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The thesis describes the observation of sizable Mossbauer effects with
gamma rays of energies up to 155 keV. In order to observe significant
effects for transitions with large recoil energies, and therefore small
recoilless fractions, the experiments were performed with a scattering
geometry,.

Some theoretical aspécts of Méssbauer scattering are discussed. Calw
culations of the recoilless and nonrecoilless scattered intensities for‘
single line Lorentzian distributions are presented. The scattered
intensities are expressed in terms of a scattering function which contains
the parameters of the scatterer. The scattering function has been evaluated
- for a wide range of values of the recoilless fraction, electronic absorption,
thickness, and line width of the scatterer.

The attractiveness and general applicability of the scattering method
are demonstrated by the experimental results. The effects observed for ,
the various sourcesand scatterersare given in the table below. These

measurements were made with source and scatterer temperatures below 35° XK.

Isotope , B , keV Source Scatterer Effect
153
Eu 103 Sm,0, Bu,0, 304
" " SmF ] 18%
3
0s186 137 Re metal 0s metal 9.7%
141
Pr 145 CeO, Prg0,, u4
n " CGFB ] 3%
0s188 155 Re metal 0s metal 6.5%




The products of the source and scatterer recoilless fractions have been
determined from the scattered intensities with the aid of the calculated
scattering function. With the assumption that the source and scatterer
Debye temperatures Ob were equal, values GD = (312 + 7)° K and

QD = (322 + 7)° K were determined from the scattered intensities for the

Os186 88

and Os1 measurements. Bxperiments were performed with higher
source and scatterer temperatures. From these measurements we found that
the effective Debye temperature increases with temperature and with the
magnitude of the recoil energy. Recoilless fractions and Debye temperatures
were calculated for all of the measurements. Ferrimagnetic europium iron
garnet was also used as a scatterer for the 105 keV transition of Eu152
From the magnetic hyperfine pattern observed, the ratio of the excited
state and ground state g factors was determined. Using a previously
measured value for the ground state magnetic moment we found the value

*
/L( = (1.9 + 0,2) n m for the magnetic moment of the excited state.
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1. INTRODUCTION

In the six years since its discovery the Mdssbauer effect* has become
established as a useful tool for the study of problems in chemistry,
nuclear physics, and solid state physics. To a large extent its usefulness
stems from the fact that loﬁ lying nuclear levels of stable isotopes can

'-6 0"’10

be found which have lifetimes between 10 = and 1 seconds., The

corresponding natural widths of the reéonance lines are between 10'10 and
10"6 eV respectively. With this energy resolution the Mossbauer effect can
bé used to measure the magnetic dipole,and electric monopole and quadrupole
interactions of the nucleus with the fields at the center of the atom.
These fields are strongly dependent upon the properties of the crystal
lattice and upon the chemical binding.”

There are a large number of low-lying nuclear levels of stable iso-

-6 10 econds. Relatively few, how-

topes with lifetimes between 107" and 107
ever, lend themselves to easy Mdssbauer experiments because the energy Ey
of most of the levels is high enough so that the probability for a
recoilless emission or absorption is small. In the Debye model the
recoilless fraction for a lattice with a temperature of 0° K is
=3 3
t=e J (1-1)

where the free nucleus recoil energy ER is givén'by

*Fbré§ discussion of the Mdssbauer effect see Frauenfelderl) and Boyle

and Hall.



2

_E
Ep ‘jjl”‘;.' (1-2)

Here Mcz is the rest energy of the nucleus, k is the Boltzmann constant and
9D is the Debye temperature of the lattice. The criterion for a sizable
recoilless fraction is that ER be less than or comparable with the typical
lattice energy kQD. With the normal transmission arrangement, experiments
with recoilless fractions less than about three percent are difficult and
have limited usefulness. For example, with rare earth oxides which have
Deybe temperatures ~ 200° K this would mean that 100 keV is about the
upper limit for useful transitions. Other materials have higher Debye
temperatures but few experiments have been performed with energies over
100 keV. The highest energy Mossbauer effect that has been observed with
a transmission experiment is the 134 keV transition of Re1 87*..3 )

This thesis describes the observation of sizable MOssbauer effects
with gamma rays of energies up to 155 keV by means of resonant scattering.
The advantage of scattering over the normal transmission method can be seen
from Figs. 1 and 2. In the case of transmission both recoillessly and
nonrecoillessly emitted gamma rays of the energy EX pass through the
resonant absorber and are counted. If the relative energy shift of the
source with respect to the absorber (which includes the relative Doppler
shift, S=LB )15 less than or of the order of the line width of the
nuclear level, resonant absorption of the recoillessly emitted gamma rays
occurs in the absorber and a lower count rate results, A typical curve of

the transmission versus the absorber velocity is shown. In the limit that

*
The highest energy Mossbauer effegg that has been previously
reported is the 137 keV transition of 0s186 (Ref. 4 and 5) which was
observed with a scattering geometry.
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Fig. 1. The arrangement for a Mbssbauer transmission experiment
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Fig. 2. The arrangement for a Mossbauer scattering experiment and
a typical curve of the scattered count rate vs. the
scatterer veloocity.



the absorber is very thick the magnitude of the effect, D/T(inf), approaches
the value of the recoilless fraction. With a transmission arrangement the
size of the effect is limited because the nonrecoilless gamma rays are
counted.

The scattering geometry does not have this intrinsic limitation. A
typical arrangement is shown in Fig. 2. The counter is shielded from the
gource so that in the ideal case only recoillessly emitted gamma rays which
are resonantly scattered will be counted. The resonant scattering process
can be visualized as a resonant absorption followed by a re-emission.* The
A re-emitted radiation can be either recoillessly or nonrecoillessly emitted
| gamma rays or conversion electrons. In the ideal case there are counts
only wheh the source and scatterer are on resonance. A typical curve of the
scattered count rate as:a function of the‘scatterer velocity is shown. The
count rate off resonanca,?.is the background caused by Compton scattering
and other processes. The size of the effect is NT(O)/B where NT(O)’
the resomantly scattered intensity, depends upon the source and seatterer
recoilless fraétioné, If the background count rate is low, large effects
can be observed even with small recoilless fractions.

The first two chapters of this thesis are devoted to a discussion of
the scattering method. Theoretical aspects of resonant scattering are
discussed and calculations of the resonantly scattered intenéitios are
prasented.** The calculations are used to determine the recoilless fractions
of the source and scatterer from the scattered intensity. The experimental
method is described.

*
The details are discussed in Sec. 2.1,

%
*These caleulations have been submitted for publication.®)
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The attractiveness and general applicablility of the scattering method
is demonstrated by the results presented in the last two chapters. Experi-
ments were perforded with the 103, 137, 145, and 155 keV gamma rays of
Bl 92 . Os186, pr!H# , and 0s168 respectively.* The sizable resonant peaks
observed made it possible to measure the recoilless fractions, isomer
shifts, and in the case of Eu1 33 the magnetic moment of the exoited

state.

*The Mossbauer effect in ‘Eu1 53 was first observed by De Nercy,
Langevin amd -Spighel.7’8) The 05186 transition was investigated by
Barrett and Grodzins.’'5’ Our preliminary results with Os'°O
05188 have been published.g)

and



2. RESONANT SCATTERING

2.1 Cross Sections

In the early history of the Mdssbauer effect there were differences of
opinion concerning the dependence of the Mdssbauer resonant scattering cross

section on the recoilless fraction f'. Both experimental worklo’ll’lz) and

theoretical e.rgmnem:.sl:3 W 14,15)

support the fact that if the lifetime of the
nuclear state is long compared with the crystal vibratiom times ~10"13 sec,
the recoilless (elastic) part of the resonant cross section is proportional
to f'2 while the total resonant cross section* is proportional to f'.

The differential scattering cross section for the resonant scattering
of a gamma ray by a nucleus embedded in a crystal with a lattice transition

from the initial state i to the final stage f is

(2-1)

S

d ! 2
A _ o £ W) o,

A Fr f [F&
where /~!' is the width of the excited nuclear level, o< is the internal
conversion coefficient, & is the scattering angle, and W(9)5) is the
angular correlation function corresponding to a gamma-gamma cascade with a
abs ;
spin sequence Igl;--—r I axc'gg” I r where I gr and Iaxc are the spins of

the nuclear ground and excited states respectively. The nuclear absorption

eros ! 16)
s section ¢ is given by

. 27 2Tex 1/ /
To ml‘)]:&,-ﬂ I+ ) (2-2)

In the total resonant cross section we include only processes in which
the scattered radiation is a garma ray.



where'ﬁznc is the wave vector of the incident gamma ray.

The factor w,, depends upon the properties of the lattice and is given

i
o517

(2-3)

]Z Gle U%ca'r IJ><J] ‘I Ln(_"" ‘>
3 Epe —E. - (€ - €)+<ils

In this expression k is the wave vector of the scattered gamma ray,';7

scat
is the position of the scattering nucleus, 61 and Ej are the crystal
energies for the eigenstates i and j, E; 1s the energy of the scatterer
resonance, and Einc is the energy of the incident gamma ray. For the life-
times usually encountered with the H&ssbéuer effect the width ! is between

1010 -6

and 10 © eV. This width is much smaller than the typlcal energy
level spacing of the lattice €, - €i~m“2 eV. If the incident gamma ray
energy is near the scatterer resonance, ‘ine - Ed“*ffz then only the state

J = 1 contributes to the sum. We ocan then write Bq. (2-3)

wp = / ,—;_/<~Ff “/Bca'l' /}/Zl(t'lﬁt‘ghc.ﬁ“ﬂz

(Ebm = Eo)l"' r

(2-4)

No energy is given to the lattice if the lattice remains in the initial
stéte,' The probability for a recoilless scattering is proportional to

= et [ T A1 s

For a given temperature we have a probability distribution of initial
statés i, If we perform a thermal average over the initial states we obtain

{ } e ~ Ei)z‘-f r% 7C/ | (2-6)



Here { g T indicates a thermal average and the recoilless fraction f' is
defined

_;a : {I(ll e-,l;}‘{ ?I (I>l ZjT ' )

The differential cross section for the resonant scattering of a gamma ray

with no recoil energy loss is then given by

2, .
deg £ / wis) (2-8)

P

Ao~ & J+& Y (B - ED] 4

For the total resonant scattering probability in which energy may or
may not be given to the lattice one obtains
-y

ot / Z‘}({] e_-ﬁf:a:f d "I Qillélet}?’“q&f (2-9)

T (Enc - Byt T ¢

We can write
{_ K’(/ e“'E“*’?j C>,‘: ;Z 4 o Hsect T | fN‘ 5 <’7;<¢+"r7(.> (2.10)

and using completeness, -

Z;_ I{><{) = I) (2-11)

.T N
wr l, 3 I(c’/e_
{ (Edhc "Eo)z-l’ I"/y

{‘Tf‘zhc ’?I ‘> 12‘ (2-12)
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If we perform a thermal average over the initial states we obtain

t_ ' !
W = (E(',lrw" Eo>z.+ ’./74 -F ) (2-13)

and the differential cross section for the total resonant scattering is

1
de _ il [ wie) R

Ae = 4T J+¢ T Yri(Eue- E) |4 )

From this discussion we see that for the nuclear lifetimes usually
encountered with the Mossbauer effect the resonant scattering process can
be visualized as a resonant absorption with a probability proportional to f£!,
and a snbsequent re-emission with the probability iﬁ;;a' that the
re-emitted radiation is a recoillessly emmitted gamma ray.

2.2 Scattering from Resonant Nuclei in a Solid State Environment

If recoilless gamma rays from a Mdssbauer source are incident upon a
resonant scatterer the resonantly scattered intensity depends upon the line
shape and relative energy shift of the source, and the thickness, isotopic
abundance, electronic absorptien, recoilless fraction, and line shape of the
scatterer. We have calculatgd the recoilless and nonrecoilless parts of the
scattered intensity for single line Lorentzian source and scatterer line
shapes and for various values of the scatterer parameters. These calcula=-
tions, which are presented in Sec. 2.3, are subject to the assumptions which
are discussed in the remainder of this section.

18)

2.2]1 Interference with Rayleigh Scattering. For gamma ray energies

of the order 14 keV and lower there is significant interference between
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Rayleigh scattering by the atom and nuclear resonant scattering. The
secattered intensity versus velocity curve éxhibits an asymmetric shape
gince the cross section contains a term proportional to the shift of the
gamma ray energy from the scatterer resonance. For energies of 100 keV or
higher this effect is negligible for all but forward scattering because
the Rayleigh cross section is small. More than three fourths of the
Rayleigh scattering takes place with scattering angles & < 60* where

| . =1 - y
6,= 2 St (1.4,\40 22/3 .%.c_‘)’ | (2-15)

For O3> 6, the differential Rayleigh cross section per unit solid angle is

A0 sige

where Z is the nuclear charge of the scattering atom, E is the energy of

J%y _ _%.¢7 1073 (Z ’-f |+ o5’ cm™ (2-16)

me! |
E 2 )

the incident gamma ray, and mcz is the electron rest energy. For the 103
keV gamma ray of Eul53 + for example, we have 90 ~ 600, and at 6 = 180°
e - 25"
TRy 2.5 /07 en?
AL
This is small compared with the product of the isotopic abundance, a, and

the nuclear resonant cross section,

-3
“‘éf%°"’ ¢ ey

* .
These expressions are essentially those o§ Franz.]'g) They have been
discussed and checked experimentally by Moon.20
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222 Diffraction Peaks at Bragg Angles. Since part of the resonant
scattering is coherent, diffraction peaks occur at Bragg angles due to the

regular lattice structure. This effect is discussed by O'Connor and
Blackla) for single crystals. With our geometry the Bragg effects should
cause a negligible error in the caleculation of the scattered intensities
since we used a powder scatterer and since our scatterer and counter solid

angles were quite large.

2423 lorentzian line Shape. A third assumption made in the calculations
is that the energy distribution of the incident gamma rays and the scatterer
cross section have Lorentzian line shapes. Although these line shapes are
generally distorted as a result of solid state effects, it is approximately

1,22)

valid in many cases to assume a broadened Lorentzian2 shape where the

cross section on resonance ¢7; is given

!
e er_g,r . (2-17)
In this expression E;wt is the natural width of the excited state and f"is
the effective width of the scatterer.

2.3 Scattered Intensities
From Sec, 2.1 we see that the total differential scattering cross

section contains two parts, a recoilless part Eq. (2-8), and a nonrecoilless
part which is given by the difference between the total resonant scattering

Eq. (2-14) and the recoilless part Eq. (2-8),

deie - dg _ deg o T0-5) @' w(e)
N e AT Y
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The two parts of the scattered radiation have intensities which are differ-
ent functions of the scatterer thickness since the recoilless part is sube
Jject to both resonant and electronic reabsorption while the nonrecoilless
part is absorbed only by electronic processes.

Bas. (2-8) and 2-18) are valid only if the resonance line shape is

not distorted. It is convenient to write the cross sections in terms of
a resonant absorption coefficien§/1(E) which has the dimension lengthf1.

and which reduces to
!

. ot
AE) = e T

(2-19)

if the line is Lorentzian. Here E is the energy measured from Eo, the
resonance energy of the scatterer, and n is the number of Mdssbauer
nuclel per cmz. Then we can write the scattering cross sections in
units 1eng1‘.h"1 per fractional solid angle for recoilless and nonrecoil-

less scattering, respectively,

S = e =

wﬁ% - ’/‘+‘2W/9),4([5)) (2-21)

Consider the resonant seattering of a distribution IR(E. 81) of
recoilless gamma rays from a Mdssbauer source by a foil of thickness t
with scattering cross sections given by Egs. (2-20) and (2-21) and an
electronic absorption coefficient/«g. Here S1 is the energy difference
between the energy of the source and the resonance of the scatterer.

The distribution IR(E. 81) is normalized such that
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7]
/0(w oA E IQ(E)SQ A ) (2-22)
Yr Zp

where NO is the source gamma ray intensity from the level of interest, f
is the source recoilless fraction, and dw is the increment of fractional
solid angle. With the geometry of Fig. 3 the energy distribution Iﬁ(E,Sl)
of the recoilless part of the scattered radiation is

+t
I (E,S) __W.@ O{MJ%(E)IR(EJS,> ;ﬁ_ﬂrze-?[){e'f/‘((éﬂ[cosecm +cq5e§)£] .

I+« (2-23)

By performing the integration over bz we have

..-tu +A(E)]£c05ec Y, 1+ Ccosec 72]
R(E,S )= ; W(e) LL 2 dwdluwiy(e) TalE,s, ).1- : |

(I+ Siny, Cosec 1) Lyt HE)] (2 24)

The intensities N'(Sl) and NNR(S ) of gamma rays which are scattered into
the fractional solid angle ‘dw? without and with recoil energy loss are,
respectively,

w / i
bics,) = [ﬁ JETies) - O 4, azwf AE To()S,) yle)

- ot Dkl [eosee  cosec ]

(/ + Su«.)’ cosec Y)D{e ‘f‘,&((l:)] (2-25)
and
(1~5) w(s) *
:) el Ero e dw a(w'/ AE I,?(E)S,)/((é)
- e-t["(e cosec, + cészzyl) +Y(E) cosey] (2.26)

’/‘(e(’+5"‘7‘/, cosec,) +y(€)
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SOURCE I (ES)

SCATTERED
GAMMA RAY

Fig. 3. The scattering geometry. The angles Y1 and & and the
thickness t are defined in the socattering plane. The
scattering angle © is equal to Y1 + Y,
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As indicated in Fig. 3 the scattering angle § is the sum of the two angles
Yl and Yz which are defined in the scattering plane. The thickness t of
the scatterer is also defined in the scattering planse.
If the scatterer is thin, it is unlikely that a scattered gamma ray
will be reabsorbed in the scattering foil. In this limit, t( /{e+ /.((E)) <« 1,

we have the relationships,

ey _ £ wie) t dodw [
h(5) = (+<) siny, i JEI,?(E,S,)/L((E)) (2-27)
) ¢ e
fts) = (LD [ e niles ule), e
/ -
and
Mel(s) _  F

/%;/e {5/) = (1- fl) ' (2-29)

If one assumes the Lorentzian distributions Eq. (2-19) for the scatterer and

2 ”o‘F | (2-30)
T+ I (e-s)]”

I&;(E)SJ =

for the source, the integral in Bqs. (2-27) and (2-28) has the value

P !
E) = M r / , (2-31)
'-[p A= SO =M lt[as/(r+r)]® 2

Here |© and |' are the source and scatterer widths, and An is the

resonance absorption coefficient at resonance
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Mn=1 405, (2-32)

If the scatterer is not thin the exponentials in Egs. (2-25) and (2-26)
cannot be so easily approximated. By inserting the Lorentzian distributions,
Egs. (2~19) and (2-30), into (2-25) and (2-26) we have

£ W) Wy du ! F(&s) Br) Ay 1T

(2-33)
(14 ) (1+Siny cosecY,)

l —
| //,e () =

and

' ') b dw ol ! :
Mg ()= ;('(ﬁ_ﬁ{;) bodoel F(‘,%Ti)ﬁ#@)A)VTQ, (2-34)

Rere the following quantities have been introduced:
n% _.
_ﬁe - / + /('(h//qe- )

= Ao/ He (2-35)
(3”“ [+ (I +siny cosecy.) )

A= Mot(cosecy, + cosec Y.) -
The parameters of the scatterer are contained in the. scattering function

- ()\2"*/) / : /- g‘A(T)\x‘%’g |

I A [ A

F(X))\)A)I’/I"j

where we have substituted x for 281/ ', y for 2B/ ,—-" s and }\ for ﬁ R or--p NR®
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For the case of a thick scatterer it is useful to define a function

2 1

o AU

y —
N e e
G(X))\)A/ Vr)= A a/ ) (2-37)
' Y
Zo TP )2 (y-02 00 + y

which tends to zero for large values of the quantity
AN XD /(1+ %),

Equation (2-36) can then be written in the form

_3_5' }\A /—//—l'___,(Az-/)[/" €(%75,))\))4//7/")] ’
F(F35nMA) ) NN+ /7Y [/+{25,/()\r'+r)j’] ) (2-38)

where the Lorentzian dependence on the Doppler shift is explicitly shown.
Computer evaluations of F(O, N,A,[ /') and € (0, \,A,/"/ ') have been

carried out and the results are shown in Figs. &-9.

2.4 Determination of the Recoilless Fraction from the
Total Resonant Scattering

The total resonant scattering on resonance,
! | J
N (0) = Ml0) + Myp(® (2-39)

can be measured by comparing the scattered count rate on and off resonance.
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Inserting Bas. (2-33) and (2-34) we obtain

(o= Medasd o) ([ LERTEL 4 (1-¢) FCo uph]

] + A +$Lh¥, cosec
(2-40)

If the solid angles involved are not small, appropriate averages must be
made.

In most cases of interest, f' is small so that

' y /A "' W/b )
Ko = bodo s WO £, 0,7, 77) ()
Usually  and W(©) are.known and from the measured values of

N§(0) and N, one can determine the product £ F(o,pNR,A,r/r'). 1If
f’/’(e’ ty gge me and /' are known, the curves of F plotted in

Figse. 4=9 and Bgs. (2-32) and (2-33) can be used to obtain a unique value
for f1?,
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Fig. 4. The functions F(O,NA,[ /') and € (0,MA, I/l ) defined
in Egs. (2-36) and (2-37) respectively are given as a
function of A for various values of A and for (J /)%= 0.2.
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Fig. 5. The functions F(O,\,A,T/r') and €(0,NA,T/r') defined
in Bgs. (2-36) and (2-37) respectively are given as a
function of A for various values of A and for (I/F)2= 0.8.
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Fig. 6. The functions F(0,\,A,///') and £(0,A,AJ/r') defined
in Eqs. (2-36) and 2-37) respectively are given as a
function of M for various values of A and for (I fr1)é= 1.0,
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Fig. 7. The functions F(O,\A,[/I') and £(0,\A,[/r') defined
in Bgs. (2-36) and 2-37) respectively are given as a ,
function of A for various values of A and for ([/f')“= 1.2.
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Fig. 8. The functions F(O,\,A,[/r?) and €(0,N,A,l//*) defined
in Bgs. (2-36) and (2-37) respectively are given as a
function of )\ for various values of A and (F//*)%= 2.0.
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Fig. 9. The scattering function F(O,M\A,[ /') versus N for
I'/rt =1 and various values of A.
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3. EXPERIMENTAL PROCEDURE

The experimental arrangement (Fig. 10) was specifically designed for
the observation of Mdssbauer effects with high transition energies E J
and small recoilless fractions. The backscattering geometry was chosen to
minimize B, the background caused by nonresonant processes. Large solid
angles and cold source and scatterer temperatures were used to obtain the
highest possible resonant scattering intensity Ni(0O). The main objective
of the experimental design was to obtain large signal to noise ratios
N,]’:(O)/B and high count rates for experiments with small recoilless
fractions.

The Mbssbauer effects were observed by measuring the resonant
scattering of the recoillessly emitted gamma rays as a function of the

scatterer velocity. The intensity of the resonant scattering

Wy (o) ~ W 4w 4 Wea (0B A, 77y (3-1).

was determined from the count rate in the peak of the curve of the scattered

intensities versus scatterer velocity. In this expression

W 8) and F (G)ﬁl‘,)A )0 //”) are average values of the angular
correlation and scattering functions, and Aw and 4w’ are the
solid angles subtended by the scatterer and the counter respectively.

3.1 Nonresonant Background
For the Méssbauer transitions energies of these experiments the back-

ground counting rate was mainly caused by the following processes:
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Fig. 10,

Experimental arrangement. Source and scatterer are in
thermmal contact with a liquid helium reservoir in an
evacuated cryostat. The tungsten shield carrying the
source is supported from the helium container by three
thin wall tubes, two of which serve as a drip tube.

The scatterer cone is suspended from the velocity trans-
ducer on top of the cryostat by a drive rod, the upper
part of which is a thermal insmlator, whereas the lower
part made of aluminum is in thermmal contact with the
helium container through a strip of soft copper. The
veloeity transducer consists of two mechanically
coupled coils moving in the field of a doudspeaker
type magnet, with one of the coils acting as a drive,
the other one as a pickup. The radiation shield con-
nected to the liguid nitrogen container is lined with
lead on the inside to reduce the background counting
rate due to Compton scattering. The source and
scatterer temperatures are measured by two platinum
resistors not shown in the figure. One of them is
cemgnted to the scatterer cone and the other one is

in a hole drilled through the tungsten shield. The
seintillation counter, a 1-1/2" x 17/2® Nal(TI) Integral
Line assembly, is kept at room temperature.
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a. Compton scattering by the scatterer of the gamma rays from the
level E ) .

be Compton scattering of higher energy gamma rays and Bremstrahlung
by the scatterer.

¢, Compton scattering from parts of the apparatus.

ds, Creation of Bremstrahlung by beta particles which strike the
scatterer.

e. Incomplete shielding of the counter from direct radiation from the
source.

The background caused by the first process was greatly reduced by using
the back scattering geometry shown in Fig. l1ll. For transition energies
EXZ Jo0 keV and large angles @ the Compton scattered gamma rays have a

sufficiently lower energy,

E = (3-2)

_. Ev
/+% (/-— cos&) )

to be resolved from the resonantly scattered energy Eg, with a seintillation

2 is the rest energy of the electron. The importance of

counter. Here mc
this Compton shift can be seen from Fig. 12 where the scattered spectrum of
the Sml53 source is shown. By setting the pulse height selector channel on
the upper half of the 103 keV peak of the direct source spectrum the Compton
scattering of the 103 keV gamma rays can be almost completely avoided.
Backscattering has an additional advantage for experiments with the

186 and 0188

even-even nuclei Os » Where the spin of the ground and first
rotational levéls are ot and 2+ respectively. The scattered intensity is
enhanced in the forward and backward directions as a result of the strong

angular correlation,
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Fig. 11.

The cylindrically symmetric scattering geometry. The
source is fixed on the bottom of the cone-shaped cup
of the tungsten shield. On top of the source is a
graphite disc which stops all the beta particles. The
graphite is covered by an aluminum foil acting as a
radiation shield. The scattering material is cemented
to the entire inner surface of the aluminum cone to
obtain a large solid anglq,or to a ring-shaped portion
of the surface defined by ‘angles ‘f1 and 5V2 to obtain
a better velocity resolution.
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Fig. 12.

The scintillation counter spectrum of the scattered
and direct gamma rays from a Sm1 53 source, The con-
tribution to the scattered count rate in the 103 keV
channel from the Compton scattered 103 keV gamma rays
is small because of the large Compton shift.
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&0

We) = [+ 0,357/ Bltose) + 1143 R (cos 8),

for the spin sequence 0->»2—>0,

In order to avoid a large amount of Compton scattering of higher
energy radiation* from the scatterer we chose sources which beta decayed
predominantly to the level of interest or the ground state. The 39188
source used in the 08188 experiment had soﬁe higher energy gamma rays and
internal Bremstrahlung which made a noticable contribution to the background.

Compton scattering from the apparatus was minimized by lining the ine
side of the cryostat with lead. The high-Z material was used because it
had a high ratio of photoelectric absorption to Compton scattering cross
sections for the troublesome energies.

The creation of Bremstrahlung in the scatterer was prevented by
stopping the beta particles in the graphite dise., The low-Z material
absorbed the electrons while producing a minimum of Bremstrahlung.

The counter was shielded from the direct source radiation by the
tungsten block. The thickness of the block was adequate for the RelBS

source which had the highest energy radiations.

3.2 Scattere e Scatte Geome
The scatterer was made by cementing the powder containing the Mossbauer
isotope to the scatterer support. The scatterer support was a thin cone and

rod which was turned from one piece of aluminum.

*»

In many cases this part of the background can be eliminated by using
two counters and counting the resonantly scattered gamma rays in
coincidence with a preceeding radiation.
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The cylindrically symmetric geometry makes it possible to have large
scatterer and counter solid angles 4w and Aw'. The large solid angles
$
were used to obtain high count rates and to improve the ratio Nj(0) /B.

186 and 05188 cases

The latter effect was especially important for the Os
where a large part of the background resulted from contributions from "c"
and "e" which are independent of the solid angle .

A large Aw , however, has a serious disadvantage for measurements of
shifts and splittings. If the scatterer has a velocity v toward the source

it will have a velocity componment -v cos¥ in the direction of emission of

a gamma ray emitted at an angle J/ with the cylindrical axis. The Doppler

[
where ¢ is the velocity of light. If the scatterer is made in the form of

shift of the source with respect to the scatterer is then 5* = YEos VIEX

a symietric ring defined by the maximum and minimum angles '/, and ', the
gamma rays emitted experience a range of Doppler shifts defined by <05 %
and Cot %;. e A calculation of the effect of this spread of Doppler shifts
was carried out for the full scatterer defined by ¥l= 0° and 7’2 = 52°
for an unshifted source and scatterer of natural line shape. It showed that
the curve of the scattered intensity versus v could be reasonablyr well
approximated by a Lorentzian with a velocity scale given by Veps = v/1.3.
The solid angle subtended by the scatterer for this case was 0.24 and
the geometrical factor of Eq. (3-1), AwAw' W/(8) . had the value 1.5 x

1073, Here W(s) is defined by

Aw bt W) = /Aw fdw’W(G) (3-3)
A A
. _ 186 188
This geometry was used for the Os and Os experiments where unshifted

single lines were observed.
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For the measurements of shifts and splittings where distributions other
than unshifted single lines were involved a smaller Aw was used where 5‘1
and ?Vz had the values 31° and 40° respectively.

3.3 The Scatterer Motion
The velocity of the scatterer was provided and measured by a two coil

magnetic d.rive.* The scatterer was attached to the magnetic drive by means
of a drive rod (bakelite or pyrex tube). A signal proportional to the
scatterer velocity was furnished by the pick up coil of the magnet drive.
The simusoidal motion of the scatterer was checked and calibrated by means
of an F957 Mdssbauer experiment. A 0057 in iron source was mounted on the
scatterer and the transmission of the 14.4 keV gamma rays through an en-
riched iron absorber was measured. The well known hyperfine pattern was
observed and was used to calibrate the pickup signal of the magnet drive
in terms of the rod velocity. Vibrational broadening was checked for
scatterer motions with maximum velocity up to + 2.5 cm/sec. With the

+ 2.5 cm/sec velocity amplitude displayed over 128 channels of the multi-
channel analyzer the broadening was found to be less than the multichannel
resolution and therefore negligible compared with the natural widths of

the Méssbauer isotopes investigated.

3.4 Source and Scatterer Temperatures

The source and scatterer were cooled to obtain the largest possible
recoilless fractions. The source was mounted on a tungsten block which

served to shield the counter from direct gamma rays. The block was in

*
The magne§ drive was made by M. Atac and is similar to one described
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thermal contact with a drip tube from the liquid helium vessel. The exhaust
end of the drip tube passed through the liquid helium and nitrogen vessels
and was open to the atmosphere. By closing this end and heating the
tungsten block the source temperature could be adjusted. A platinum
resistor was cemented in a hole in the tungsten block and was used to
measure the source temperature.

The scatterer was cooled to 30°K by conduction to the liquid helium
vessel, The conduction path was through the aluminum scatterer support and
a copper strip. The copper strip also served to stabilize the motion of
the drive rod. The measurement of the scatterer temperature was made by
means of a platinum resistor which was cemented to the conical part of the
scatterer support.

Lower scatter temperatures, which wers independent of the source
temperature, were obtained by surrounding the scatterer with a thin copper
and alumimm heat shield. The heat shield was attached to the helium

vessel by means of three 1/8" copper rods.

3.5 Counting Equipment

A 14" x 4" integral line scintillation counter assembly was used for
the experiments. The gamma ray spectrum of Sml53 is shown in Fig. 12.
The corresponding spectrum of the scattered gamma rays is also shown, with
the pulse height selector setting used in the experiment. The PHS setting
was adjusted to obtain the best signal to noise ratio consistent with a
high count rate.

The standard pulses from the pulse height selector were modulatad by
the velocity signal from the pickup coil of the magnet drive. The modulated
pulses were then stored in either 64 or 128 channels of a 256 chamnel
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analyzer and time normalized to give the scattered count rate vs. v. For the
measurement of isomer shifts the pickup signal was periodically reversed.
The shifts were then evaluated from the relative displacement of the two

curves of the scattered count rate vs. v.

3.6 Sources and Scatterers

3.61 Sources and Scatterer for the Osmium Experiments. Sources were

made by neutron irradiation of natural rhenium metal. The only radio iso=-

topes produced were Rela6 and Rel88 with 90 and 17 hour half-lives. The

188

Os experiments were performed immediately after the irradiation to take

advantage of the initial ratio of 5.6 for the intensities of the 03188 and

08186 188

transitions respectively. The Re activity decayed quite rapidly

186

so that after about a week a relatively uncontaminated Re source remained.

The scatterer consisted of a 185 mg/em2 layer of natural osmium

6 188

containing 1.6% 0318 and 13.3% Os « The metallic osmium powder was

cemented to the entire inner surface of the scatterer support.

3462 §gl§3 Sources and Eul?3 geatterers. The 103 keV level of Bu>3

can be reached elther by beta decay from SmlS3 or K-capture from Gdl53.

The 47 hour Sm153 was used because the 103 keV gamma ray has a higher
branching ratio when fed by this parent. The sources used were in the
chemical forms stOB and SmFB. The szo3 sources were made by neutron
irradiation of Sm203 powder. Neither the oxygen nor other samarium isotopes
caused serious radioactive contamination. Since the neutron activation

cross sections of fluorine are quite large the fluoride source was made

after the samarium had been irradiated. Natural europium which has an
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Eu153 abundance of 52.18% was used as a scatterer for all the experiments.

The chemical forms Euzo3 and europium iron garnet (5F6203.3Eu203) were used.

3463 Cel}"'l Sources and the Prlul Scatterer. The 145 keV level of

Prlnl is fed by the beta decay of Celul. The cerium sources which had a

radioactive contamination of about one percent were purchased from Nuclear
*»

Science and Engineering Corp. The atomic configuration of cerium,

6324f2 makes it possible to form T compounds. Sources were made in the

chemical forms Ce0, (4%) ana CeF5 (3h).

Natural praseodymium which has a 100% abundance of Prl“l was used as

the scatterer. The chemical form was Pr6011 (Pr o4Pr02).

293

*®
Muclear Science and Engineering Corp., Pittsburgh 36, Pa.



4. MOSSBAUER SCATTERING WITH Os'S® amp 0s'88

k.1 Experimental Results

The normalized scattered count rates for the two isotopes are shown

in Figs. 13 and 14. Single resonant peaks of 9.7%
186 188

as a funection of veff

and 6.5% of the background level were observed for Os and Os with

the source and scatterer at 26° K and 30° K respectively. The observed
peaks were fitted to a Lorentzian curve and were found to have widths

that were larger by factors of 1.24 + 0,08 and 1.37 + 0.09 than the widths
corresponding to the half-lives 0,84 nseczu) and 0.71 nsecz5 ) for 05186

and 03188

respectively. Isomer shifts were observed to be less than 0.04
of the experimental line width for both isotopes. During these runs data
was also taken with the source and scatterer temperatures 82.5° K and
79° K. The sets of data for both isotopes were taken with the same
gcatterer and the same geometry.

The source strength for the Mossbauer transition was measured before
each run with the scintillation counter that was used in the experiments,
Typical source strengths were 5.7 107 gamma rays per sec, With this

186

source strength the total scattered count rate for Res was 320 counts/sec.

Scattered count rates with Re o0

were higher as a result of the three times
larger background.

With the measured values of the resonantly scattered intensities
and source strengths and the calculated value for the geometrical factor
Aw A W(6) we used By. (3-1) to obtain the values for the reduced

intensity,

N0)) - 'F‘F/O)X)A)/-//_l) |
My Ao Qo' Wisy |+ o | (4-1)

given in table 1.




k7

110

1.08—

®

o
o
I

o
Y
|

RELATIVE INTENSITY
o
Q
I

.00

Source 26°K

Scatterer 30°K

Source 82.5°K
Scatterer 79°K +

.98
-2

m. 130

-1 o I

VELOCITY (cm/sec)

The scattered count rate for the 137 keV transition

of 08'% 45 o function of the effective scatterer
velocity, whioch is given by the rod velocity divided
by 1.3. The background is normaliszed to 1.




1 1 |
I7h Re'®®
1.10—
| 20%
- ot  7ins
78% 155 KeVv
1.08— Source 26°K \ ot
Scatterer 30°K OSIBB
-
.06 Source 82.5°K
t o6 § Scotterer 79°K
0 |
<
!
2 1.04—
w .
>
-
<102}
wl
(0 ot
-
1.00O}
1 | |
’9-8-2 -1 0] |

VELOCITY (cm/sec)

Fig. 4. The s?ggtcrod count rate for the 155 keV transition
' of Os as a function of the effective scatterer
velocity.



49

Table 1
E , keV | Source Temp b Scatterer Temp. % (0 4

] ] ( I-/'OQl

26 + 5 30 + 5 (6.00 + 0.7)10°
137

82.5 + 4.5 79 + 1 (1.35 + 0,16)107%

26 + 5 30 + 5 (145 + 0.2)107%
155

82.5 + b5 79 + k.5 (1.5 + 0.4)10~%

8 + b 21 + 2 (7.7 + 1.5)10~%
137

70 +2 21 + 2 (3.9 + 0.8)107%
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Since the geometry was unchanged for the two runs, and for both sets
of temperatures of each run, the ratios of the resonantly scattered in-
tensities were independent of the geometrical factor. For the low
temperature measurements the ratio of the reduced intensities for the
two isotopes,

£7 o) / £ Buloybit)

1+ R ) (14 #37)

had the value 2.43 + 0,17. The ratio of the ‘resonantly scattered inten-
sities for a given isotope for two sets of temperatures was independent
of the geometrical factor and the source intensity, and had a negligible
dependence on £ . The value of this quantity,

£(925°) Flo,7(79%), A, I/r")
£ F(oyN3e), A, T7r)

for 05180 was .23 + 0.03.

In the analysis of the results the assumption was made that source
and scatterer had the same Debye temperature. To check this assumption
run 3 was made with 03186 for two source temperatures 8° K and 70° K

and a constant scatterer temperature of 21° K. The values for

-FF(O))\) A) v/"/l")/(l-hk) are given in table 1. The ratio,

s Flonei) A o) £
¥l37(700) F(d) )\(21% A)r//") _?/37(709

was 1.96 + 0,08,
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4.2 Discussion of the Results
he21s Recoilless Fractions and Debye Temperatures. The sizable effects
observed for the 137 and 155 keV transitions made possible a careful study

of the recoilless fractions for these cases of high free nucleus recoil

energy By (Eq. (1-2)). The recoilless fractions were computed from the

values of +é:l((z‘) }:L) )/4' [ //") by the method of Sec. 2.4. Using
T £}1 2 2 2T exe + | N ' / (4=2)
/3/8 - /+ /(& /)T% lIJr +/ —,_h_%t , —+ A -\(I_’_Schxcosecx_)

and the curves of F(O,)\,4,/) for the appropriate values of A we evaluated
(,—;fc% + By using the theoretical values o, = 1.30 amd o o = 0.8220+27)
we then determined the product f£f' for each RR and for each set of
temperatures.

In order to separately determine the recoilless fractions of the source
and scatterer another relationship was necessary. The Debye model is
generally used to predict the dependence of the recoilless fraction on
the properties of the lattice and on the temperature and free recoil

energy., With this model the recoilless fraction is given”

-2 £ L

where the Debye temperature &y contains the lattice properties, k is
the Boltzman constant, and A #‘.‘) .’u.sé gg._van by

P(%Q_Q}z/-}-%zf —e')—(—-)%—-*ﬁ‘x . (4-2)

o
We used this expression for the recoilless fractions and made the

additional assumption that the Debye temperatures for the source and
scatterer were the same., This assumption should be relatively good
since rhenium and osmium metals have similar lattice properties.
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Using this assumption we then sélved for the value of eb which would give
agreement with the scattered intenmsity for each set of data. These values
of GD and the corresponding recoilless fractions are given in table 2.
The Debye model gives a simple prediction for the ratio of the

recoilless fractions for two different recoil energies. The ratio,

£:6) £ "759)
_F Is‘,?zé)‘r %O-)

intensities for the two energies. In terms of the Debye model we have the

was determined from the ratio of the scattered

relationship

(s - 5 iy ), oo

£02¢)§ 15 30°) k 6p
The value of QD which was in agreement with these results was QD = (374 + 18)0 K.
A comparisbn of the temperature dependence of f with the prediction of

the Debye model was made by using the ratio of the scattered intensities for

the same ER but for different temperatures. This was dene for the 08186
casa for the set of results where both source and scatierer temperatures
were varied. Frow the ratio of scattered intensitlies we determined
8y = (358 £ 16)° K. The most accurate measurement made with the osmimm

isotopes was the ratio of the scattered intensities for the second set of
- measurements with 08186. Since the scatterer temperature was constant this
ratio gave directly the ratio of the recoilless fractions for the source
for T =8° K and T = 70° K. This ratio is in agreement with the predictions
of the Debye model if 8, =(350 + 16)° K. This agreement with the result
eD = (358 + 16? K supports the assumption of equal Debye temperatﬁres for
source and scgtterero

From these results we conclude that the Debye theory gives only
qualitatively correct predictions for the recoilless fractions. The

effective Debye temperature increases with both temperature and recoil

energy,



Table 2

Recoilless fractions f and Debye temperatures for the two
gamma ray energies E) as determined from the scattered inten-
sities assuming that eQ is the same for source and scatterer

53

for each set of temperatures.
'E , keV 6 deg K T, deg K £
26 + 5 <043 + 0,003
N2 +7 , :
30 + 5 041 + ,003
137 -~
79 +1 0021 + ,002
330 £ 9
8205 i 4.5 0019 i 0002
' 26 +5 ' 2021 + ,002
322 £ 7 ‘
30 + 5 «020 + 002
155
79 1 +0071 + ,001
328 + 11
82.5 + 4.5 «0063 + ,001
8 +4 <049 + ,003
314 + 14
21 + 2 046 + ,003
137
70 + 2 .022 + ,004
320 + 14
21 +2 049 + 003




Sh
k.22 Shifts and Broadenings. The absence of isomer shifts* with

these isotopes is consistent with the predictions of the collective model
%*
of the nucleus., The isomer shift is given to a good approximation by

$=C D%o)l‘- [t ”’j ok ) (4=6)

where Sl is the shift of the observed resonance in cm/sec,ly"(oﬂ

IVD(O)'are the electron densities at the nucleus for scatterer and source,
respectively, -Kgi is the fractional difference between the charge radii
of the excited and ground state nuclei respectively.** The constant C is

given in the nonrelativistic approximation

_4rZerRt ¢

where Z is the atomic number and e is the electron charge. Velocities
afe defined to be positive for relative motion of the scatterer toward
the source. The 137 and 155 keV states are identified in the collective
model as rotational excitations of the ground intrinsic states. To the
extent that the collective mbdel is valid, the charge radii and the de-~
formations should be the same for the excited and ground states and no
isomer shift should be observed.

If we assume that the observed broadening is due to an unresolved

electric quadrupole splitting,

Im: —~ (T +)
AEJ——H{—O‘-[ hqu"(zr ) ) (&-7)

we can calculate a value for the electric field gradient in osmium, In

this expression, which is valid for axially symmetric field gradients,

*
For a complete description of the iscmer shift see Shirleyazs)

*ok
For deformed nuclei the isomer shift can result from a change in
deformation as well as from a change in charge radius., This is discussed

by Shirley.za)
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AEJ is the energy shift of the jt'h hyperfine level, Q is the quadrupole
moment for the nuclear state, eq is the field gradient at the mucleus, and
mj is the z component of the nuclear spin I. The field gradients in osmium
and rhenium are axially symmetric as a result of the hexagonal erystal
structure. From the known value of the intrinsic quadrupole mcment,

Qy = 6.2 1072H# o2 29) , the value of Q for the 2* level was calculated with

0
the e:mress.'um:1 ) R

o~ 3k=T(I+/)
Q = Qo (T+1) (2I+3) ) (-2

which is valid for members of a rotational band. Here K is the projection

of I on the muclear symmetry axis and is zero for this case. Using the
value of rhenium eq,, = 4.05 1017 V/c:m2 31) and our value for the broaden-
ing of the line we found eq _ = (6.5:+1.0) 1017 V/em®, This result is
equa.i to the field gradient that one obtains from the value for rhenium
by simply changing the lattice contribution according to the larger c/a

ratio for msm:i.v.xm.3 1)



5. MOSSBAUER SCATTERING WITH Eu'93 amp pr'™*!

The properties of the Bu'?3 ang pr!# level schemes (Figs. 15 and
16) make these isotopes attractive for Mdssbauer scattering experiments.
About 78% of the beta decays of the Sm! 93 parent result in a 103 keV

Bu'53 gamma ray. The ce!*! source has a 70% branching to the 145 keV

level of Pr141 with the remainder of the decays going directly to the

sources are characterized by
small amounts of internal Bremsstrahlung and have low intensities of
gamma rays of energies higher than the 103 and 145 keV transitions used
in the experiments. The natural widths of these lines, as determined
from the halflives of 3.532' 33) and 2.034 ) nsec, are sufficiently narrow

to permit the study of isomer shifts and' hyperfine splittings.

5.1 Experimental Results

5411 %9-3 and % Sources with an %QB Seatterer. A 31% single
line resonant peak was observed with an szt.b3 source at (30 + 10)° K and
an Eu203 scatterer at (30 + 5)° K. The scatterer consisted of a 0.3 g/om2
layer of E:u.zo3 cemented to the entire inner surface of the scatterer
support. The resonant peak was observed to have a width of
(0.21 % 0,01) cm/sec and was shifted by (-0.045 + 0.005) cm/sec. The
velocity is defined to be positive when the scatterer moves toward thé
source, The scattered intensity was also measured for scatterer and
source temperatures of 80° K. |

Measurements were also made with an SmF, source at (23 + 2)° K and

3
an Eu203 ring scatterer (Sec. 3.2) at (22 + 2)° K. The 18.6% single peak
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Fig. 16, The Pr'*! decay scheme. Bnergiee are in keV.
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observed had a larger width (0.27 + 0.03) cm/sec and a larger shift

(~0,12 + 0,02) cm/sec than was observed with the Sm,0; source.

512 §g293 Source with an Buropium Iron Garnet Scatterer. In order
to obtain a value for the magnetic moment of the 103 keV level of Eu1 53 ’
neasurements were made with a ferrimagnetic scatterer. To obtain a

resolved magnetic hyperfine splitting with typical experimental line

"6ev) it was necessary to have a scatterer

with an effective magnetic field at the nucleus Heffvw6 Oe. Magnetic

widths of 0.21 cm/sec (0,73 10

fields at the center of rare earth ions are frequently larger than this
because the orbital angular momentum of the unfilled 4f shell is
unquenched.3 5) Few ‘europium compounds or alloys exhibit a large H of £?

however, because the ground state of the common 3+ ion is 7Fo.36) The

. hyperfine field is proportional to the z component of the total angular

momentum which is zero for this case. In europium iron garnet (EuiG),
however, the strong exchange interaction of the iron sublattice causes

a sufficient admixture of the excited 7F1 atomiec state into the ?FQ state
to produce a sizable field.37) This field has been studied with the
Mdssbauer effect in the Bu'>' isotope and has been found to be

(585 + 15) 103 00,38+ 39)

Measurements were made with a 0.5 g/cm2 ring scatterer of EulG
at (17 + 2)° K. The Sm,0, source had a temperature (15 + 2)° K. The
results for one polarity of the pickup signal are shown in Fig. 17.
Approximately the same number of counts were taken with the polarity
reversed. Data was taken with larger velocities but no other lines

were observed.
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Fig. 17

The magnetie hyperfine spectrum for a single line
szo3 source and a ferrimagnetic europium iron garnet

scatterer. The curve of the scattered count rate vs.
the effective scatterer velocity is shown. The effec-
tive scatterer velocity is the rod velocity divided by
1.25 and is positive for the scatterer moving toward
the source. The data haye been slope-corrected and
the background is normalized to 1, The solid line is
the result of the least square fit.
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5413 2;?41 Results. Single resonant peaks of about 4% and 3% of
the background level were observed with Ge@z and Co!;'3 sources at (15 + 3)°K
and a .#5.g/cm2 scatterer of Prso11 at (17 + 2)° K. The 1in§s observed had
Awidths that were larger by factors of 3.0 and 2.0 respectively than ﬁho

natural widths calculated from the 2.0 nsec half-life of the state.

5.2 Discussion of the Results

5.21 Recoilless Fractions and Debye Temperatures. The recoilless
fractions were evaluated from the scattered intensities by the method

of Sec. 2.4. In order to evaluate the recoilless fractions of szo3
and Euzo3 we assumed that for a given temperature both materials have
the same Debye temperature and that the resonance lines are broadened
by the same factor of 2.75. Using the value 1.50 + 001540) for the
conversion coefficient we found the recoilless fraction at 30° K to be
‘ (3;5 + 0,7) 102 with a corresponding Debye temperature, BD = (215 + 15)° K.
This result is in good agreement with the value Op = 225° K found By
Atzmony, Mualem and Ofer.*'? Using 8, = 215° K for the Sm,0; source
and En203 scatterer we then found larger values BD = (340 + 80)° K and
éD = (270 + a0)° K for the BulG scatterer and the SmF3 source respectively.
We also evaluated the Debye temperature from the ratio of the
scattered intensities for the szO3 source and the Euzo3 scatterer
for the two sets of temperatures. The value GD = (263 + 20)° K was
in agreement with the observed temperature dependence.
The recoilless fraections calculated from the Praseodymium results
are surprisingly large. Using the valus of = 0.462¢ ¥3) o found
that the product of the recoilless fractions for the CeO2 source and
the Prg0,, scatterer was (2.4 + 1.2) 107, We then have average values

£ =0.0049 +0,0012 and &= (270 + 20)° K for the two lattices. The
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recoilless fractions and the Debye temperatures were nearly the same for

the results with the CeF3 source.,

The values for Debye temperatures and recoilless fractions found

141

with the I:':u153 and Pr isotopes were higher than we had expected.

The expectations were based on earlier experiments by Shirley and coworkersuu)

with the 21,7 keV transition in Eu151. From their transmission experiments
with sources and absorbers of Eu203.they found a Debye temperature for

Bu,0, which increased from 65° at 4° K to 185° at 300° K. Using their

value for Gb at 4° K one would expect the recoilless fractions for the

103 keV transition with the lattices Eu.0. and Sm.0. to be less than 1072.

273 273

A higher Debye temperature has been reported for the similar Gd203 Jattice.

Ofer and coworkersu5) have studied the Mgsqbauer effect with the 26 keV

161 161

transition in Dy ~ + Their results with a Tb source in a Gd,0, lattice

23

at room temperature indicate a Debye temperature GD = 230° K. Shirley's

high temperature value GD = 185° K and the Debye temperatures found with

IWJ61 and En153 appear to be roughly consistent. There is striking dis-
agreement, however, between the low temperature values, SD = 65° K and

GD ~ 220° K found with the Eu151 and Euj53 isotopes respectively.
On the basis of the work done with Eu153 the result of GD = 65° K

at 4° K seems questionable. If we accept this value however we are faced

with an interesting question about the inter-atomic forces in the lattice.

The recoilless fraction can be expressed in the form
“F = Q‘E&G(T) f(“))) ' (5-1)
J
where G(‘G P( Lo)) is a function of the temperature and the density of
phonon states, but does not depend upon the energy of the emitted gamma
ray., The only assumption that has been used in the derivation of
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46,47)

Eq. (5-1) is that the lattice forces are harmonic.
the extent that Bq. (5-1) is valid the effective Debye temperatures ob-
served should be independent of the energy of the gamma ray transition.
The larger effective Debye temperatures observed for the higher transi-

tion energies would indicate that the recoilless fractions show a strong

dependence on anharmonic lattice forces.

5.22 The Magnetic Moment of the 103 keV gmﬂ53 State. The complete

interpretation of the results with the EulG scatterer must include the
possibilities of a quadrupole interaction and an isomer shift in addition
to the magnetic hyperfine interaction. The energy shift of the jth line
is than given by
: - atmt
SEj= SE - o Heti(gm;— ) +
v ’ (5-2)
) e"g{@ 3mg —T(T+) _ Qx_?:m.;-r(r&ﬂ
: Tr-1) roars)

where SE is the isomer shift, /% is the nuclear magneton, g and g* are

the g factors of the ground and excited states, eq is the electric field
gradient at the nucleus, Q and Q* are the quadrupole moments of the
ground and excited states, I and I* are the spins of the states with z
components m‘_j and mg., Twelve lines are expected for the predominantly
Ml transitions between the 5/2 and 3/2 ground and excited states. In
Fig. 18 the relative positions of the lines, under the assumption that
quadrupole interactions can be neglected, are shown as a function of g*/g.
The data were least square fitted to a superposition of twelve
Lorentzian lines with relative positions given by Eq. (5-2) and with
the relative intensities given by the square of the appropriate Clebsch-
Gordan coefficients. The result of one of the fits is shown in Fig. 17.

From the fits we found that the quadrupole couplings equ and equ* were
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Fig. 18,

The g-factor diagram for the case of ground and excited
state sgins 5/2 and 3/2 respectively. The positions,

(‘“3 -3 E-p ))of the 12 lines to be expected for M1

transitions are shown as a function of g /g. Electric
guadrupole effects have not been included.
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less than 10~/ eV. The shift of the center of the spectrum was observed
to be (0,036 + 0.006) cm/sec. The values obtained for g*/g Wore 2.05.
and 2.14 for the two sets of data. By averaging the values we obtained
g /g = 2.1 +0.2.

Using the value for the magnetic moment of the ground state
/({ = (1,507 + 0.003)"'8 n m we then found the value for the excited state
magnetic momont/l(* = (1.90 + 0.2) n m. This value was obtalned without
making any assumptions about the magnitude of the magnetic field at the
nucleus. Atzmony, Mualem, and Qfer‘”) applied the additional constraint
Hypp = 585 kOe to their fit and obtailned the.valuo/(* = (2,01 + 0,09) n m,
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