 4 X Tonic 18 merely the A of a
<given crystal at a given temperature, minus the measured A

of the O% crystal at the same temperature. This difference
has been tabuleted in Table 8 where we have used the weighted
average of the two 0% crystals for the A\ of a 0% crystale

The first thing that becomes apparent Irom this table

is that the ionic interactions have their greatest effect on
the experimental A's in the higher temperature reglons.

From figure 12 (p. 69) we see that the static model of
Section IV,1 predicts this. Suppose for example that

G, = 1.2 and G, = 2,8 with the spparent g about 1. The real f§

(1,00, A/2KT) is about 1.5 and we would expect to measure a A
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of about O,lO‘less than the truc A ., Whereas if the apparent
B is about 1.5 then we expect a discrepancy of only 0,03 inl.

In a 12% Ni crystal the experimental results are not
greatly influenced by the presence of ionic interactions,
Below this point AAhM}S negative while sbove this point it is
positive, Apparently the reason for this is that below 129
Ni there are not enough paramagnetic ions to make the x and y
components of the electronic coupling (Gx’ and Gy in equation
42) small because of averaging over many ions. The natural
symmetry of the crystal is not effective. As a result the
coupling constants Gx and Gy are slightly greater than G,
(see Fige 12)s

But, for concentrations sbove 12% Ni this is no longer
true. The Gz flelds have gotten larger because of the greater

ionic concentration, while Gx and G_ have not grown as fast,

Y
if they have grown at all. G; and Gy are less than G, and
1 4
the ionic effect 1s to make honic> O,

However, it is not easy to see why AA‘Ionic is so large

(a4 A = 0,06 £ 0,05), The choices of G, and G, made in

IToniec
Teble 7 (p. 68) do not give such large A ¥s, Attempts to
find a choice of Gy and G, which gives Ais of this size have
failed,

The cause of a poor understanding of the 19% Ni crystal
may lie in the inadequacy of the theory to handle intermediate

state dealignmment in the presence of large magnetic fields =

G,/A is 2 to 4 from egquation 420,
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Ve2 THE K-~CAPTURE FFELC

A modified theory based on ionic Interactions alcne is
not sufficient to explain all of the experimentsl results -
ile.e,s 1t falls to explain the appearance of negative As
in the case of the 0% nickel crystals, Clearly some other
mechanism is contributing. This must be a mechanism asscci=-

o8

ated with individual Co ions themselves,

The mechanism which seems most likely% is sssoclated

with the dialignment of the nucleus during the roughly

2 x 10"11 seconds following K-capture snd preceding ¥-emission,

During. this time the nucleus precesses due to 1ts magnetic

353

coupling to the electronic shell. The accurscy of experi=-

&

@

mente in erystals which are comparatively free of paramagnetic
ions makes it possible to detect very small precessions,
Section IV.2 attempts to theoretically analyze the
situation in two different cases under two different
simplifying assumptions: first,; that the electronic shell
is dealigned and spherically symmetric during the 2 x 10~11
seconds following Kecapture and second, that the electronic
shell maintains the same polarizstion that it had before the

K=capture, The theoretical results are shown in figure 13,

page 78, where the effect on the measured M due to K-capture

s
5%

Other possibilities are discussed and rejected in the
footnote on page 99 .

**This coupling, in terms of an effective electrgnic
magnetic fileld at the nucleus 1is typlcally 10° to 10° gauss
in paramagnetic ions.
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is shown, The effect predicts a displacement of the W(OO)
and W(90°) observations - graphically illustrated for Coo8
with a true A of zero, and which is unaffected by ionie
interactionse

From the experimental results of our O% Ni crystals we
are led to the conclusion that the effect on the intermediate
state of nuclear reorientation is to yield a more negative
measured A, PFigure 13 demonstrates that this i1s not
consistent with a picture of a spherically symmetric
electron shell which completely forgets its initial align-
ment after K-capture and Auger effect - i.e., a deallgned
shell. Howevef, it is consistent with an electronic shell
which completely remembers its inltial alignment after the
neutrino and three Auger electrons have left the ion. What
actually happens is something in between. However, it is
clear from figure 13 that for a given small precession
angle « , the "shell which forgets" has smaller effect on
the messurement of A then "the shell which remembers"
(except if xilﬂ'O). This can be seen from the fact that
the triangular point for f=1 in figure 13 has a XN of
about + 0,03 while points 2 and 3 have A's of about =C.07,

Thus, since there 1s probably a little of each effect
present it is not unreasonable to expect negative As in

the 0% crystal on the basls of the above very sketchy

pictures
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However, even at thils point we can do some interesting
speculation. Suppose we examine figure 13, If we let
xt = Bl/at = 1 and  B¥1 then (BB + Bgeg)f»o.lo, Ir
«2 = 0,005 we get a measured X which is about =0.04 as
observed, Here we have assumed that the real nuclear X\ 1is
zero., Iff the resl nuclear N\ is +0,04, then 2ll values of o
in the following discussion must be doubled.*

Suppose that we attenuate the theoretical K~capture
effect due to "a shell that remembers" by an arbitrary
factor of 4 to allow for the fact that 1t only partislly

2

remembers, Then «° = 0,005 x 4 = 0,02 is consistent with

experiment,

Under the above assumptions, then, we see that

X= ,14 = -A—'-é-’% (60)
or
at=23h (60a)
Now if the lifetime of the intermediate state (%) is
25 x lonlg seconds (p. 71)
Fta 2(0.14)(1.05‘§210”27) orgs (61)
25 x 10
= 0,12 x ".LO"'16 ergs
b = 012 x 1072 _ | 0e% - (610)

1e4 x 10716

*If A were known to be gzero, it would be possible to de-
duce a value for the quantity (aMg. captupe Poich is the effect
of K=capture dealignment on the measurement of A, Thus we

could say that Apcosnred = Mypue ¥ 4 X K-capture * 4 Tonic®
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Does an Ai of this size seem reasonable? We can list

below considerations of this question,

i1, The decay scheme of 6058 seems to imply that the
2+ excited level of Fese (our intermediate state)
is a vibrational level. We then expect that the
nuclear g-factor (gN) is sbout 0.4 instead of 2 as
it is before the K-capture. This will introduce
e factor tending to make AT about 1/5 of A,

2, On the other hand, after the Auger cascade has
taken place, the ion 1s optically excited. There
may be unpaired 3s or 4s electrons, as well as 3p
or 3d electrons, Because of a smaller centrifugal
barrier the 3p and 3s electrons will have a much
higher probability of being near the nucleus and
consequently the coupling assoclated with these
electrons will be much higher than with the 3d,

3. At the same time, the lon will probably be Fe'®

(Ref, 35) during the lifetime of the state (2 x 10“11
seconds). This high net charge will pull all
electrons in toward the nucleus, and further en=
hance the hyperfine interaction.

The net effect of considerations 2 and 3 is probably
more than a factor of 5, although there is very little

evidence. The observed A'/A = 3228 = 2 1s not unlikely. A

careful study of the expected electronic wave functions in

Fe+5 would give a more quantitative feeling for the above
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considerations. However, more important, it would seem that
there is a need for experiments which are explicitly designed

to study the K-capture effect.

V.3 THE TRUE NUCLEAR A

These experiments have almost eliminated the effect of
ionic interactlions by observing nuclear alignment in a crys-

tal where ionic interactions have nearly vanished. However,

=4

the experiments héve succeeded in pointing out an effect which
has not yvet been eliminated and which must be taken into ac-
count in evaluating all nuclear alignment experiments.

Becauge of this K-capture effect, 1t 1s impossible to as-
sign a value of the real nuclear X on the basis of these ex-
periments. No valid independent conformation of the very

eeigse conclusions of Boehm and Wapstra (A< 0.012) is yet

e
K

le, although such a value 1sg certainly consistent with

e’
[@]
(6]
6]
o
o

<t

hese experiments. However, the outlookffor the future 1is not
completely hopeless. In the 14% of the transitions which go
by B-decay we expect no Auger effect, however there may be
some optical excitation due to recoll and the sudden change

of the nuclear charge (Z). None the less we would expect a

. B Iy . . . , -
smaller coubling (A”) in the intermediate state. The de-

, i2 . ~ . ;
alignment goes as (A7)°. Dealignment following K-capture

is observed to be quite small--probably influencing A\ by
about -0.04., Dealignment following 5-deoay'should be

considerably smaller, and we can anticipate that by

looking only at those @'s which follow B-decay we would
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heve an accurate measure of the nuclear A, By coincidence
methods this is possible, although counting rates will be
much lower than in these experiments, Of course it is
important that this be done in a 0% Ni crystal so that there

are no lonic interactions to complicate the problem.,

Vo4 THE PROPCSAL OF ADDITICONAL EXPERIMENTS

There are numerous experiments which can supply
information on nuclear realignment in addition to the one
just mentioned., One is to align an isotope which has =&
completely known decay scheme and which Ke-captures., In the
same 0% Ni crystal a different isotope of the element is
aligned. If this second i1sotope B-decays or has a shord
lifetime, we can expect that it will be less affected by
dealignment and we should be able to predict the w(e) of
the first isotope by measuring W(6) of the second, Devi-
ations from this can be attributed to K-capture dealignment
in the first isotope.

An 1sotope which K=captures and which emits two =rays
in cascade following the K~capture can be aligned. If the
W(8) of the two y=-rays is predictable, an experiment can
look for deviations in the comparative W(e)'s of the two
}~rays due to K-capture dealignment, An experiment similar

60 which g-decays however and

to this has been done for Co
no effect was observed to the 1/2% accuracy of the experie

ment (Ref. 39),
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VI, CONCLUSIONS

Some nuclear property causes the measured A to be
negative when Co%8 is aligned in ZnSiF6°6H20. The only
possibility would seem to be nuclear daaiignment in the
short lived intermediate state which follows Ke-capture,

Except in cases involving nuclel with short lived intermediate

states Vf(lO"ll

sec), the precision of all nuclear alignment
experiments must be questioned for this reason., Only by the
superposition of a strong (~ 1000 gauss) axlal magnetic

field can this effect be eliminated,

Interactions between a 6058 ion and its paramagnetic
environment cause the measured A to vary with the nickel
concentration in (Ni,Zn)SiF6~6H20. These interactions disturd
the measurement of A\ most seriously in the 4 to 6 percent
nickel concentration range. In the case of other paramagnetic
salts (such as the Tubton salts, for instance) it is not
possible to say at what concentrastions interactions will have
the most serious effects. Hence, for precision measurements

it seems Important that the radiocactive material be aligned

in a salt which is almost free of paramagnetic isotopes.
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APPENDIX I
CRYSTALS
a) Crystal growth
The {(Co, Ni, Zn)SiF_.*6H.0 crystal is grown from a

6 2
saturated water solution of NiSiF6°6H20 and ZnSiF6°6H20 plus
a trace of 0058012. The crystal is started by placing a non-

radioactive seed of the appropriate concentration into a 20
ml plastic container of the radiocactive solution. (The seeds
are obtained by allowing a solutbtion of the fluosilicates to
partially evaporate in a wax coated watch glass.) The
plastic container is placed in a constant temperature bath
and partially covered by foil to keep the evaporation rate
low,

The crystals grow into hexagonal columns and welgh
about 2.5 gms, The crystals are a light green in color when
warm, and are blue at 77°K. The crystals used are visually
perfect, Their hexagonal (c¢) axis is along the axis of the

columns,

b) Crystal structure
The structure is of the CsCl type. Figure 14 shows the
crystal structure of NiSiF6°6H20. The structure of ZnSiFg*6H,0
is identical except for dimensions, See Table 2. (Ref, 40),
In our‘aotuallcrystal the structure is the same as that
shown, except any site in figure 1l4b may be'occupied by a

Ni, Zn, or 0058 ione
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Table ©

Dimensions of NiSiF6-6H20

and ZnSiF6°6H20

O O O
NiSiF,*6H,0 6.21A 96,3° 9.26A 94504
ZnS8iFge 6H,0 6.27A  96,1° 0,324 9.64A

See figure 14 on previous page.
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APPENDIX II

HE THERMODYNAMICS OF PARAMAGNETIC SALTS

=

a) Independent particle case
The entropy per mole of a paramagnetic substance when

the ions can be considered as independent is (Ref, 41 and 42):

s/ik = 4T Los Z) (II.1)

where the partition function (2Z2) is:

7 = = e"E-"-/kT (TI.2)
g

the sum being taken over all ionic energy levels.

Now, in all our work we can neglect the lattice entropy
which is proportional to (T/'T“@)5 where TQ is the Debye
temperabure and is generally 102ﬂ105°K. If the parsmagnetic
salte have an effective spin (S') equal %o % and no nuclear
spin there are two ionic energy levels, In a megnetic field

along one of the susceptibllity axes (Section II.2, pe. 22):

H = - l‘_ .

E =+€ =g pH(Z) (II.3a)
E =m=me€

whevre o = X, Ty OF Zoe

From equation IV.4 (p.10Y):
E, /k (in degrees) = 3.36 x 107° g, H, (II.4)

where H, is in gauss. S/Nk vs. kT/e for s' = % is plotted

in figure 15,
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D/€ = 0.05

0.8 - D/€=-0.05

0.6 |-

S/Nk

04+

kT/ €

ENTROPY, TEMPERATURE RELATION FOR A
SPIN 1 SYSTEM OF NON-INTERACTING IONS

2 € = ground level splitting
N is the number of ions belng considered,

* Incidentslly, this 1s also the entropy, temperature relaotion
for a spin 1/2 systemo

FIGURE 15
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If we are dealing with an ion of effective spin 1 and
in a z-directed magnetic field the electronlc energy levels

ares

1

_ 1. _
E+ = € + 3 D= gZPHZ (1) + z D (IZ.5a)
T =0 = 20D (IT.5b)

o S ®
E =m€+%D = H (-1) + & D (II.5¢)
- 5 _gz(s,.z 3 bc

and again from Appendix IV

5

E /i (In degrees) = 6.72 x 107 g H_+ ¥ D/k etc,

where HZ is In gauss,

S/Nk vs. kT/€ is plotted in figure 15, for three values
of D/é » The entropy of NiSiFG'Gﬂzﬂ in a fleld of 22,000

geuss and at 0,95%K can be found by noting that:

i

€/k = 6,72 x 1072 x 2.29 x 22,000 = 3,38°K

kT/e = 0,95/ = 0,281

Dfe = = 22176 = _ 0,05

i

I

Hence 8/Nk = 0,1 after demagnetization,

b) Very low temperature case
Given an initial H and T for a particular salt whose
Hamiltonian is known, Section a) enables us to find the

entropy per mole of paramagnetic lons., If we knew the entropy
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vs, T curve for the system at very low temperaturcs and in
zero Tield, we could predict how cold the crystal would get
after demagnetization merely by equating the initial entropy
to the fingl entropy.

The very low temperature region of this relstion for

an undiluted salt can be explained using the concept of spin

waves, A spin wave 1s a collective particle excitation quite
simllar to & phonon. At absolute zero In g ferromagnetie
sach domain has all its spins perallel., Adding a little
energy tc the system creates a standing probability wave for
finding a spin in the wrong direction. This gives an entropy

3/2

semiclagaical discussion of this subject, while a good

as T-¥0. Kittel (Ref, 43} gives a

(&}

(S) proportional to T

gquantum treatment is given by Van Kranendonk and Van Vleck
(Ref, 44),

At higher temperatures, however, there are so many spin
waves that frequent collisions meke this‘ooncept no longer
useful. When the temperature is high compared to the
couplings, another approximation 1s possible which shows
I8/ - log(2 8" + 1)7 = = (kT) )22, (Ref, 45).

In a dilute salt after demagnetization the temperaturss
arc too low for this approximation to be vaslld and we must
rely on experimental values., TFigure 16 shows some experimental

o

ata on (Zn,N1)SiFg*6H,0 of about 15% Ni, Note the two

O

specific heat peaks~~one due to interactions and one due to

the "D" terme
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Thus, we would expect to reach a temperature of 0,017°K
(%3 = 3250) (B = 1.14) afber demagnetizatlon from 22,000
gauss and 0.95%K (S/Nk = 0.1),

This value is actually observed (Table 6, p. 61},
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APPENDIX IIT

©
THE DECAY OF 0008 AND ITS EXPECTED ANGULAR DISTRIBUTION

The decay scheme of 6058

is shown in figure 1, pPe. 4.
We shall derive W(®) for the 0,810 Mev ¥ which follows the
0,470 Mev B-transition. The spin change in the g+ transition
is 0. The B and neutrino can cerry off 1 or O units of
engular momentum and still have a high probability allowed
transition. We define A as the fraction which carry off O
units of angular momentum (called Fermi decay). (1L =-A) is
the fraction which carry off 1 unit of angular momentum
(called Geamow=Teller decay). No other possibilities seem
importantp%

Consider the fraction, A , which have L = O, EHquation
13a says:

=N°

i i ;
N
N £ e T (IIT.1)

#*1. One possibility is that the ground state of co°® 1s

1+ not 2+., However, this assumption would give W(e)'s which
are unambiguously inconsistent with this experiment,

5. Another possibility is the ground state of Co°° is
o=, This would make the 0.470 Mev transition first-forbidden
instead of allowed, However, log Tt is found to be 6.6 in
line with an sllowed transition instead of the € to 9 expected
from a first-forbidden transition.

%, An admixturs of second-forbidden decay could be
important, however log ft should be 11.6 to 13,4 compared to
6.6 observed for the decag. Thus the admixture should be
down by a factor of ~ 107°, It would take an admixture of
10~2 to influence this experiment.
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now, since the ¥ decay is queadrupole, and Iy = I; =2 we use

equation 10a which becomes:

P (cos@) -5 1° £9 p (coQG) (111.2)

WO(G) = P

We now have W(@) in terms of fg's instead of f;'s. W(8) for

L = 0 is now, using equation 12a for the N's:

_,_ 1 40 o
w (o) =1-% f P (cose) -~ 5 £, P (cosé) (IT1.3)

For the fraction, (L=A), with L = 1 we get, similarly

using equation 13c in eguation 10a

W (o) =1 - -:-;-fg P (cose) + = f4 P (cosd) (ITI.4)

Taking

W(s) = XWO(@) + (1~ \) W, (8) (ITI.5)
We have

- o | 40 o
W(e) = 1~ — (1+7) fg 2(0039)+ 5 (2=5X) f4 P4(cos@)

(ITI.6)



w10l

APPENDIX IV

59

NUMERICAL CONVERSION OF THE Co SPIN HAMILTONIAN TO

TEMPERATURE UNITS AND TO Co°°
&) Units

In spectroscopic notation an energy of 0,0184 cm”l is
the energy of = photon of wavelength (A) = 1/0.0184. This

energy (E) is
E=hv = he/A = (he)(0.0184) (IV.1)

We want to use "temperature units" il.e., an energy of
-l
1° is 1k. Thus to convert 0.0184 cm to temperabure units

we find

c

i
WFY

E/k (in degrees) (0,0184)

I

1.438 (0,0184)

C.0264 (IV.2)

H]

similarly, 0.0047 em™t becomes:
E/k (in degrees) = (1,438)(0.,0047) = 0,00675 (IV.3)

Examine the g"p HZSZ term in equation 16, If we put in
the value of B (0.927 x 10~2° ergs/gauss) and divide by k

(1.38 x 10710 ergs/°K) we have

) -5
H i 2 = 60 *
g”p ZSz (in degrees) 72 x 10 g, HZSZ (IV.4)
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where
Hz is in gausse

Putting in values of g, and g, into equation IV.4 and
using equations IV.2 and IV.3 in equation 16 we have for Co
in ZnSiFi‘GHQO:

4

W/k = 3,91 x 100 HS + 2,31 x10"% (B s +HS)
) Z Z X X

Jy ¥

+ 0,0264 S I + 0,00675 (S I +37TI) (IV.5)
2z Xx ¥y

59 58
b) Co to Co Conversion

The hyperfine terms in equation IV.5 must be adjusted
to allow for the fact that the magnetic moment, and the
spin of 0058 is different from that of 0059. Now "A"™ is =
measure of the effective field (Hez of the electrons at the
nucleus btimes the magnetic moment of the nucleus, The total

energy ( 4 E) from changing I, from +I to ~I is

LE=48 2I=2H (1V.8)

oft My

where

Py is the magnetic moment of a particular isotope.

For a different isotope, however,

AE! = A'SZ 21t = 2 (IV.7)

H
Horr Py

assuming Heff is independent of the isotopes
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Dividing equation IV.6 by equation IV.7 we have

AT/A'TY = “N/Qﬁ (IV.8)

Now from (Ref, 46):

I =7/2 for Co°®

I =2 for Co’°

and

= +
@58/959 = 0,8734 % 0,0024
Using equation IV.8, equation IV.5 becomes:

H/e = 3,91 x 1072 B S+ 2,31 x 1074 (Es +HS)
Z % XX ¥y

+ 00,0403 S I + 0,0103 (S.I_ +SI) (IV.5)
% % X x yy

for 0058.

60

The above reference allows us to treat Co in an

jdenticel manner,

4

B/k = 3,91 x 107 HS + 2,50 x 1072 (5 S +HS )
z 2 xx vy

4+ 00,0152 S I +# 0.,0039 (8 I + S7TI) (IV.6)
zZ Z X X ¥y

for Co6oq
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APPENDIX V

CALCULATION OFv NUCLEAR POPULATIONS WHEN ’ SZ,IZ> IS NOT
AN BIGENFUNCTION OF THE HAMILTONIAN

If we are dealing with a mixed state, where {SZ,IZ> is
not diagonal in the Hamiltonian, we calculate the expectation
value of the k'th moment of the nuclear spin [<(Iz)k>p’]

for a particular state (VM) ass

k
Uz = AR R (V.1)
ir
Vo= B, g, | 572>+ o stz 1520552 (V.2)
using the properties of < ( l > we have

k Lk
(1) = v b <sz](1)]s >
Z 19 1 z%"z z z?
b s, I, %s8,I, %
% ik
+ b¥ b S ,I |(I.) }s' I’>
W oot r<z’ z } ?
SzIz Sz 1z ? a0
(V.3)

.. k
+ b" b <'S‘ ! I
Wat 1t By T z’Iz‘(z) ISZ’IZ>
z "z z "z

+ p¥ b <S' I | (I
Pgrpr Bgrpr N\ z'7z I( Z)
Z z zZ 2 '
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But since

<s;,1; ] (Iz)k ] sz,xz>= (I;)k SI o S s (Ve4)
2 & z Z
: K\ _ k 2 k 2 _
() ), = (1) L R G LV R
z 2 zZ 2z

generalizing when many states are mixed

2
|

KN L k
<) >p~ Sf?fé (1) lbp‘SéI
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APPENDIX VI

58

THE EFFECT OF THE WZAK Co ¥-RAYS ON THE MEASURED A

Figure 1 (p. 4) gives the deecay scheme of 0058. The
weak 0,81 Mev Y-ray from the 1,62 Mev level, and the 0.81
Mev Y=ray which follows both are counted and contribute
to the observed angular distribution of the 0,81 Mev Y-ray
following the 0.47 Mev beta=-decaye

The angular distribution of the first ¥=-ray in the

cascade is (Ref, 26):

[~ 2 &
V‘Il(g) = 1 + ("OgS 4 1.4‘65 + 051045 )(l s )\ ) fn p (COS@)
(6% + 1) © 2
. .27 6°

52 1 (=2 + 5 A") f4 P

4(cos@} (VIl.1)

The angular distribution of the second ¥=-ray in the

cascade 1sg

2
Wy(0) =1 -2 (1e A BR2=3/287)

1+ 62) o Pz(cose)
(VI.2)
2
+ %? (2 = 5 A) (2/?1" 1?;? 5 ) £, 2,{cosd)
+

where

A' is the A associated with the elsctron capture

to the 1.62 Mev level

fk are the alignment parameters for the initlal G058 state
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a
$ = gé = intensity ratio of guadrupole and dipole
1l
components of radiation,
Now, we know that A\! = 0.2 (Ref. 28) and that § =-2.2
(Refe 18},“ When we compare the above angular distribubions

with the distribution of the principal Y-ray:

We) =1 -5 (1 +A) £y Pylcosd) + F(2 - M) £y Pylcose)
| (III.6)
We see that only the P2 term in equation VIIT,1 is important,
This term 1s gbout 0.8 that of the corresponding term for
the principal ¥-ray.
Now, the observed distribution WO(Q) is

0.984W(8) + 0,016 W (8) + 0.016 W_(8)

W, (8) = (VI.5)

1,016

Consider the effect if @= 1.5 the cosfficlent of Pq

for the principal ¥Y=-ray is 0,199. Then we have:

W, (0°)% 1 = (0.8)(0.199) = 0,84 (VI.6a)
W, (90°) % 1+ (0.8)(0.5)(0,199) = 1,08 (VI.6b)
Wy(0%) X W, (90°) % 1 / (VI.6e)

*prafnfelder et 2l (Ref. 18) state that &=+ 2.2 from
angular correlation studies. However, the theoretical
relations used by Fraunfelder have a different sign convenbion
for § (Ref. 47},
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W(0%) = 0,8416 for A =20 (VI.63)
w(90%) = 1,1150 for A=0 (VI.Be)

Hence, using equstion VI.S

0,8440

il

W ()

i

WO(G} 1.1126

This point has a measured A of =0,003, If @= 1,0
or o® is the measured A is still sbout =0,003, A correctlon
of +0,00% has been made to all the measured A's given in

this reportb.
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APPENDIX VII

COREECTIONS‘

There is a certain number of background counts (princi=-
pally from cosmic rays) which must be subtracted from the
warm counts end the cold counts before W(8) is calculated,
Table 10 gives the fraction of the total warm counts which»
were noise in the various crystals,

Since there is about 0,03 pcuries of 0060 for each

58

gweurie of Co in the Oak Ridge source, some of the

680 .
observed counts are due to Co ~, and a correction is needed,

This correction is made by experimentally determining the

60

fraction of warm counts which are Co”Y, then subtracting

that fraction from the warm ccunts, From the cold counts

we subtract the same fraction, adjusted for the expected

theoretical W(8) for Cool

60

at that angle, Table 10 gives

in the 0058

the percentage of Co and Table 11 gives the
correction to be added to W(®) at various "temperatures",
ZFor purposes of these corrections a temperature is deflined
by W(0°%).7

igure 17 gives the angular distribution for the
principal 810 kev J-ray for two values of fwith X = 0O,
By averaging W(8) over the solid angle of the counter a
correction to be added to the observed W(8) is obtained.

For the 8%, 12%, 19%, and first night's runs of the

first O% crystal the half angle subtended by the 0 counter



wad 10

Table 10
Noise and Co®® in Co®8

. . 80 ) . 58
Crystal Percent Noise Percent Co Counts in Co“”" Counts

0° 90° o° 90°

6% 2.4 0,67 1.1 1.0

129 2.7 6 1.7 1.8

19% 1,9 0e5 1,0 1,0

1st 0% &% 1% 0.8 1.4

ond 0% 7 265 0.8 1.4

4% 15 702 0.9 0.9

First night's runs
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Table 11
0060 and Solid Angle Corrections
¢0%0 correction” Sclid angle correction
W(o) A W(0°) AW(90°) AW(00°) aw(90°)
0.82 +,002 0.000 0,000 +0,00%7
CoB4 +,002 0.000 =0,001 +0,004
0,88 4,002 0,000 =0,001 +0,002
0,92 4,001 0,000 0.000 +0,001

*00%0 correction is for 1% co® in 0058

22 G2
Jeie

Solid angle correction is for 7° and 10° half angles.
Tt must be doubled for 9.6° and 13,8° half angles,
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1.20

1.10

1.0O

0.90

0.80

l l I [ l l I |
0 I0 20 30 40 50 60 70 80 90

6 (in degrees)

TUEORETICAL NORMALIZED COUNTING RATE W(8)
VERSUS @ FOR Co°

Curves are for the case of A= 0,

We hayeg used the theory for the 1ldeal cnse
of Co"% in ZnSiFg*6H0 (Section II).

FIGURE 17
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wes 7° and the half angle of the 90° counter was 10°%, For

the second night's runs of the first 0% ecrystal, the

second 0%, and the 4% crystal the half angles were 9,6° and
13.8° respectivelye
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APPENDIX VIII

CHECK FOR STATISTICAL SIGNIFICANCE OF DATA

The series of demagnetizatlons (runs) made on each
crystal yields a series of measured Als (each Ais now
averaged over a2ll bemperatures) and assoclabted sbatistical

an errer

counting orrors (aé), Tn addition there I
agsociated with shifts in the elecbronicg and any other
non=counting fluctustions. We assume these unknown

fluctuations can be sssigned a guanbiby (ﬂg) which takes
them into account and is constant for all (n} runs, made

gl error:

oF

on a given evening., Any run (1) then has & bo

2 2 2 7 3
. = -+ ] M"c

0'1 aS-,i aé ( IIX.1;

We now define a quantity (e) (Ref. 48):

n 2

Z (aA/ )
- =& (VIIT.2)
i n=1

where

AN = A = A (VIII.3)

i i

and Ai is the value of A for run i averaged over all the

counts in thsat rup and where
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> >‘i /0’2

oy i i

)= 2, (VIII.4)
Z /g
i

0. is the total ervor {(7) for run 1.
If we have picked a correct value for aé, then we

Sl

expect,

Ex 1 (VIII,5)

Table 12 gives values for A,, and o for the 0%, 6%,
i 8
12%, and 19% crystals. HEstimates of g, are given, as well

as the resulting A's and ¢g's for each nighte.

“Because the number of runs is small, we expect that
equation VIIT.5 1s only approximately true.
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Table 12

Test of Statistical Significance of the Data

Statistical Electronlics &
Counting and Other
Brror Brrors o
\ Ay = A
Run # 5 (Gé’i) (0;) ““;imm
6%, First Night
4 0,069 0.26% 0,028 0,307
5 ~0,1538 0,037 0,028 2,585
8 =0 ,0755 . 0.0161 0,028 0,015
7 0,001 0.0455 0,028 2,285
A = 0,080 % 0,025 €= 1.5
6%, Second Night
1 -0 ,098 0,041 0,014 0,558
2 (140 ' 0,021 0,014 0,167
3 ~0,133 0,018 0,014 0,012
A= =0,131 F 0,015 €=0,4
6%, Third Night
7 «=0¢125 0,060 0,018 0,303
8 =0,105 0,015 0,016 0,403
9 (0,087 0,022 0,016 0.052
10 =0 ,048 0,026 0,016 1.957
A = =0,091 % 0,015 &= 0,9
12%
1 ~0,055 0.,0145 0,032 0,129
2 -0,033 0.,0110 0.032 0,081
3 =0, 078 0.0132 0,032 1.073
4: ""00005 000152 00052 19182

A= «0,042 X 0,017 €= 0.8
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Table 12 (continued)

2
Ao =
Run # Ai (”%,i) (aé) A )
19%
1 0,083 0,038 0,032 2,004
2 0.024 0,028 0,032 2,068
3 =(,003 0,025 0,032 0.187
4 ~3.,024 0,022 0.032 0.923
A = 40,024 F 0,021 €= 1.0
0%, First crystal, First Night
2 =, 072 0,020 0,019 0,684
3 =, 038 0.0144 0.018 0202
4 -0 4,011 00,0172 0,019 2e12
5 "'OuOSS OoOl9O 0.0lg OQOB
6 = 004 0.,0292 0.018 1.65
A= 0,049 & 0,012 6= 1,2
0%, First ecrystal, Second Night
64 w0140 0,054 0,04g%%% 2,30
8 +0,014 0,013 0,038 1,39
e =0 o035 0.015 0,035 0,082
10 =0,040 0,015 0,035 0.08
A =-,0%0 % 0,021 €= 1.3
0%, Second crystal, First Night
1 0,019 0.,0169 0,018 4,775
2 =3 o 047 0.0084 0.018 0281
) =~0,040 00,0078 0,018 0071
4 =0 ,040 00,0126 0,018 0,056
5 = ,050 C.0118 0,018 C.501

A = =0,035 £ 0,10 €= 1.4
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Table 12 (continued)

Run # Ai (Og’

i) (Ae)

0%, Second crystal, Second Night

1 -0.055 0,0087 0,014 0.067

2 -0,032 0.,0084 0,014 1,294

3 -0 077 0.,0088 0.014 2,497

4 -0 0040 0.0101 0,014 0.378

5 -0.049 0.0090 0.014 0,001
A= ~0.051 £ 0.0075 &= 1.1

PRTEY
K el

There is reason to expect that there was a larger
shift in this run.
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APPENDIX IX

THE HIGH TEMPERATURE LIMIT

The method of Daniels (Ref. 31} uses the density
matrix (@) of quantum statistical mechanics to obtain the
effect of the P (§i,§j) terms on f_ and £ . Tolman (Refe
49) explains the density matrix clearly, and Daniels!
treatment of the problem is quite complete,

This attack yields 4 f2 and A:f4 as a power series
in P(gi,§5)/kT and D(ﬁi)/kT (see equation 30, p. 54, for
the mesning of these terms). FHere A fz and 41f4 are the

change in f_, and f4 due to including these P and D terms

2
in the Hamlltonian,
The first non-vanishing term in Danlels! general

caleculation is the order of

2%r  2/(km)4 (IX.1)
0

P . is a perticular P(gg,gg) which describes the
energy of interaction of the cobalt ion of
interest (ion o) and another parsmagnetic ion, j

A is the coefficient of S IO . in d (Ege. 30).
s s

However, in the treatment of = co™ ion surrcunded by

occasional it ions this term vanishes becsause of symmebry,
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and higher order terms are quite difficult to calculsate.

As a matter of fdct, this whole approach fails for tempera=

tures less than 0.150. The reason is that the higher order

terms look like A< Pojz Djn/(k:T)4+n where Dj from equation

33 1s 0,176%K. In the temperature range of interest (0.02°K0

D/kT = 10 and the seriles expansion will fail to converge.
This method will be useful, however, in the case of a

paramagnetic crystal where the majority of the paramagnetic

ions heve S = 1/2, In this case, there 1s no D term (Section

IV.lb), and the series will converge quickly for kT > PA,
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APPENDIX X

EXCHANGE IN COSiF6°6H20 AND IN NiSiF6°6H20

A sample sf'CoSipﬁ-aﬁzo has been put (Ref, 50) into
a2 magnebic field strong enough to completely align ite. The
interaction energy (Ei) of an ion with its magnetized

environment was found to be:
Ey/k = 2,25 K (%.1)

In sddition, specific heat measurements have shown that

the magnetic Curie point (8) for NiSiF +6H,0 is 0.1%K (FRef.

51). Kittel (Ref. 43) Chapter 15 shows thatb:
By /e o= 5T (X.2)

Hence, for Ni-Ni exchanges (S = 1)

Ey/k = 0.15°K (X.3)
or
5 =7 E (Xe4)
iICO 2 lNi

It should be noted that in the previous discussion no
o * ® . — —
distinction was made between an isotrople exchange (Si.s4)
J
between two ions i and j and an anisotropic. exchange having

a magnetic dipole form of coupling. In 0031F6’6H20 there is
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no evidence of how much of each type there is. In NiSiF6*6H20

the speculation is that they are about equal (Ref. 51).
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APPENDIX XI

INVESTIGATION OF THE IFFECTS OF INTERACTION ON DEGREE OF
ALIGNMENT

A erystal (Fig. 18) was grown which contained aboub

0.9 pecuries of 0058 in pure ZnSiF6*6H20, t was surrounded

by a non=active ZnSiF,°6H_ O blanket which seperated it from
o

6
a 12% nickel layer containing about 0.3 ucuries of COGO.

60 58

This crystal was aligned and W(C°) of Go and W(0°) of Co

were obtained (Fig., 19). Plotted on the same graph is a

58 60

theoretlicsal curve which assumes the Co and Co are =zt

the same temperature, and that there are no interactlons,

or K capture effects.  Also on the graph are results of a

similar experiment done with 0058 and 0060 evenly distri-

buted in a 12% crystal. All of these results are fully
corrected,

It appears that interactions in 12% nickel msbterial

do not effect W(0° in the low tempersture region ( f= 1.3).

)58

However, in the higher temperature range ( 6= 0,9) W(Oo)58

without interactions 1s less than W(OO)58 with intersctlions,
Thus,; the overall picture is that the presence of inters
sctions tends to decrease the "nuclear alignment" as measured

by W(0°). This is consistent with the fact that the 0%

%000 nas two intensc guadrupols ¥-rays following a
B-decay (Ref., 36), Both ¥'s have the same theoretical
angular distribution and are simultaneougly observed.  The
theoretical anguler distribution for Co®” with ng inbteractions
is obtained in exsctly the same manner as for Co 8 (Bection II).
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material cooled indirectly by 12% material showed more
alignment than the homogeneous 12% crystal (Figs. 8 snd

8, pages 46 and 44).
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STRUCTURE OF
LAYERED 12% Ni + Co® aND 0% Wi + co%8 crysTAL

Cross section perpendicular to the axis of alinment

FIGURE 18
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W(0%) g
.00 0.90 0.80
1.00 f
0.90
(o) 0.8
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[o]
S
= UNIFORM LAYERED
0.80 ./
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LAYERED
B= 1.0 a
A A=0
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0.70 | |
B=13
]

W(0°) FOR Co®8 VERSUS W(0°) FoR Co® 1N A LAYERED
12% N1 + Co® AND 0% N1 + Co°° CRYSTAL
ALSO FOR A UNIFORM 12% CRYSTAL

Curves are theory with no interactions or K-capture effects.

The spin Hamiltonians are those of Appendix IV with Hv,y,zzt)

They epply to both the 1,17 and 1.33 Mev co% Y-rays.

FIGURE 19
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APPENDIX XII

58 6

608 ap co® GHE! Mg, (N 2
o AND Co ALIGNED IN 082 gS( 05)12 aéHEO

a) Introduction
Before doing any experiments with the fluosilicates,
[y
experiments were done using traces of COQB in
Ce, (Mg,00°8)_(W0_). *24H 0. A 600 gauss external field was
2 3 312 2
applied along the z-alignment axis (sece page 1, idem #2),
This is o poor salt to use for obtaining nuclear In-
formation. There are two non-egulivalent lattice sites for

s cobalt ion. Site I conbaining about 2/3 of the coablt

. =
fons has the spin Hamiltonian for Co°° (Ref, 21):

1

Hplem ™) = 4.1 BHS + 4,4p(HS + Hy;sy)

+ 0,0085 (S IZ) + 0.0103 (SXIK + S I ) (XIX.la)

z vy
3ite II containing the remaining ions has:
’ -1 , , -
1 = 7 H S 1 H S
MIE(C’“ ) 7eB P (,‘.ZSZ) + 2,3p (hxsx + !"y‘by)

+ 0,028 (S I ) + 00,0000 (S I + S I ) (XIL.lb)
2z X X vy

These results are obtained by paramagnetlc resonence

59

using traces of Co”" in Bi?Mgz(NO ), . *24H_O, Dsspite this

3712
the constants in the sbove Hamiltonians are probably correct

to 10%. However, the ratio of ilonic populations (aII/éI) in
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the two sites 1s uncertain. This fact, combined with Ce
being paremagnetic and contribubting an unknown interaction

effect make the Interpretation of the results very difficult,

b) Results and conclusions
The theoretical curves are obtalined merely by converting

o8 and to Coeo, and

the Hamiltonians to be applicable to Co
by putting them into temperature units. The procedure is
exactly as in Appéndix IVe Then the Hamiltonians are
diagonalized as in Section II.3 with G“;éO this time., This
igs done easily by hand since GX and Gy are still O.

The values of W(0°) and W(90°) are obtained for each
gite using the statlistical mechanics of Section II.4 at
various temperatures and A's, The observed W's are the
welghted average of the W's for cach site.

This average 1s taken for several different populaticon
ratios (aII/aI) and is plotted in figure 20 along with
experimental results for a 4 gm crystal. If the real

population ratio is near to 0.5/0.7 the results are similar

to those obtained in the fluosilicates (Appendix XI).
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Curves are theoreticszl with three ratios of ionic
populations (aII/aI) in the two different lattice sites,

Curves are for A= 0 except where noted,

FIGURE 20
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