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ABSTRACT

The M8ssbauver effect'has been observed in the 21.7-kev transition in
Eulsl. The absorption'patterh is a single line, independent of température,
asvexpected for éﬁ ion in which the ground level has J=0. A lower limi£ of’
O.92X10_8 sec can be set on the lifetime of the isomeric state. |

The 21.7-kev transition is thus about a factor of.lOO slower than the
single-particle estimate. .The large discrepancy between the Debye temperatures

required to fit the data at 770K and 295OK is attributed to the influence of

optical branches.
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THE MUSSBAUER EFFECT IN Bu”'; POSSIBLE INFLUENCE OF OPTICAL BRANCHES *

D. A. Shirley,«M. Kaplan, R. W. Grant, and D. A. Keller .

Lawrence Radiation Laboratory
University of California
,Berkeley? California

L.  Introduction -
Soon after the initial discovery of recoil-free y-ray resonance by

M8ssbauer in 1958} the effect was observed in several nuclei. With the ex-

o1

. v 5
perimental realization of the very sharp 1k.4 kev resonance in Fe’',” and.

- particularly after the discovery of the nuclear Zeeman effect, it became clear

that, very ;few nuclei Were‘quelified_for detai;eq investigations pf‘loeelrﬁields.
In fact thevcombined fequirements of a reasenable lifetime for;tpe isgmeriq‘h
state, an appropriate transition energy,,and»e low conversion.cpefficient, as
well as other technical factors, have‘exclqded all the MBssbauerknuelei save

FeST;and_Snll9

from extensive application.. While these two nuclel have been
used in-a -great variety of chemical.enyironments, there are many;petenpialh
problems for wbich”phey.are not suitable. 1In perticular_it va.s desigeble tov_
find a MBssbauer_resonancebin an element having the chemical”properpiesiof a
rare earth. With this»goal the present reseérch was undertaken.

_,In thie paper We @iscuee the spectroscopy“associated wiph ﬁheL2;u7 kev
resonaneefin‘EQl?l, and some.expe;imenta% probleme, as‘well as reporting theh
resonance and some rather tentat;vevquanﬁitetiye reeplte thaineg W;th oxilde

sources and absorbers..
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II. Electronic Spectroscopy of Trivalent Europium

Rare earth ions have electronic configurations of the form 4f . " In
. -

Russell-Saunders coupling.these.form terms spacedvb§'§lOA cm‘l in energy.
Spin-orbit splitting yields levels (in which J is essentially a good quantum .
numbef).spacéd by ~lO3 cm_l. The relétively gméli‘perﬁurbation of'abtypical
crystalline field splits:these levels into states spaced by a few tens of cm
Oﬁly the states comprising the loweét-level are appreciably populated at
ordinary teﬁperatﬁres and fherefore of interest-fof most Mgssbauer absdfption
'experimenﬁé{ Still the great spectral complexity implied er a recoil-free 
absofption’experimenf on a syétem iﬁvolving many Stark levels (as well as line
broadening from paramagnetiC‘relaxation) detracts considerably from the |
:_feasibility:of sugh’ekperiments. This complexity can be partially gvoided by
jgdicious_uSe of iow ambient  temperature ahd/or-systems with long spin-lattice
relaxation times. | |

An altefnative solﬁtibn that cénvactually yield a'single line of the -
natural width is also availaple;’namely the use of an ion in which ‘the lowest
spin;orbit level is hon—degenefété in a crystalline field (i.e., JQQ). This
is posSible in Eu+3, in which the lowest levél is 7Fd. betunatel& Eulsl has
an isomeric nuclear level at 21.7 kev. This state is strongly populated in
the decay of lﬁo;day Gdlsl and depopulates to the ground stéte via an Ml
transi‘e:i.on.3"11L The liretime of the isomeric state is unknown, but a single

)

particle.estimate, using Moszkowski's fo‘rmula,5 yilelds a theoretical total

lifetime of l;lxlo_lo'sec. Inasmuch as M1 transitions are usually slower

than the single particle values, a natural linewidth of 10-5 ev or less seemed

a_priori attainable, and a cansiderably smaller width seemed probable.
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IIT. Experimental

An "automatic" spectrometer was used. The absorber was driven

sinusoidally by a "voice coil" transducer and the instantaneous velocity was’

sensed by a p;ckup4trahsdueer. "The intemsity vs. velOCiﬁy speetrum‘was recdr@ed

in"a 100-channel pulse height analyzer. The drive could bé'épéfaféd at liquid

. hélium temperature without serious reduction of intensity (i.e.; with a source-

to-counter distance of seven centimeters).

151 151 -

The parent Gd was produced by a (p,n) reaction on enrlched Eu

oXide,“from which it was separated by the usual ion—exchange techniques." Sbﬁrces
were Prepared us1ng both N4, 03 and Eu 03 enriched in Eu153 (t'o’miriimﬁ';zt—fl"'sel'fs-{"a

absorﬁﬁion). All the absorbers were. natural Eu_ 0

203"
' The photon spectrum from Gd DL is Singularly difficult. ‘When a ‘thin
sodium lodide crystal is used the 21.7 kev peak lies between a very much more

intense 41-kev x-ray and its 12-kev escape peak, and is nbt'a_prqmiﬁeﬁﬁhféafﬁre

‘Of the spectrum (Fig. 1). Some M8ssbauer absorption spectra were taken with

" such a'cbunter, buf.the observed effect was reduced by about a factor of three

by the Beekground in tﬂe‘22ikev region."An argen.filledrprOportidnel.ceunﬁer:
was also ﬁsed; yielding the spectrum'showh_in Fig. 2. ‘Here thé"zl.?vkeV'ﬁeaK"
is’Well_reselVed, but the effect is still redﬁeedﬁby a factor of”é or more if
most of-the peakxis used, and the effieiencyeis ldw.

The best results were obtained by usingra well—ﬁype.sediumtiedide crysfal

with a 0.001" aluminum cover. Thé photon besm was collimated to strike the

‘bottom of the well, and the intensity'of the escape peak was thus greatly

reduced (Fig. 3).With this counter it was possible to use 50h of the 21.7 kev.
peak with the:effeet:attenuated by dnly a'faetor of l.l—l.h.(aepeﬂdﬁhg bn. |

eBsorber"thickness)‘by Background.: The intensityZOf the backgreund.radiation'
frdm'oﬁher”r—rays”in the source was determined'by abSorption'experimentsvWith

thin gold absorbers.
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IV. Results

The purPOse of this research was_to Qbserve and characterize thé 21.7 kev
resonance in Eulsl. »No systematicvstudy of the subtleties of source prepargtion
was made, althqugh the sources Were_prepared.carefully by coprecipitationband 
subsequent dehydratién of the hydroxides..‘Thus a ngrrowér line'pr a siightly‘_
larger effect may be obtainable. i 3 :

In every experiment the spectrum consisted of a single line at ;ero‘
velocityl(small shifts were actually observed, but they were almost certainly>
-instrumeptal). The line has a Lorentz shape to within experimental'errqr. The
2 3 - source. and a 9 59 mg cm -2 natural EuZO3 absorber is

shown in Fig. b. The-magnitude of the recoil-free absorption at zero relative

spectrum using the N4

ve1001ty for the Eu source and natural Eu_O_ absorbers is shown in Figures 5

2’3 2 3- ,
and 6 as a fungtion of absorber thickness. These data, with other parameters,
‘are tabulated in Table 1. _ . _ B ‘

0_- source and a 4.80 mg em™

273
EuZO',absorber. The line width was 0.23 * 0.03 cm sec—l‘which immediately implies

The narrowestlline was obtained using the N4

a mean life for the isomeric level in excess. of 8.OxlO—'9 sec. This line width

must be corrected for the effects of absorber thicknesé. in doing this we make

the aéspmptions;r(l) the total thgoreticalAMl:conversion coefficient of 32 is

used. The_experimental ralue4is_29 * h}y (2) the statistical factor

(%Iex+ l)/(z;ngl)_in rhe gbsorption cros; seption is taken_as h/3, The spin , | d
of the excited state could be 3/2, 5/2, or 7/2,:and this factor could be as low

as 2/3 or as high as h/3. (3) the recoil—free fraction,f, in the absorber is taken
as 0.36 (see Table 1). With these assumptions the Quantity x = nof is 1.15, and,
using Visscher's formula,é'thg line width correction factor is 1.15, and a lover

limit of O.92x10—8 sec may be set.on_the:lifetime of the isomeric level. While

this:may be near the true lifetime, the possibility of unresolved quadrupole
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hyperfine structure interactions caused by small crystal field effects7’_ leaves
this an open question. A direct measurement of this lifetime by delayed. coin-

cidence techniques would be highly desirable.

V.. Discussion - .

The magnitude of>the.effect is di?ectly”relateautéithetrecbilf
free fraction when source andlabsorber a%e chemically identical, by_the ex-
pressiqn |
v . e x L _ .

% effect = 100 :i[}-e‘z IO(E)J ,x=nof (1)

" where Io(g) = Jo(%§)’ the zero-order Bessel function. We note that the theoreti-
cal curves in Figures 5 and_é(may be considered to be associated with recoil-.
free fractions of 0.54 at 770K and 0.36 at 29SOK,_respectively,-and that the
shapes of the curves are~independént of assumptions about the- phonon spectrum. :
Indeed the very different Debye temperatures of lZS?K?and lSSQK_which are .

\

-associated -with these theoretical-curves at the two temperatures show that the

Debye model is not applicable to Eu It has long been known from heat .

203.
capacity data that the Debye model is not applicable to oxides and salts, and .
indeed 1t was never intended for such application.

In lattices of two or more unlike atoms optical branches have been
predicted and in some cases clearly identified,9 Kagan has discussed the
influence of optical branches on the reéﬁil—free fractionlO and has concluded
that thié"influence.éhOuld'be manifest in é larger reéoil—ffee ffaction at
highrtempératureé ﬁhén wOuld.be éxpected oﬁ the Debyé modél."We ﬁotevthat this
behavior might be expected on simple phyéical grounds because an bpfibéi'branéh
is essentially a high frequency branch of relatively narrow bandwidth. In a
lattice consisting of atoms (or ions) of very different masses the optical

branches should be particularly well defined, although possibly difficult to

observe. Thus it seems reasonable to associate the great discrepancy between
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fhe twé Debye temperaﬁures-needed tovfif our data at 77OK and 295OK wifh"thef_
‘.influencé_Of optical braﬁches.- We:note in passing that_the heat capacity data
on rafe earth oxidesll do.not folIOW'a Debye curve but .that these dataxéan be
approximated by Debye curves for € in thé range lOO—ZOOOK. Furthermore, our
room température data can be fitted by a Debye temperature of 1850K which is
lower than,'but not grdésly different from, the'value of 23OOK found by Ofer,
et al.lz.for Dy203; o | | -

The spin assignment of 7/2 to -the 21.7 kev level_seems quite fir;n13 énd
if,is thus ﬁﬁlikely that our data would requifé re—interpfgtatioh'On this
account. - At any rate, a different spin would change the two'Debye teﬁpgratures"
only slightly, and in the same direction, and woﬁld_not change our conclusions
about optical branches. | |

151

In'summary, the Eu resonance should prove useful in experiments
where a rare earth is required. The single fairly narrow line and large nuclear
moments make the absorption spectrum rather sensitive to internmal fields. In an

odd-proton nucleus there is in addition a goodvchahce of observing a sizable

chemical shift, especially when s-electrons are involved. - -
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_ . _Table .1 .
Percent ‘absorption. at» zéfo_ velocity for E11203 sourc¢ and ab'sorber
Temperature ) A’bsorber’thickness ' - Percent BEffect - A\(efagg
(%x) | (mg/cm2 natural)  uncorrected .c‘orrec_'te'd: " recoil-free
i EuZO% - o C I - fraction
77 4.8 14.0 < .0 sk
" 108 0 2ke ¢ 26.3
" : 17.5 o ©29.0 35.6
"o 31.2 29,1 | 40.5
295 L 5.0 5.6 36
" 4.8 R 10.1
o 1.9 10.1 11.6
w | '9.6v | .o | 16.5
" 17.5 ‘ , ‘.— 16.Q o 19;7 _
"t . 23-3 o _. .17.7 | 22'_1'&
" ' o312 - 16.8 231
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Fig. 1. Low energy gamma ray spectru.m of Gd . obtalned with a .

"1 1/2" % 1/4" NaI(T1) scintillation counter. The 12 kev peak

is. the K x-ray escape peak; the 21.7 kev peak is the photo
peak; the 41 kev peak is the K x-ray.
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Fig 2. Low energy gamma-ray spectrum of aatt
of a proportional counter filled to a pressure of 2 atm. with
a mixture of 90% argon - 10% methane. The 21.7-kev gamma ray
is clearly resolved from the 41.3-kev Eu x-ray and exhibits
a signal-to-noise ratio of about 1:3. The 8.2-kev radiation
is due to x-rays from the materialiof tneiccunter wall.

obtained by means‘
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Energy (kev)
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Fig. 3. Low energy Y-ray spectrum of Gdlsl taken with a collimated
beam and a well-type Nal scintillation counter. The peaks are
the. 21.7 kev y-ray, the 41 kev x-ray, and its l2-kev escape peak.
Curve A was taken with no absorber, and curve B with a 29.9 mg

cm™2 gold absorber. Curve C represents the background which
would be left if the 21.7 kev Y ray were completely: absorbed,
based on curves A and B
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Fig. 4. Room temperature velocity spectrum of the 21.7 kev Y-ray in
Eul5l, uncorrected for background, using a thin sodium iodide
scintillation counter. Source is natural.Nd203, absorber is

9.6 mg cm™2 natural Eu203.
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Fig. 5...Absorption’vs.'ébsorber thickness for a source of Gd
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o1 in

EuZO ~enriched in Eul53, and an absorber of natural Eu203, both

at TT7°K.

The theoretical curve is for'a-Debye 6 of 125°K, an

excited state,spin of 7/2, and a total conversion coefficient

of 32.



=14 .

To\ i
< | ¢
£ +
O
N
e
© 10 ,. '
-— T=295°K
C .
(b}
°
()
o
1 | 1
o . 10 20 30
| | L,
Absorber thickness(mgcm)

Flg 6 Absorptlon vs. absorber thickness for a source of Gd
Eu203 enriched in Eul53, and an absorber of natural Eu203, both
at 295°K. The well-type crystal was used, and background .

corrections of up to 38% were made to the raw data.
tical curve is for a Debye temperature of 185°K and an excited

state spin of 7/2
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The theore- .
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