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THE HYPERFINE FIELD OF XENON NUCLEI AT LATTICE SITES IN IRON 

H. PATTYN, G. DUMONT,  R. COUSSEMENT, R. E. SILVERANS (*), 
E. SCHOETERS and L. VANNESTE (**) 

Instituut voor Kern- en Stralingsfysika 
Leuven University, 3030 Heverlee, Belgium 

RCsumC. - Le champ hyperfin du noyau Xe aux sites du reseau dans le fer a Cte determine a 
partir d'expkriences d'orientation nucleaire, a des temperatures variant entre 11 mK et 80 mK obte- 
nues avec un cryostat a dilution 3He-JHe. De la variation avec la temperature des anisotropies du 
rayonnement y M4 de 133"lXe et I3lmXe in~plantes dans le fer par separateur isotopique, le pour- 
centage des noyaux Xe aux sites haut-champ est determine et une valeur du champ hyperfin 
Hhf = 1510 160 kG est deduite. 

Abstract. - The hyperfine field of xenon nuclei at lattice sites in iron has been determined from 
nuclear orientation experiments at temperatures between 11 mK and 80 n1K obtained with a 3He- 
W e  dilution refrigerator. From the temperature dependence of the M4 ;:-ray anisotropies of 133mXe 
and I3I111Xe implanted in iron by isotope separator, the fractions of xenon nuclei at high-field sites 
were determined, and a value H1,r = 1 5 10 2- 160 kG was deduced. 

1. Introduction, - Recent heavy-ion channeling 
experiments [I], correlated with Mossbauer-spectro- 
scopy data [2], did prove the relationship between 
high-field sites and substitutional ions of xenon 
implanted in iron by isotope separator. As the frac- 
tion of substitutionally implanted nuclei differs 
considerably from unity, also at rather low xenon 
concentrations, a determination of the hyperfine 
field of xenon at lattice sites in iron cannot be done 
without measuring this fraction. The value 
H = 1 010 f 40 kG obtained by Niesen et al. [3], [2] 
from nuclear orientation of 133gXe in~planted in 
iron, by neglecting the low-field fraction, therefore 
can only be regarded as a lower limit. A determination 
of the hyperfine field of substitution;~l xenon nuclei 
in iron is interesting for solid-state physicists trying 
to describe these large hyperfine fields in terms of 
complex polarization phenomena. On tlie other 
hand, nuclear physicists can use these fields to study 
magnetic mo~nents of excited nuclear states. There- 
fore, a method to determine the hyperfine field of 
xenon nuclei at lattice sites in iron with a simulta- 
neous determination of the low-field fraction became 
highly desirable. 

In a recent paper [4], we demonstrated the possi- 
bility of extracting precise values for the hyperfine 
interaction energies of the 11/2- isomeric states of 
odd-mass spherical nuclei implanted in iron. by 
observation of the anisotropy of M4 g-rays emitted 
by these nuclei in nuclear orientation experiments. 
In the odd-xenon nuclei, long-livinf isomeric states 
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and corresponding deexciting M4 prays  are present 
in 12'xe, l3'Xe and 1 3 3 ~ e .  The temperature depen- 
dence of the angular distribution of M4  ?)-rays 
(1 1/2- + 3/2+) from oriented nuclei with magnetic 
moment / I  in the presence of a magnetic field is 
given by 

In this expression. we introduced the parameters ai, 
being tlie fractions of nuclei at a certain site (substi- 
tutional lattice site or  different possible interstitial 
ones) wit11 corresponding hyperfine fields Hi. 

We now make the assumption - based on Mijss- 
bauer-experiments on the 133Cs daughter nuclei of 
implanted 1 3 3 ~ e  [2] - that the substitutional xenon 
nuclei do  feel a much I~igher field than xenon nuclei 
in any other position. Using the fact that the nni- 
sotropy detected in a nuclear orientation experin~cnt 
decreases rapidly with p H ,  we can neglect the snlall 
degree of alignment of the xenon nuclei at non- 
substitutional sites, thereby introducing an error in 
the substitutional fraction 2 and the corresponding 
hyperfine field I 1  which is only of the order of a few 
percent. Due to the big directional distribution 
coefficient F2(44(1 112) (312)) = - 0.889. the M 4  7 -  
transition is very k~voul-able to determine both ;! and 
the product /ill by a c:~reful me:~sul-cmcnt of the 
temperature depe-ndencc of the M4 ;.-ray ;inisotropie\. 
This was done i n  a scrics of' nuclear oricnt:~tion c\pc-  
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riments on 1 3 3 m + g ~ e  and I3'"xe implanted in iron A least squares fit through the data, with both cc and 
by isotope separator. the product pl , / ,  H as free parameters, resulted in : 

2. Source preparation and nuclear orientation mea- 
surements. - The xenon activity was produced by 
irradiation of natural xenon gas during one week 
in a neutron flux of 1.8 x 1014 n.cm-, s-'. The 
activities were implanted with the aid of an isotope 
separator, at an acceleration voltage of 75 kV, into 
high-purity and electropolished iron foils. The beam 
was continuously swept in both directions in order 
to achieve maximum homogeneity. The implantation 
dose, determined from the total current on the foil 
itself, was 3.6 x 1013 at.cm-' for the '33n'fgXe(Fe) 
source and 3.5 x lo1' at.cm-"or the 131n'+g Xe(Fe) 
source. The latter value is mainly due to the stable 
l3'Xe. Both doses are comparable to the xenon 
concentrations used in the experiments described 
in references [I] and [2]. 

The nuclear orientation experiments are perfor- 
med using a high-power 3He-"He dilution refrigera- 
tor ; the y-radiation was detected with 30 cm3 high- 
resolution Ge(Li) detectors. A description of the 
complete apparatus is given in reference [4]. The 
temperature, ranging from 80 mK to 11 mK, was 
continuously monitored by the anisotropy of the 
136 keV y-ray of 57Co(Fe). 

In a first run, the 10 pCi'31mXe(Fe) source was 
oriented and the temperature dependence of the 
anisotropy of the 164 keV y-ray was measured. 

and 

Figure 1 clearly demonstrates the possibility to deter- 
mine the substitutional fraction from the temperature 
dependence of the M4 y-ray anisotropy. 

The 133Xe(Fe) source contained about 10 pCi of 
133mXe activity (TI/, = 2.26 d) and about 100 pCi 
of 133gXe activity ( T I / ,  = 5.27 d). This source was 
oriented in two different runs. During the first run, 
the detection of the strong 81 keV y-ray from the 
decay of 133gXe was diminished by absorbers placed 
between the source and the detectors in order to 
improve the detection of the 232.8 keV M4 y-ray. 
A least squares fit through the experimental data 
resulted in 

and 

LY = 0.65 0.08 . 

In the next run, the anisotropy of the 81 keV M1 (E 2) 
y-ray in the decay of the 3/2+ ground state of 133Xe 
was observed. As the substitutional fraction for this 
source is known from the M4 y-rays analysis, the 

FIG. 1. -The function W(O)/W(n/2) vs. 1/T for the 164 keV M4 y-ray of 13IlnXe. The solid line represents the 
best fit : substitutional fraction a = 0.45, whereas the broken line represents the best fit if all xenon nuclei 

are supposed to be substitutional. 
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product p312 H was determined by a least squares 
fit with only one free parameter. For the E2/M1 
mixing ratio of the 81 keV y-ray, the value 
6 = 0.153 f 0.006 from reference [5] has been used. 
This resulted in 

3. Discussion. - A recent paper [6] on the magne- 
tic nioments of the 3/2+ low-lying states in odd- 
neutron spherical nuclei shows that the variation 
in these magnetic moments is well reproduced by 
spin-polarization calculations using wave functions 
from pairing-plus-quadrupole theory [7]. ,~1,/, of 
13'Xe is known with good accuracy (L(312 = 0.691 pN 
from reference [8]) and as theory predicts an increase 
of ~ i , ~ ,  with 0.03 pN when adding a pair of neutrons, 
p312(133Xe) = 0.72 $- 0.05 can be regarded as a 
safe estl-ate. This can then be used to obtain a hyper- 
fine field of substitutional xenon in iron ; we find : 

A positive sign is assumed 011 the basis of systema- 
tics of hyperfine fields of neighbouring elements 
in iron. At the same time the magnetic moments 

of the 1112- isomeric states of I3lXe and '33Xe 
can be derived 

1 3 1  Xe: / ~ i l l i 2 -  I = 0.80 -t 0.1011, 

and 
133 Xe: I I = 0.87 f 0 . 1 2 ~ ~  

The fact that these values do agree with the theore- 
tical predictions based on calculations outlined in 
reference [7] (0.91 p, and 0.92 11, for 13'Xe and 
133Xe respectively) - which were shown to agree 
well with other experimental / i l l ,2 values -can 
be considered as a consistency test of this analysis. 

As the substitutional fractions depend on the 
implantation dose, the acceleration voltage and pro- 
bably also on other physical conditions such as the 
temperature of the iron foil at the time of implantation 
and subsequent heat treatment, no reliable comparison 
can be made between the values derived by us and 
those obtained in references [I] and [2]. The variety 
of results however stresses the need for a determi- 
nation of the substitutional fraction each time an 
implanted xenon source is used. 

We wish to thank Dr. H. Postma for advice on 
these experiments ; we also acknowledge financial 
support by the IIKW. 
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