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Abstract

Wasbauyer Effect in m169

The reccil- free resonance absorpiion phenomemn has been
used to study the 8.4 kev gamma ray which is emitied in the decay
~f the firet excited state of 'I‘mlég vhich is populated by the beta
decay of &169 With sources and absorbers in various chemical
forms, hyperfine structures vhich are strongly temperature dependent
- have been obtained. These have been studied with the aim of producing
‘a source emitting an unsplit line. The observed abgerption patterns
are explained on the basgis of a quadrupole interaction resulting from
the interaction of the miclear quadrupole moment of the excited state
of Tm169 vith the electric field gredient produced by the surrounding
electrons and the crystal field. Arguments are given to show that

the magnetic hyperfine interaction is expected to be negligible,



Table of Contents

I. Introduction

II. Theory

¥

B.

Mementary Theory of the M3ssbauer Effect

yperfine Structure and Inergy Shifts in

2.

3.
L.
5
6.

huelear Transitions
The Quadrupole Interaction

Crystal Tields and Perturbations of the
Lf Mectronic Shell in Rare Farth Ions

Influence of Relaxation Phamna
The Effective Quadrupole Interaction
The Effective Magnetic Interaction

The Taclear Quadrupole lMoment of '1‘1169

ITI. Experimental Procedures

Experimental Tguipment

A.

B.

1.

2,
3.

b,

Velocity Spectrometer
Proportional Counters
Klectronics

Source Over and Cryostat

Preparation of Sources and Absorbers

1.

2.

Source Preparation

Absorber Preparation

Page

10

& 8

31

32
35
39
11

43
s



IV, Resulils
A. lMeasuremenis at ﬁoom Temperature
1. Oxide Soufce and Absorber
2. Metal Source and Absorber
3. Metal Source and Oxide Absorber
L, studies of Other Absorbing Materials

B. Messurements Above and Below 300° K

V; Discussion

A. The Magnitude and Temperature Dependence
of the Hyperfine Structure

B, B8igze of the Resonance iffect

C. Line Widths

VI; Summary

References

Page

b7
L8
52
54

56
59

73

75



I. Introduction

The discovery by R. L. MBssbauer (1) of fhe phenomenon
of recoil-free gamma ray resonance emission and absorption has made
poassible various studies in nuclear and solid state physics and ex-
perimental tests of the theorles bf relativity. lbat-of these ex-
periments have been performed using the isotope Feﬂ, while relatively
1ittle has been done using other transitions, particularly those in
the rare earth nuclei. _

' The unfilled 4f shell in the rare earths is the source of
some ph:}sical properties whicﬁ distinguish the rare earth seriés from
most other elements, Missbauer scattering experiments are particu-
lerly useful in studying the nuclear hyperfine splitting resulting
from the interaction of the nuclear moments with internal fields
produced by the atomlie elecirons.

There are several transitions in nuclei of rare earth

atoms that can be used for recoil-free resonence absorption experi-
ments (2, 3. 4). In the present work, the 8.h kev gamme transition
in Tat®9 vas selected. This particular transition, the character-
istice of which are presented in ﬁ.g; 1. has the sdvantages that the
recoil-free fraction is large e‘req at very high temperatures (see fig.
2) because of the low energy of the transition, that the half life of
the level 1.;; long enough to give a narrow line width, and that suit-

able sources can easily be made by neutron irradietion of &168.
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DECAY SCHEME OF THULIUM 169 SHOWING 8.4 KEV
TRANSITION STUDIED IN PRESENT EXPERIMENTS

ADDITIONAL INFORMAT ION: ”iéé
NATORAL THULIUM IS 100% THULIUM

- GROUND STATE NUCLEAR MOMENT: -0.21 NM

8.4 KEV TRANSITION IS M1+ E2
INTERNAL COMVERSION COEFFICIENT M SHELL 69

g,ﬂ SHELL 37
8.4 KEV STATE HALF LIFE: 6.9X10°7S,
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11, ’.{heory
A. Elementary Theory of the Missbauer Effect

The basis of all recoil-free" gamma-ray resonance experiments
is the discovery by MS8ssbauer that when an atom is bound in a crystal
1ts mucleus can make transitions in which the full energy of the trans-
ftion is given to the emitted geamma ray and practically no recoil
energy is given to the emitting or absorbing nysten; There are two
basic parts to the analysis of the effect -- the part due to nuclear
physics, which shows the origin and form of the resonance, and the
part due to solid state physies, Vv‘hich shows how the receil-free
transitions oceur.

The cross section for gamma-ray resonance absorption is
given by the Breit-Wigner formula, |

(21e +I)Alc7'r‘z i
87T (2I4+1) 1+ )E —E) + T4 ET

O(E)=

vwhere L, is the difference between the ground. and excited-state
energies, E is the energy of the incident gamme ray in the system of
the absorbing nucleus, [= %u the total width of the level being
excited, whose mean life is T » I, and 2{g are the excited and ground
state spins, andm.r is the total internal conversion coefficient for

the transiticm.;

* The neme is somevhat misleading. It should be noted that it is
not the recoil which is eliminated, but the energy loss due to
recoil. :



If only recoil-free transitions are being considered, this
cross-section must be multiplied by the recoil-free fraction f<£1.
Approximating the real vibration spectrum of the crystal by the Debye

gpectrum, we obtain for the recoil-free fraction (1)

6/’.
2 6R . 2 tdt
Fesve = oxp(- 5[+ ) @

vhere R:an[ma is the recoil energy for a freely recoiling atom of

mass M, and k is the Boltszmann constant. This formuila gives the
recoil-free frection for emission or absorption of gamma rays from a
nucleus in a crystal with Debye temperature ©, vhen the crysteal is at

temperature D,
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B. Iyperfine Structure and tnergy Shifts in
Muclear Transitions

In general, tﬁere are various effects which split and shift
the 1ine emitted from a Mdssbauer szource. In the present experiments,
the larze naturai-line width of the transition being studied prevents
the observation of two of the possible effects., These are the second
order Doppler shifi due to thermal vibrations of the atom about its
equilibrium lattice position (5) and an isomeric shift (6)-which is
an electric interaction dﬁe to the interaction of thelnuclear charge
distribution with the eleétron charge distribution inside the nuclear
core, which can be mede different for source and absorber,

‘The effects which are gignificant in the present study are
the interaction betﬁeen the muclear quadruﬁole moment and the electric
field gradient at the nucleus, and the magnetic dipole interaction
between the muiclear magnetic moment and the magnetic fleld at the
nuclear sites produced by the atomic electrons. These two effecis
are considered separately in the following sections.

The interaction of the mcleus with macroscopic eiternilly
applied Tields is not large enough to be cbservable with the presently

aveilable field strengths,
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1. The Quadrupole Interaction

The quadrupole interaction energy is a result of the inter-
sction of the nmuiclear quadrupole moment with the electric field

gradient at the nucleus. The interacticn Hmiltbniun can be written

in the forn H Zf Q (VE) (2), where Qa is the muclear

T2
quadrupole tensor with components

)= (312 —I(I+1)

2~ 2I(21 /)

t_ _eq 6 |
Q= 722y (LI +L.1,) (3)
AL _eave 72 |
Q.= 712r-1y L

where Iy and I, are to be treated as operators on the nuclear spin
wave function /I )'m) which has spin I and spin projection m, along an

arbitrarily chosen z axis. I, and I, are defined by

I, J2,my=(1 0L ) I I,md = [z myIme )] 12, me1p
I II,m)=mlI,m).

(v aé ig a form of the electric field gradient tensor with components
-t . O — ,’
(VE), =+ Uz,

(VE), = ,,- (Uxz £ iUyg) (4)
(VE) =5 7= -f_ (Uxx U)')/ 2‘ ny) &
with U the potential at the muclear site lnd Ux - ._i_.— U 8

}Axf— aX,. DXV
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We are completely free in the chdice of coordinate axes.
Without the application of external fields, the system that is most
convenient for calculation is t.hat- in which the principal axes of
the gradient tensor serve as the coordinate axes in which to write
the nuclear weve Tunction. In this system, which we will call the
(x*, y', 2') eystem, the gradient components Uyiyt I Upigt = Upgye - O,
In addition, we will conform to the convention of having the z' axtis
along the strongest component of the gradient temsor. We further
introduce the parameters 1] I (Uyryt - Ugrge) / Ugrgr end
eq = Ugig! ;'Vl and eq then completely describe the gradient tensor in
the (x', y', 2') system when lLaplace's equation holds.

We will now proceed to calculate the quadrupole splitting of
the Tet®9 muclear energy levels in the (x', v', 2') system. Since
the ground state has I - &, there will . quadrupole splitting.

The matrix elements for the quadrupole perturbation of the I : 3/2

excited state (8.4 kev) can be caleulated using equations 3 and 4:
<LmlHal 1m) = <Iml 3 Q3 GE) |1,mb= A(3m?-1tt+1)
Im HalIm"> =T ml = Qs-(E ) J1,m)=H (212 +12 )

2
_ge” Q
A—°¥I(ZI—/)
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The resulting perturbation matrix is

%134 O B7A O
| O -3 O B7A
~BlyNA O -3A O
3| O 374 O 3A

An exact solution of the secular equation of this matrix

™4

yvields the energy eigenvalues

Ez-3,1_='3/_‘7|(/+"12/3)'/‘z ~(5a)
| /:';H/z-‘--3A(l+”?‘/3)yz ~ (5b)

the eigenfunctions of which are

/
’I,fB/z>=AI3/z,’I,13/7.> + Bry IL *4) AWND (6a)

|I,%! ':Ct I/,_II,'_"'/Z>+D_*.3/2_II,:%> (éb)
(the wave functions are identified by the I, value they assume for ')Z-qo)

Thus without performing the actual disgonalization of the
gradient tensor, we have shown that under a pure quadrupcle inter.
action the I = 3/2 excited state is split into two levels regardless
of the complexity of the gradient tensor.

The field gradient at the nuclear sites comes from the
surrounding fons and from distortions of the electronic shells pro-
duced by the field of these ions. The first step in evaluating tﬁe
field gradient, therefore, will be to look at the structure of the
crystal and the electronic states of the rare earth ions in the

crystal electric field.
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2. Crystal Fields and Pertur‘butions. of the
L Mlectronic Shell in Rare Earth Tons
The rare earth series of elements is distinguished by the
fact that the Lf electronic shell is partially filled. The
electronic configuration for all these elements can be written (7)
16226225535235630101 2 p51a 100 £156256530- 1682, Tn compounds or
solutions, three electrons go off (the two 68 electroms, the %d
electron, if any, and a 4f electron if there is no 54 electron),
leaving a 34 ion with a partially filled 4f ghell shielded by the
surrounding closed shells of 58 and S5p electrons. The magnetic
properties of the 34 ion are determined essentially by the Lf
electrons, since all the other electrons are in closed shells.
The free lon can usually be described accurately using I-S
coupling of the Lf electrons; this gives a free fon ground state with

T - T4 5 vhich 1s 27+ 1 fold degenerste. If we place the ion in

the eleetric field generated by the surrounding ions in a crystal, we

find that the shielding of the 4f electrons by & total of eight Ss
a.?:d Sp electrons makes the effect of the crystal field wesk in com-
parison with the L-S coupling, so that J remains & good quantum number
and perturbation meth@sl can be used to evalumte the electron config-.
uration of the ion in the crystal electric field. This is in marked
contrast to the iron transition elements, vhere the perturbing effect
>oi' the crystal Tield is strong in comparison vith_the L-8 coupling
and J is no longer & good gquantum number. |

The effect of the crystal field is to partly or completely

remove the degeneracy of the free ion ground state, depending on the

L3
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crystal fleld aymmetry;* The c;ystnl field splits the energy levels

of the free ion ground state by less ﬁhan 0.1 ev (n-1200° X) for T T(8)
while the spacing between levels of different J is of the order of a

few ev (~ 30,0000 K) (8). Therefore, in calculating the effect of the
erystal field perturbation on the free ion ground state, in first

order @hc existence of excited states can be neglected;

Because of the weak coupling (~'10*5 ev) between the elec-
'tronic states and nuclear woments, the hyperfine interaction can be
neglected in calculating the electronié wvave functions.

We shall proceed to calculate the farﬁ of the Lt éloctronic
wave functions resulting from the perturbation of the free ion energy
' levels by the crystal field,

Since in first order the crystal electric field splits the
ground state of the free ion into a manifold of electronic states of
the same J, it 15 convenient to expand the potential in terms of
spherical harmonics,

V#i=) A X 1T (7)
nv
This expansion holde inside a volume that has no free charge, and is
. regtricted to relatively few tafms because of the symmetry of the
crystal field. Table I contains the only values of the expansion
parameters n and 7 which occour in equation 7 for some of the com-

pounds studied in the present experiment.

# In Tm3* , which has an even number of electrons, there is no
Kramers degeneracy. :
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Table I

Significant Constants in the Expansion of the Crystal Field for
' Various Lattice Symmetries

Hexagonal close packed structure:
Point symmetry DBh

n X
2 0
3 3
L 0
5 3
6 0, 26

Body-centered cubic structure:
Point symmetry 62

=
<

- W

CNVLE W N
o
-
1+ e 4
NN
-
I+ 141+
£ o
-
i+
o

Body=centered cubic structure:
Point symmetry 031

QOO |«
-

(N T
i+
Wi
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The matrix elements of the potential operator of eguation Tr

taken in the manifold of eigenstates having the same J are given by

Vo= B | VI Yo Yl P W07 ) @

The wave functions ,

'yf = g;‘xiTn.%ETN A (9)
for the different crystal symmetries follow from the solutions of the
secular determinant of equation 8. Results for the ground state of
T3t  are presented in Teble II.

" As cen be seen from equations 8 and 9, the actual pumerical
values of the coefficlents Olyp in Table II depend on the values of
An4 - which characterize the crystel field and on the expectation
values of rif,

We are concerned here only with some basic characteristics
of the hyperfine interaction, which can be obtained without a numerical
evaluation of the O(; . This mumerical evaluation is difffcult in

most cases becsuse values for Ay, are generally not known.
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3. Influence of Relaxation Fhenomens

In princiyle,. each of the diflerent elscironic states ‘\K
produces a different electric Fleld gradient, which we will call
(vE)], and a different magnetic field, T, snd therefore a different
hyperfine. splitting.' This would lead to 8 large number of nuclear
levels in the nuclear excited and ground states, which would produce
_an exceedingly complicated gmmms spectrum. However, the spin-lattice
relaxastion performs an averaging procegs which considerably simplifies
the results.

When rare earth ifons are bound in crystals, there is a
strong {nteraction between the J of the 4f electrons and the lattice,
Because the orbltel angular momentum is not quenched, the electron
spin-lattice realt;xa.tion times are very short (substantially less than
1010 3 (9) at room tempersture), mich shorter than in the case of the
ivon trensition elements, "Mis time is shorter then both the 1ifetime
of the nuclear state ("\-Ii.f)*8 s) and the nuclear precession period
("-10‘9 s). The mucleus does not follov the repid reorientations of
the electronic spins because of the wveak coupling between T and 3, and
therefore experiences average values of VE ana H resulting from en
average over the electronic gtates. This means that we can restrict
the averaging procedure to the electronic states only;

- Assuming that the averaging process over the electronic
states tekes place in times very muich smaller than the nuclear lifetime

and the nuclear precession period, we obtain the following averages:
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— LpapCEAT)) VE:
E= 5 arpCEAT)
e ZE””F(’E/T)]H I)
LTIy (

vhere exp(-B; / kT) is the Poltsmann yopulation factor for the

(10)

electronic state with energy g and T is the lattice temmmré:

The averaging is shovn schemetically in fig. 3.
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SPLIT BY CRYSTAL

FIELD INTO MANY  NUCLEAR AVERAG I NG
LEVELS QUADRUPOLE PROCESS
SPLITTING RESULTS 1IN

e 2 LEVELS

—— IN 1T 3/2
FREE |ON EXCITED STATE
— -
3Mz CONFIG-
URATION

S
! for e ane o= ‘

ELECTRON SPIN-LATTICE AVERAGING OF QUADRUPOLE
RELAXAT 1 ON MAKES SPLITTING IN EXCITED STATE
TRANSITIONS AMONG '

THESE LEVELS

NO NUCLEAR

QUADRUPOLE
- e SPLITTING
(1= 1/2)

UNSPLIT
GROUND STATE

—

\
Nofy A o, o QUADRUPOLE SPLITTING 1IN

NUCLEAR GROUND STATE
FIGURE 3: ILLUSTRATION OF THE AVERAGING OF THE
QUADRUPOLE SPLITTING BY THE SPIN-LATTICE
RELAXAT!OM PROCESS.



‘m‘
L, The Effective Quadrupole Interaction

The electric field gradient at the nmucleus of en ion in an
fonic crystal results from four principal sources:
a. the direct field gradient VE' due to
the gurrounding ions
b. the distortion of the filled electronic
shells by the field of the suryounding
ions
‘. the distortion of pertially filled shells
by the field of the surrounding lons
resulting in VE"
d. the distortion of the filled shells by
the field resulting from the partially
filled shells, resulting in VE ' .

These components will be analyzed in tbe above order.

a. In ions of the rare earth series, ms will

be shown, vE' s relatively small and can be mglected:

b. The second effect is called "antishield-
ing" since the net effect of the distortions of the closed shells is
to increase the field gradient VE' resulting from the direct crystal
field. The antishielding effect can be considered in either of two
complementary ways.

The first viewpoint assumes that the field due to the nuclear
quadrupole moment deforms the electronic shells of the atom, inducing
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a gquadrupole moment in them which is - § times the muclear quadrupole
moment. The quadrupole moment of the atom is then (1- ¥) times the
nuclear quadrupole moment (if the induced moment is in the same direc-
tion as the muclear moment)., If the atom is placed in a perturbing
field gradient and the energy splitting betwesn the nuclear orientations
ia measured, the direction of the induced gquadrupole moment changes
with the nuclear orientation, and the total quadrupole interaction is

then glven by

3

Hq = (Qatom) -VE - (1 - ¥)crear ¢ V E'
vhere V' is the gradient tensor of the crystal field.

The second viewpoint is that if an atom is plsced in an in-
homogeneous electric field, this fleld will distort the filled elec-
tronic shells, and this distortion produces a gradient at the nucleus
vhich augments or decreases the gradient from the externally epplied
field.

As bas been shown by Sternheimer (10), these two viewpoints
are equivalent in first order, i.e., a8 long &s the deformation of
the electronic shells is small, which is normally the case.
| Using the first of these analyses, which 1s more generslly
useful and easier to deal with than the second, Sternheimer (10) has
calculated the size of this effect for various closed shell ions. Ve
can meke an estimate of J for the closed shells of the Twdt fom by
starting vith Sternheimer's value of Y = -143 * 10% for the Cs' ion,
vhich hes the same closed shells as the Tw3* lon. The existing cal-
sulations reveal a& rough veriation of Y with 1./32 for a given shell.
Therefore ve assume & somevhat smaller value of ¥ for m3* (2 : 69)
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then for Cs' (2 = 55). We will use Y= -100 in further ealculstions.
stnee |¥[3»] , ve cen neglect VI' in comparison with ’VE'.

¢. e distortion of the partially filled Lt

shell by the crystal field is the main source of the electric fleld
gradtent, and will be snalyszed in some detsil, As each of the differ.
ent Lf electronic states produces a different field gradient at the
nucleus, we shall separately calculate the field gredteuts { v B} for.
each of the different electronic substates characterised by Yiv the
generel vave function obtained earlier for the 4f electrons.

We evaluate the pradient tensbr.( v i‘)'{ as follows:
Assuming that all the Lf electronic charge is outside the sphervid of

nuclesr shape,

o [P YI7) HF)dr
?g(r)—f‘f;?_ﬁ_z!e 77

whare ¢ (?) is the potential in the neighborhoed of the nmuicleus from

the 4f electvons and ¥' is the variable over which we integrate the
) ] | (

electronic charge. Expending l?-—?'l in spherical harmonics and

differentiating under the integral sign,we obtain the Cartesian

components of ( V ) @

g . = 2e<1/g(Y22+Y2:2 —-%@Y;> <T°3}
R
g =2e(HZ Y, )r>



.23

8,,= 2e(-VE (=Y D<A
Be=20< YE(Y,+Y, ') >(r?)
ﬁyf 2e <‘ {:'\[T?(Yz"— Yz")>< r—3>.

From this ve obtain that in the case of the Dy, symmetry {see page 14 )
bey = ¢ys 2 fén : 0. This means that the principal axes of the
field gradient tensor lie along the coordinate aystem used to express
the erystal field; this 1s not true for the Cp and Cyy symmetries.

d. (VE)'"', the part of the field gredient
resulting from the distortion of the closed shells by the field of the
bt electrons, is very difficult to calculate precisely. In principle,
it cmid be calculé.téd by perturbing the closed ahﬁll vave functions
with ﬁhe potential due to the 4f electroms, but the extensive overlep
‘of the L7 wave functione with the closed shell wave functions {which
are themselves not well known for the rare esrth series) makes the in-
tegrals very difficult. However, we can give some gqualitative
srpumsote o Justify the ssmaptisn shat ¥ B < VR, L.4., thst vbe
field gradtent produced indirectly by the bf electrons through the
polarigation of the closed shells is considerably smaller than the
direct field gradient from the if electroms. It cen be shown (11)
that (r;3) for the outer shells with ¢ x 0% 1s considerably smeller

‘% § gtetes are not perturbed in first order by the Lf electrens,
- and shall not be considered.
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than < r~%) for the bt electrons. Since the gradient st the nuclesr
sites is proportionsl to the anguler integrals (Y;") fvkion ave of
the same order of magnitude for all the shells) and proportional to
<r"3> , VE''' s smaller than VE" even under strong deformations
of the filled shells and will be neglected hereafter.

Thus, it has been shown that the major contributions to the
field gradient st the mucleus come from the assymetry of the 4f electron
shell and the antishielding of the crystal field, so that

VE: VE+ YVE . MRt (12)

As explsined on pege 17, vhen the spin-lsttice relaxation
time is short, we cannot observe the field gredients (V%) for each
electronic substate but rather obeerve an average field gradient VI
vifoh results from the &ifferimt electrenic states weighbed aceording
' to their Boltsmann factors (eq. 10). The total effective field
' gradient is then | |
VE:VvE + ¥VE . I § (13)

3 XV ﬁ' is not influenced by the averaging prqqe.li;
- ‘EVE:‘ is essentially independent of the Wtum, 80 that

any tempersture variation of VT comes only from VI . The tempera-

 _ture dependence of the field gredient VE is then as followss At very

low temperstures (kT< < Fi), only the lowest electromic state is
populated, and VE is VTj for the lowest elsotromic state. At in-

termediste temperatures {kT 2 E;), all the electronic states are

. populated and VE' 1s given by the aversge from equation 10. At high
temperatures (kTD>DEq) all the electron substates will be equally



-25.

populated, which means that there will be no preferred orientation of
3. fhie results in a net charge distribution of spherical symmetry
vhich produces a gero field gradient at the nucleus. The gquadrupole
interaction produced by the 4f electrons will therefore approach gero
at high temperatures. However, by means of the antishielding effect,
the Uf electrons still contribute a small field gradient which can be
caleulated by tresting the 4f shell as & oharge distributicn of '
spherical symmetry, like the ¢losed shells.

Thus, at high temperatures, the remaining effective field
gradient is spproximately v .
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5., The Effective Magnetic Interaction

The magnetic hyperfine interaction is given by

Hy = /.:ln . -ﬁ . (14)
vhere My is the nuclear magnetic moment and H is the magmetic field
at the nucleus. In the absence of an external magnetic field, the
field at thé nucleus results from the spin and orbital angular momenta
of thé atomic electrons in partially filled shells, in our case the
Lf shells.

Under the assumption of pure L.S coupling, equation 14 can
be rewritten (11)

Hy = KT + 7 = K(LJye+ LI, + I,3.) | (15)
where the constant K contains such things as radial ihtegru.la, elec-
tronic charge, and g«»factors;
| If the couplihg between T and J is sssumed negligible (see
page 17), the only significant term in equation 15 is KI,J , so that

) =288y @F - (16)

As in the case of the quadrupole interaction, we first
evaluate (H,) for each of the different electronic states., It is
necessary to treat the degenerate and non}&egenerata states separately.

| For the non-degenerate electronic levels, we can show that
the magnetic interaction is zero in each state. The non-degenerate
© electronic wave fxmctiéna are real except for a trivial phase factor
. because the erystal Tield Hamiltonian (eg. T), which does not contain
megnetic interactions, is invariant under time reversal. Thus the

electronic wave functions contain equal admixtures of Yy and Y{® .



-27-

(Jt) * 0 for states of this fom;l thug the magnetic hyperfine inter.-
action venishes for the mn’degenerate electronic levels,

| If the electronic -ﬁates are degenerate, the situation is
nore comblex; If we consider a doubly degenerate state with wvave
functions V’ A and ’UB, the general wave functions for the degenerate

level are given by

IAERN BN Ja,l? +/b1=|

: | 2 2

% =a ¥+ bt [ az]* +1b,["=|

. QTQZ + bsz =0 .
At higher temperatures, we must consider the fact that the

electron spin‘}_attice relaxation is so fast that &ll the electronic
~states are populated during the time of the nuclear decay and so we
mist average over the population. BGince Yll and %2 are degenerate,
the PBoltzmann factor will be the same for each, and the average mag- |

netic field at the nucleus from this degenerate level is

218y £ hldf B )=

=2 L1800 LMY + 0]t Jal Y+ 1aa ™ | S | Ya) + (b, ) Y] 1)

= 2[(a2 +fa ) 1dz1 4 + (I6)*+ [ ) Ha | S 2 )
=z[ Chaldzl B + (Valdzl 5)].

Since the submetrices of the crystal field perturbation (see

l‘able. II) from which L//A and % vere found are Hermitian conjugates,
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- . m
s & 4 %—';deJ

then ‘fg ——-Z ﬂ-mYJ‘m witt; /ﬁ_mlzlam’ :
“m

(noYEaW in both %mﬁ \/JB)_

Then

<Haldel %)= Z el m
BB ) = 1ol )

so that

Chlda | B +< Bl 1% ) = 0,

and thus no doublet state gives any hyperfine interaction if the elec-
tronic spin-lattice relaxation time is short compared to ~ 10710
seconds.

Since only the degenerate states contribute to the magnetic
interaction, the averaging by the spin-lattice relaxation process is
less, eritical with respect to the relaxation time than that of the

quadrupole interaction.
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6. The Nuclear Quadrupole Moment of &169

" Nuclei in the range A - 150 - 190 are normally well described
by the unified model of Bohr, Mottelson, and m.i»m {12, 13). In
this mdél, an odd A nucleus is considered as a core containing all
the nucleons but the last (0dd) nucleon, which then moves in the field
of the core. The core is deformed into an axially symmetric euipsoid;
Muclear states can be mede from combinations of rotational states of
the core and intrinsic states of the last nucleon, with the angular
momenta of the core and the odd perticle combining to0 give I, the net
miclear apin; 7 :

The predictions of the sbove model (see 13) are in good
_agresment with the spectrum of Twl59 studied experimentally by Boehm
et al (14). The I : I ground state of Twi®9 is the lowest state of a
1/2, 3/2, 5/2, T/2, 9/2 rotational band, snd the 8.k kev (I - 3/2)
excited state studied in the present ixperimn*h’comapondc to the
_second state of that band. Some excited states corresponding to
intrinsic excitations of the odd proton are also observa& in the decay
scheme of Tml59 (rig. 1). '

The unified model allows us to make estimates of the nuclear

somenta; Ws ous caleculate the quadrupole moment for the 8.4 kev
ste.te by assuming that the single particle contribution will be small

in comperison to that from the deformed core. Then the Nilsson model

(13) gives Q: [3KZ—I(I+’)]-5i_I SZR§(|+ 8/z+...)

(z+1)(21+3)
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vhere K = & 1s the projection of I on the axis of symmetry of the core,
D is the deformation of the core, and Z and R, are the charge and the
mesn radius of the mucleus. Using (13) & - 0.28 and Rozl.hxlO”BAl/ 3 cm,
ve find Q = 2.1 x 10°2% o2, We will use this value of Q in evaluating
the quadrupocle interaction.

Since no Wetic hyperfine interaction is observed, the

magnetic moment will not be calculated,
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ITI. Dxperimental Procedures

The technique used in measuring the hyperfine structure was
to measure the transmission of gamma rays from the source through a
thin foil of resonantly absorbing material. Using the linear Doppler
effect, the absorption lines are moved relative to the emission lines
by moving the absorber toward and away from the source., When, at a
certain speed, an absorption line coincides with an emission line, aﬂ-

absorption peak results.
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A, Experimental Equipment
l. Velocity Spectrometer

The velocity spectrometer which provided the mvémnt of
the absorber consisted of a precision ground cam which converted
rotary motion to linear to.and.fro motion. The different velocities
required vere obtained by changing the angular velocity of the cam
with a gearbox; The velocity range covered was 0.088 cm/s to 10.0 en/s
in a total of 69 steps. This type of velocity drivn has the advantages
of being mmte, simple, and reliable. |

The mechanical arrangement used is shown in fig. 4., The cam
was made of hardened steel, beaﬂng against flat hardened steel fol-
lowers. The amplitude of the stroke was 1.9 om, 1.7 cm of which
represented the region of constant velocity. To reduce vibﬁtiona,
the motors and gearboxes were mted on a separate chassis from the
'cnm mechanism.

The following tests have been performed to chnck on the

acguracy and constancy of the velocity spectrometer:

e. Stroboscopically observing the rotation
of the motor shaft, no dependence of the motor speed on the load weas

detected.

b. A static check of gear and cam linearity
was made by measuring the caryiage displacement as a function of motor
shaft rotation, using a dial indicator. This indicated that the

carrisge was always within +0.001 cm of the correct position;
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¢. To check the proper behavior of the -
velocity spectrometer at high speeds, a veloeity trﬁnsdgcer vas used,
This measurement showed no variation greater than 0.1 emfs at
velocities up to 2 em/s and no variations greater than *0.25 cm/s

at velocities up to 10 cm/s.

These checks showed that any Inaccuracies in tim can drive
did not influence the experimental results.

Photoelectric gates restricted the measurement to those
* regions of the motion vhére the speed was constant., A 1ight beam
- focused on a photomultiplier was 1ntamp£ed by a sector attached to
the cam. The photomultiplier output was used to gate the scalers.
Two separate photoelectric gates vere used to enadble ponitive and
negative velocities to be studied sepumtely; The gates operated
alternately; each gate was open 349 of the time, and clo.;.ned- the

remainder of the time.



Y3LIW0Y¥LII4S ALIJOTIA NI
@3SN WSINVHIIW 3JAI1YA Wyd *4 3¥N9I 4

il m——ee{s

¥3dyosav



-35-
2. Proporiional Counters

Because of the extremely low energy of the transition being
studied (8.4 Xev), proportional counters were used to detect the gamme
rays. These were built using an aluminum tube (40 em long and 10 cm
inside diameter) for the cathode, and a stainless steel vire (0.08 mm
diameter) for the anode (see fig. 5). The ends of the aluminum
cylinder were sealed off with Pyrex end plates which also #uppurted
the anode wire. The counter was filled*vith a mixture of 90% argon -
107 methane to a pressure of just under one atmosphere. The counter
vindov vas & 1 mm thick (200 mg/cn?) beryllium disc b om in diameter.
Counters were assembled using an epoxy resin for fastening the end
plates and the window, and then evacuated to & pressure of 10"° mm
before filling., After filling, the anode wire was electrically heated
to improve the resolution. The resolution attained was about 17% at
6 kxev, which is close to the theoretical limit. Unfortunately, this

‘resolution wes not good enough to resolve the 8.% kev gamma-rey line
from the thulium and erbium I X.ray complex present as e strong back-
ground. The spectrum shown in fig. 6 results from the composition of
the 8.1 kev gamma ray and the i X-ray complex.

Due to the very high counting ratés chtained (as high as
7x103 counts/second in the chammel, and a total counting rate twice
that), some precautions were necessary to prevent instability in the
gas smplification end avoid rapid decomposition of the counting gas.
The counters were run at & relatively low gas amplification of about
5x10° (nigh voltage about 2.2 kv), and then would count for about 1010



a3asn SY3ILNNOI quo._bmomoxm 40 M3IA NOILI3S SSOY¥I :9 3uNII4

AX0d3

SILVId ONI XIWAd —

l/.

¥ 3¥IM 300NV 733LS SSATNIVILS

300HLVD WARIWATY |

P

P —

AXOdI whedeeed o
MOCGN LM ED_l_._>mm_m-




, *Q3LVIIQONI N33S
JAVH SAVY=X T WNI9Y¥3 DNOYLS 3HL 40 SII19YINI 3IHL OL 9NIONOLSIYYO0I
SNOILISOd JHL *GNNOYINIVE AVY-X IHL WOYJ ONILINSIY 3dVHS X3ITdWOI 3IHL
ONIMOHS ¥ILNNOD TYNOIL¥OO¥d WO¥S LNdLNO 40 WN¥LIIAS LHII3H 3ISTNG 9 3uN9Ld
43BN 4uzz<zu

ON 09 0§ 0¢ (174 ol
| | =~ Irrr - ] | , |
. _ : 4..5_ .
" vy !
ooo..n-ooooo o0 -ooo-ooo‘-o
-.ooooooono ”q ooo ooo
oo-oo-. = .o . =
m .
.. -
- Y "

000°1

0002

000°‘¢

000°y

TINNVHDO ¥3d SLINNOD



-38.

counts before the resolution deteriorated serioucly; At this point,
heating the anode wire generally restored the original resolution;
this process could be repeated several times before it was necessary

to refill the counter. The output puilse was about S mv for an 8 kev

gamma ray.
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3. Electronics

A block diagram of the elﬁctmnic equipment used is shown
in :1’13; i

The signal from the counters was fed into a cathode follower
preamplifier followed by a delay-line-.clipped pulse amplifier and
differential discriminetor. The window of the differentiel discrim-
inator was set sppreciably wider than the actual width of the line
being measured to minimize counting rate drift due to gain changes.

The pulses from the differential discfiaimf.or were counted
by & transistorized multi-channel scaler with automatic print out.
The scalers were controlled by the photoelectric gnﬁea: The signal
from & 10 ke quartz-crystal-controlled oscillator was simalteneously
gated and counted to determine the actual messuring time.

The measuring technigue employed was te alternate runs of
about 10 minutes with the asbsorber moving at 12 cm/s (a standardising
velocity high enough to eliminate resonance abmption) with runs of
the same length at the measuring velocity v. The "Effect” as plotted
in the figures vas defined as

{Count rate at ‘12 em/s - count rate at v)
“Count rate at 12 om/s 5

The egquipment wag m:bmticauy controlled by & devioce which
alternated standardizing and messuring runs and printed cut the scalers

at the end of the run.
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k. Source Oven and Cryostat

The source temperature vas varied from about 60° K to
1200° X during the present experiments. The temperatures below
300° K were attained by the use of a simple cryostat with dry ice or
liquid nitrogen as & ref‘rigemt; Beryllium windows were used to
transmit the gamme rays. Temperatures below the boiling point of
nitrogen ('T‘To. K) were attained by pumping on the ‘nitrogen; in this
range the temperature was controlled by a pressure activated switch
that measured the vapor presslire of the nitrogen and asctuated &
solenoid valve in the pumping line.

The source heater used is shown in fig. 8. Tt had the
advantage of having the hestiﬁg element isolated from the source, so
that the atmosphere on each could be controlled separately to minimige
chemical reactions. By using both bifilar and ordinery winding of the
Kanthal heating coil, it was shown that the magnetic field due to the
heating current,; a maximum of 50 gauss, had no influence on the pattern
of source lines. The oven tenpere.ture'm controlled to a few degrees

and monitored by a thermocouple.
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B. Preparstion of Sources and Absorbers
1. Source Preparation

Sources were produced by irradiating natural erbium metal
and oxide for three veeks in & flux of 5x10%" N/en®/s 1n the
Materials Testing Reactor at Idaho Falls, Idaho. The specific
activity obtained was usually on the order of 10 c/g; Sources of
about 20 mg. were used, resulting in a counting rate of about 3,000
{cemma rays plus I, X.rays)/second in the channel, after the attenua-
tion by windows and the absorber photoabsorption; The strong internal
conversion of the 8.4 kev transition required relatively high source
activity to get useful gamma counting rntel;

Since the experiment is primsrily a study of the interaction
of the nuclear quadrupole moment with the electric field gradient
depending én the crystal lattice symmetries, the effects of the
radiation damage to the lattice from the reactor irradfation had to
be taken into account. To eliminate these effects, the oxide sources
vere chemically processed after irradiation. They were dissolved in
acid, precipitated as erbium oxalate, and then heated in oxygen to
form the oxide. Metal sources were made either by vacuum evaporation
at & pressure of 10°° mm Hg or better, or from irradisted metal filings
with no post-irradiation treatment. This procedure vas justified
because the types of radiation damage caused by thermal neutron
irradiation and subsequent gamma radiation would be expected to be

annealed out at room temperature in the metal,



N

Sources were usually mounted on beryllium discs about 1 mm
thick and 4 cm in diameter. Powder sources {metsl and oxide) had to
be spread very uniformly to minimige the effects of self-absorption;
they were held in place with a coating of paraffin or by clamping with
a bervllium cover disc. Beryllium was particularly useful for source
holders because the low Z allowed the transmission of the 8.4 kev with
only small attenuation and gave little bremstrahlung in stopping the
electrons resulting from the beta decay;

Sources of mixed (’1'm-¥)203 were made by dissolving the
active material and the yttrium together in acid, precipitating the

mixed oxelate, and heating in the same vay as the pure Er203 sources.
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2. Absorber Preparation

The resonance absorption cross section was approximately
Tx10‘19 em@/atom (Bee eq. 1), Taking into account line broadening
effects and photoabsorption, the most useful absorber thicknees was in
the range of 2-5 mg/cma; It wvas possible to meke uniform layers of
thulivm oxide and garnet in this thickness ranhge by allowing a suspen-
sion of the powlered compound in an organic solvent to settle onto a
beryllium dise. The same disc then served as the support for the
sbgorber, sincerit was rigid and transparent to the gamma ruys; The
powder was covered with a thin layer of paraffin for mechanical
stablility and protection against atmospheric huuidity; The coatihg
made no noticeable difference in the observed abgorption apectm;

Metal ‘a.bsorbers vere made by evaporating thulium metal from
a tantalum or tungsten ilament onto a beryllium backing disc. Tt was
necessary to etch the beryllium slightly to make the thulium layer
adhere. Pressures from 10-> to 10-7 mm vere maintained during the
evaporation, and a shutter was used to prevent deposition during the
outgassing procedure and the first pﬁt of the evaporation. Since the
eveporation was done by subliming the thulium from the solid state,
contamination by the boat material was not a problan; There vas a
noticeable improvement in the ahtrpne’sn of the absorption lines wvhen
the pressure during evaporation was lowered from 1070 mm Hg to 106,
but further improvement to 10°' made no observable difference.

Attempts to anneal the metal absorbers to improve the

crystal structure of the thulium layer resulted in very bad smearing
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of the sbsorption spectrum, probably due to diffusion of the beryllium
backing into the thulium. ‘

Absorbers of thulium diffused into copper (similar to those
used by Ofer {(3)) vere made by vacuum evaporation of thulium onto a
clean copper foil, heatingr the combination for preliminary annealing
without breaking the vacuum, and then annealing in a pure hydrogen
atmosphere for 12 hours at 960° C. This amount of heating was not
sufficient to distribute the thulfum through the copper with perf_éct
uniformity, but at least some had diffused completely through the

copper.



IV. Results

The ground state of Eri®® produced by neutren iryediation
decavs to the 8.4 kev state in Tmlsg; Thus the Mm consists of
radiosctive thulium fons in a surrounding qf erbium ions. The local
surrounding of the thulium ions in source and absorber is therefore
aifferent.

This difference can be neglected in interpreting the
regults of the preasent experiment because of the chemical simila.i‘ity
of these two elements. No experimental evidence was found for a
a4 fferent hyperf.{ne structure in source and absorber under equivalent

conditions:
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A. Measurements at Room Temperature

1, Oxide Source and Absorber

L

Figure 9 shovs the transmission cbserved as a function of
veloeity between an Erp03 source and ’I'nzos absorber. According to
Part II, the pattern can be explained in the following way: For ions
in physically equivalent lattice sites, the nuclear emigsion line is
symmetrically split into two components of equal intansit.y; The
split is produced by the guadrupole interaction only, since the mag-
netic mtemctiéh is cancelled by the spin-lattice relaxation
phenomenon; The nucleayr abaorytion line is similarly split into two
components.

The relative position of emission and absorption lines is
1llustrated in fig. 10 assuming identical splittings in source and
absorber. The resonance absorption should be the strongest at zero
relative velocity between source and absorber, since éach emission
line coincides with an absorption line. If the splitting between the
lines 13 AE, and if we move the sbsorber toward or away from the
sogurce with velocity v ::‘ e —E— » We obtain side peaks of one-half
the intensity of the central peek which result from a coincidence
 between one emiasioﬁ line and one sbsorption line. In this way, we
obtain the three peak pattern of fig. 9.

The explanetion above neglects the fact that in TmpO3 the Tm
ions appear in two physically inequivalent sites, in the ratio of three
T™m ions in sites with Cp symmetry for each Tm ion in a site with 031

symmetry. We obtain two guadrupole doublets in the intemnsity ratio
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"LEVELS IN SOURCE RESULTING EMISSION SPECTRUM
—_43/2

—t1/2 I |
+H/2
LEVELS IN Agsgﬁssa RESULTING APSORPTION SPECTRUM

_l,—:fi_

A f —efe—AF

V=0

OBSERVED ABSORPTION PATTERN RESULTING FROM
EMISSION AND ABSORPTION SPECTRA SHOWN

FIGURE 10: EXPLANATION OF 3 PEAK PATTERN SHOWN IN FIG. 9
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3:1 from these two lattice sites. In the presence of the strong
peaks, the weak peaks resulting from the less populsted sites have
not been observed, and we vill neglect their existence in the inter-

pretation of the experimental results,
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2. Metal Source and Absorber

If the source and absorber are erbium and thulium metal,
msp&ctivuly, the resultant hyperfine patiern is completely different
from that of the oxide source and sbgorber. The observed pattern
(see Pig. 11) shows that in both source and sbsorber, any hyperfine
spiitting is small compared to the line width obser\md; This shows
that the field gradient st the nuclei in the metal (symmetry D3h)_ is

mich weaker than that in the oxide.
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3. Metal Source and Oxide Absorber

Correspondingly, if a metal source is used with en oxide
absorber (or vice verso.), the moving of the single line of the metal
over the two lines of the oxide results in an absorption pattern of
two pesks (see fig. 12), with the same energy seperation as in fig. 9,
representing the quadrupole splitting in the oxide absorber,
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b, Studies of Other Absorbing Materials

In the same fashion, the absorption spectra of V.W:!.ma other
materiels vere studied using metal and oxide sources.

For example, an absorber of thulium diffused into copper in
the ratio 1:30 (atomic) was studied. The sbsorption spectrum of this
absorber taken with a source emitting an unsplit line is shown in
ﬁg; 13. Though the pattern resembles that of an oxide absorber, it
is believed_ to result from the guadrupole interaction of thulifum ions
in copper. Tt is not yet known whether the thulium ion appears as a
replacement for a copper ion, an interstitial, or in a binary alloy
vith the copper.

In another experiment, a preliminary run using an absorber
of thulium ethyl sulfate showed no resonance absorption. The reason
for this 1s not yet known, but the material merits further study
since it would be useful in tying together the results of MdBasbauer
experiments, parsmagmetic resonance, and optical speetmcopy;

In an effort to determine the magnetic moment of the excited
state of 'm169, several runs were made using thulium 1ronr garnet,
which 18 ferrimagnetic at room temperaturea; A strong resonance
composed of several lines was obtained (fig. 14), but the resolution
vas not good enough to decompose the pattern. As many es eight lines
wvere expected under the influence of the nuclear Zeeman splitting and
guadrupole shifts.
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B. Measurements Above and Below 300° K

Figures 15, 16 and 17 show a selection of experimental
results vith an ebsorber of TmpOy at 300° K and & source of Erg0y at
temperatures from T7° K to 1230° K. The figures demonstrate the
strong temperature dependence of the qundrupolei splitting. Figure 18
shovs the tempersture dependénce of the guadrupole splitting cbtained
by the analysiar of all the measurements with oxide sources and oxide
and metal absorbers.

Using metal sources, no splitting was reacimd at room
temperature or above, but a splitting m observed at TT9 K (ﬂg: 19).

Below T7° K, the resonance absorption disappeared almost completely.
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V. Discussion

A, The Magnitude and Temperature Dependence
of the Hyperfine Structure

The analysis of the hyperfine intersction in Part II showed
that the qumlrupolo interaction is the only important source of
hyperfine splitting in most of the present experiment. It vas also
shown that the field gradient which produces the guadrupole splitting
has two significant sources: YVE , the antishielding of the crystal
field gradient by the closed shells, and _V_'é?',_ the field grsdient

generated by the 4f electrons, so that VE = VE -+ SVE .

——
-l

VE cannot be calculated as a function of temperature and crys
symmetry with the present limited knowledge of particular crystal field

end electronic splittings. However, the maximum possible value of

VT can be easily celculated. The Lf electronic wave function giving
the largest field gradient &t the nucleus is the one containing only
my = * 6. Using the set of equations on pages 22 and 23, and the

notation of page 8, we obtaing

| 4
§a= eq=2e<ra) 3 aallk -0

From eguations 5a and oo,

2 % '
aE=L3£3169Q (12 m3)" ~

and using Q = 2.1 + 20°2% o and (r-3)z 7.1 ¢ 2025 w3 (25, 16)

AE = 5 « 10°6 ev = 18 cmfe. This estimate of the maximum quadrupole
interaction resulting from the Lf electrons only is entirely independent

of the crystal symmetry. The accuracy should be within £ 20%, with
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the major part of the uncertainty coming from the estimate of Q from
the Nilsson model.
¥vE', the temperature independent component of the field

gradient, produces the second comtribution to the guadrupole splitting.
Tt depends primarily on the crystal symmetry. We can make & crude
estimete of ¥VUE' for TmyO; from a model that consists of a thulium
ion halfway between two 02~ ions 4.6 A apart. Using an antishielding
factor & = -100, the resultant splitting is 10°° ev = 36 cm/s.

The curve of fig. 18 shows that the splitting varies from
6.6 cm/s et 77O K to -2.8 cm/s at 1330° K. At 680° X the effective
gradient passes through gero within the experimental accuracy, showing
that ¥VE' % - VE . The total variation of the eplitting with
temperature is 9.4 cmfs, well within the maximum predicted from the
L electronic wave functions. The temperature independent part of the
splitting is about an order of magnitude smaller then the result of
the crude calculation above.

In the metal source, the total quedrupole splitting
a;?pea.rs to be small compared to the oxide case. This can probably
be aceounted for by the higher symmetry of the metal crystal, which
nakes _Vg‘; very smsll and decreasep Ey, the splitting of the
electronic levels. The relatively small splitting of the electronic
levels in the metal allows the spin-lattice relaxation averaging
process (see puge 17) to cancel the field gradient from the Lt
electrons even at 300° K, resulting in an unsplit line at room

temperatures .
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The disappearance of resonance absorption below T7° K can
be attributed to the fact that erbium metal is antiferramssnetic
below T8° K, resulting in very complex patterns. This distributes
the intensity of the lines over so many peaks that the resonance
abgorption becomes undetectable,
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B. Size of the Resonance Effect

The reletively weak strength of the resonance effect, onlqr
a few percent for all source and a&bsorber conﬁiﬁntiom, is due to a
strong background of X-rays which have approximetely the energy of
the gamme line.

The most important contribution to the X-ray background
comes from the ionization of erbium 1. shell electrons by the 300 kev
electrons resulting from the beta decay of the Ert?%. Since there
are sbout 200 betas produced for eech 8.4 kev gamme ray and each beta
can produce several L shell ionizations, a stromg X-ray background
arises. In addition, the 8.k kev gasme rey line is energetic enough
to be eritically absorbed in the Lyyy shell of erbium in the source,
with L X-rays resulting.

The use of thin and uniform sources m effective in

reducing the X-.ray background, thereby enhancing the resonance effect,



C. Line Widths

Yue natural line vidth, [, caloulated from the recently
measured half-life of 6.9 ns (17), is 0.2 emf/s. In the present
experiment, a source line having width F is moved over an sbsorption
Line of width |, resulting in a total width of 2 | in the sbsorption
pattern measured as a function of relative velocity between source
and sbsorber. However, the actually observed line widths have been at
least six times this value. | o

There are three likely causes for line broadeni_ng in the

present experiments!
a. excessive sbsorber thickness

b. lattice {mpesrfections and chemical
impurities in the source and
abgorber compounds

e. rimperfact averaging over the
electronic states by the spin-

lattice process.
These effects will be discussed in the above order.

a. Figure 20 shows curves of peak resonance
ebsorption and measured line width as a function of absorber thickness.
The vesults of a theoretieal calculation of line broadening ea a

fuanction of absorber thickness are plotted on the same seale;
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Prom jthoue curves it is apparent that sbsorber thicknesses in the
range 2-5 !Glcmz do not appreciably brosden the observed pattern.

b, Lattice imperfections, howvever, were
definitely established to be significant as a cause of line broadening
since the line widths observed ahéwed a dependence on the preparation
technigue of sources and absorbers. In metal sources and absorbers
made by vacuum evaporatiom, tﬁa iine width decreased noticeably when
the pressure during the eveporation was reduced, but there was no
6 m He. Attempts
to anneal the evaporated films to improve the crystal structure have

further improvement in using pressures below 10~

failed to date because of the diffusion of the thulium metal into the
backing materisl. Ixperiments to produce unsupported metal films are
novw in progres:; In oxide source and absorber materials, the ultimate
1ine width achieved by various physical and chemical treatments was
2.h om/s, corresponding to & brosdening by a factor of 6. Ccnaldarﬂble‘
care was taken to prevent decomposition and diffusion of the Fh-203
sources at elevated temperatures. The use of boats of A1,0; in an
atmosphere of pure nitrogen resulted in stable and reproducible
apect:m: |

No line broadening from radiation demage was expected after

chemical treatment of the oxide sources.

¢. The remaining cause of the observed
line broedening is then that the spin-lattice relaxation time is not

fast enough to average the magnetic snd guedrupole splitting
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- perfectly. A broadening from this cause is very a1eeicult to estimate,
since the relaxation times, supposedly about 1032 & 1n the metal at
300° K, are not precisely known, (The spin-lattice relaxation times
tn thulium ethyl sulfate sre known to be 10" ° ot 4O x (18).)

The spin-lattice relaxation time incresses
sharply with decreasing temperature, and the line broadening cbserved
at low temperatures (see figs. 15 and 19) may be due to a breakdown of

the sveraging process at these temperntures;
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¥I. Summary

The recoilless resonance sbsorptiom of the 8.4 kev gamms
ray exitted from il has been cbserved. Using this resonance, the
hyperfine splitting of the nuclear energy levels in Tm;ég has been
studied in source and abeorber materials of various chemical composi-
tions in a temperature range from 65° K to 1330° K.

Arguments based on the fundamental properties of the
Hamiltonian of the rare earth ion in the crystal electric field and
on the electron spin-lattice relaxation phencmenon have been presented
to show that there is no magnetic hyperfine interaction under most
conditions.

The guadrupole contribution to the hyperfine interaction
was studied both theoretically and experimentally, with perticular
emphasis on the variation of the gquadrupole splitting with tempera-
ture,

- It was ghown that at certain temperatures the quadrupole
splitting could be eliminated, so that an unsplit line resulted.
This procedure makes it possible to produce sources of rare earth
ions emitting esn uneplit line without the use of a cubic surrounding,
vhich 1s d1fficult to obtain with the 34 rare earth fons. The use
of a source emitting an unsplit line greatly simplifies the inter-
pretation of the abserptien peiteims by alloving the dtrect
obgervetion of the absorber spectrum alone.

Unfortunately, the line widths attained have not been
adequate to fully resolve the hyperfine spectra detected. Tt is
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hoped that with the background of these experiments, better sources
and sbsorbers can be mede. These should eventuslly make it possible

to study the very 1nteréat1ng magnetic properties of the rare earth

metals at low tempmratures:



1.

2

1k,
15.
16.
7.

R. L
-

8.
R.

M.

R, V
8.

F.

Je

References

. Missbauer, Naturwissenschaften 45, 538 (1958);
Z. Naturforsch lia, 211 (1959)7 Z. Phys!k 151, 125 (19‘59).

lﬂas‘b&uer, F. W, Stanek, W. H., Wiedemann, Z. Physik
161, 388 (1961).
ofer, P, Aviv:l, R. Ba.uminger J. Merinov, S. G. Cohen,
Phys. Rev. 120 S :
Bauminger, S. G. Cohen A. Marinov, s. Ofer, Phys. Rev.
letters 6, BOT ( 1961)

Kalvius, P. Kienle, K. Bochmann, H. Eicher, Z. Physik 63,
87 (1961).

. Pound, G. A. Rebka, Jr., Phys. Rev. Letters 4, 274 (1960).

mafng;,m, ¢. Lang, R. Ingalls, Phys. Rev, Letters 6, 60
1 .

H. Speddinz and A, H. Deane (54.), The Rare Farths, 1961,
New York.

B. Gruber, J. G. Convay, . Phys. 1531 1960
J. Chem. Phys. 32, 1178 (1960) 2 ( a

Lov, Paramegnetic Resonance in Solids, 1960, New York.

, M. Sternheimer, H. M. Foley, Phys. Rev. 102, 731 (1956).

Helliwell, Priv. ml

Abragam, Nuclear 1sm, 1961, London.
Kopfermen, Nuclear s, 1958, New York.

G. Nilsson, Mat. m; Medd. Den. Vid. Selsk. 29, No. 16 (1955).

R. Mottelsom, S. G. Rilsson, Mat, Fys. én:r. Den, Vid. Selsk.
1, ¥o. 8 (1959).

. N, Hatoh, F., Boehm, P. Marmier, J. W. M. DuMond, Phys. Rev.

104, 45 (1956).
R. Judd, I. Lindgren, Phys. Rev. 122, 1802 (1961).
Y. Cabesas, I. Lindgren, Phys. Rev. 120, 920 (1960).
Runge, E. Hatch, Priv, Comms.



~T6-

18! ‘0 Hl M ai D. TI M” F. !ti m Nt Il m! !!Dc- Ihy‘
-
. i
|
t
.



