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1. INTRODUCTION

The implantation perturbed angular correlation technique A

In thisx method exoare

is widely used far g-faclor measurements
states ace populated by means of heavy-ion Coulamb excnanan, and =0

ctiun of the

terial

implanted into a ferromapnetiic

ic freld is mea

moment of the implanted ruclei with & large magn

lion Hetween

a perturbation of the anpu.ar correl -ray em:

excited state and a backscuttered partivie

Many excited states with lifetimes in the nanoserond ranpe o
produced in nuclear reactions and implanted into ferromagnetic toil

Hence in principle the perturbed angular distribution method IMPAD of

deexciling vy -ravs can be applied to the obsvevation of hyperfine inter -

mament

3-5 .
There have been very few measuremer:s of this typv

tions and the determiratios of nuclezr magne

performecd so far , all usiag light particle reactions. For lifetime-
longer than a few nanoseconds , the more precise differential method
would usually be preferred. The Fourier analysis of the precuession
frequency obtained in this way can give a complete proture of the

distribution of magnetic fields acting on implarted nucle:. Uniortuna-

tely the differential method cannot be applicd for excited tes hauarp e

times shoarsier Lhan a few paroseconds, and ik vniy

© ob

inreraction :

ve the integral

of the deexciting y-ravs.

In the experiments reported herv the mtenral INPAD noathon
used for the determination of hf-interaction of vome Hght nucler ar v

A =40, recoil-implanted into iron by heavy-ion induced reuctions



For the proper interpretation of experimental results, the fate of

implanted atoms should be kaown at least approximately,

It shou!d be stressed that most of the methods of hf-interaction mea-
surements, such as ME. NO, NO/NMR, PAC, deal with the lattjices which
have sufficient time to anneal after the implantation process. This means
that atoms implanted in different lattice sites have the opportunity to migrate
and to change their initial positions and surroundings. This is not the case
far the iMPAD method, where the chbservation time after implantation is
defined by the short lifetiine of the nuclear excited states of implanted nucler.

This can drastically change the internal magnetic effects on implanted ruclei,

. EXPERIMENTAL PROCEDURE

The experiments were carried out with the heavy-ion beam of the
Emperor tandem accelerator of the Centre de Recherches 2. 1cléaires in

185 tons, of 30-35 MeV energy und

Strasbourg. The beams of HN and
-

8
20 nA intensity, were used to bombard 2'AI and 2 fi targets, The targets

evaporated on 20 mg/::m2 iron backings were abont ZOO/ug/ cmz thick.

Investigated nuclear states and thie reactions used for their produc-
tion are listed in Table I. The target backings were magnetized in a 1.3 KG
external field. The angular distributions of the y-rays were measured for
up and down magnetizing field directions, the y-rays being detected with a
70 cm3 {or 56 crn]) Ge (Li) detecter with an energy resolution of 3 keV
for 1.33 MeV y-rays. The detector was placed at the angles -40°, .30°,

0%, 30°, 45% 60°. 90°. and 120° in the reaction plane. The resulting spec-
tra were normalized with the readings of a fixed detector. The y-ray inten-
sities were caleulated using a Gauss fit program. The experimental rota=~

tions of some of the angular distribution patterns are shown in Fig 1.



1. ANAL

The experimental angular distribuiicns were analysed using the

integral {formula

Voo s o- s . TN
Wieono= o ZbkcosK(G o)
Kk

i
where Aek = arclan k @ ¥ are angular shiils of the distribulion pattern
As b_‘ coeflicients were always negligible for all investigated cases in

comparison with b2 , these terms were neglected in the further anulysis

The parameters cbtained by least square fitling, together with
other relevant data, arc listed in Table II. In this table, the fw ?‘Joba
deduced from the experimental angular shifts of the y-ray distribution
are compared with the expected values of « ¥ calcalated from the known
g-factors, lifetimes, and eifective field strengths. The values o0 thean-
ternal fields in iron were taken from Ref, 9, with the exception of the argon
case, for whirh the field value was deduced from the value obtained in nicke! i
using the ratie of iron and nicker local magnetic maments, ALl obser i
values {w ?)obs are much smil‘ler than the vxpected ones. Especially

. . 40, PE Y - . : .
striking is the case of X and K, for which the {w ?‘,Io arc nearly cqual,

bs
while the ratio of the calculated values is 18. This dicagreement can be
explained if it is assumed that there are at Jeast two different magnetic
fields acting on implanted nuclei. Under this assumption (HI 4 HZ model}
the (e f)ubs can be expressed by the following formula :

£ [+ (2«)2?)2 ]wlz £ (1.0 [I+Zw]?‘)2]‘dzg @

(o T) =
abs rls oo Do 2)?)

wh re & arethe precession frequencies in the magnetic fields H and
2

H and f is the fr..ction of implanted atoms Jocated in positions where atoms

2
experience the magnetic fieid Hl'

It is found that the experimental vatue “‘JYJM cannot be reproduced
for any { unless the intensity o7 ore of the magnetic fields is nearly zero. For

the sake of simplifying further treatment, we assume that a "H + 0" model is

alequate. This means that a fraction f of the nuclui feel the full internal ma-



anvtic feld foowhile the rest do not feel any nugnetic interaction at il In
this - e o the form
Tw?
“t i | Y [E}
ohs ) 2
Vel (2w )
fag 2 shows the ceoendence of fo ¥ ve w¥ for different value. of tue
obrs

fracteon S

Another so

roe of informution on { is the ratio b, b

,'b, of the abserved

tot

he unperturbee eneular distributien covfficients, This ratio is guve

by the

tation 2

ml (2-t} (3]

The rraction f for the inv

igared casvs were calculated in both ways,
using the

proessions (5) and |

i, The results are shown intlig. 3. [t can b«

sceen that the obs

ed angular shifis g

a more precise value of f, hat in
general. the values deduced in the two ways agree reasonably well. The ex-

ception is Ar, Jor which the disagreement is well outside the error limits,

Agreement can be achieved by assuming that the internal magnetic field

acting in iron on argon nuclei is lower than the 1020 kG used for the zvalua-
tion of the results. It should be about 300 kG. The fraction f found for *1Ca
periment is slightly larger than that obtained in a channeling ex-

puriment { cited in Ref. 5 ).

in our e

In experimen*s 5 1c’using light particle reactions
it was also suggested that a large (raction of the implanted nuclei do not
experience the hyperfine field. Marmor et al “pointed out that strong rela-
Nation processes possibly due to radiaiion damage could also be respon-

sible for the observed attenuation of the correlation coefficients.

For the two potassium isotopes }OK and “K ditferent f values were
obtatned, This was unexpected, as the recoil-implantation conditions were
similar, [t should be noted. however, that the higher value of f corresponds
to the longer-lived nuclear state. [t may be that the location of implanted ions

changes in less that 10 ns, which s the lifetime of the '“K excited state,



Y the e 1

During the 1.3 n= corrcipondine te the fifetin.

a smaller number of nuclel may reach positions where the tul oo

freld acts.

. L9,
Unfortunately the results for E cannot be used 1o check thas s

guestion, bucause of large statistical vrrors, and also because ot the contra-

bution of

ray cascades from higher lying states having Lfetimes of o

samv order as that of the 28314 keV state

Assuming that the mugration of nuciet from the position withons

magneti eld to one of full magnetic field ix responsible for the obiser,en

difference in { for the potassium isotopues, and that Lhis mipration tollow

an exponential law characterized by a mean mipration time &, the i
o

wing formula for w?‘\b_ can he derived
obs

2
-
(x‘E}Dhs Wy .
1Y .
~ -

Here {Q is the initial fraction of implanted atoms located in the ¢

where they experience the magnetic fic'', sothat f = ¢ - (1-1 J ¢
and ¥ = ¥V T+
A m m

Using the potassium data and formula {3) onv finds & migration

time of a few nanoseconds and an initial fraction of nuclei vxperiencing

the full field close to zero. This result is disquieting in view of the wide
use of the Coulomb-excitation implantation for determiring WT . Onv

has to notice that in the case of nuclear reactions the investigated

stat.s can be fed by several envrgetic y-ray transitions [ this tewdine

time is longer than the stopping time of implanted nuctei, the reconl doe
to the preceding y-ray emission could inf{luence the final location of the

implanted ion in the lattice.
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vork snow that the proper evaluation of data

sl measurcmene s < be o

abtained be integ

Forw ¥ highuc than about 0.2 rad. even silk

raclion

the knowludgv of the analysis of vxperimental c¢ala becom

1guous as can boe seen on Fig. 2. The existence of time depundencs ot
fraction { in the nanosccond repion implies that the determination of the
g-tactor ratlo for twe excited states of the same element cannot be deduced
are different

with sordtdence when the lifetimes
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Observed and calculated parameters describing the investigased hy sl erpction

Table 1

Ex (ke V) B Ho w?y [ 'c')m b, cb, 1 Mo U e
" . R N I . ,
3 kO¢ (x10 s) (x 1077 et 2] o b, b,
37 . . . 3 4 Lot
Ar la1l -0.377{10) 1020 12000 196 {87) 4.5 (4) 15,0 (8) ag 1 T
2427 7 1n
3o, - _ 27
K 2814 1.5 (3) -150(17) 78 (18) 26 L14) 22,5 (1) 22,7 ) 34 1]w h-100
Sip- 7
72
40 4
K 2543 6.57(10)  -150(19) 610 (100} EENERY} 200440} 1 v op 17 ts (-100
5.7%
g 1294 1.28¢3) -150(19)  961¢ (8B40} 47 (14} 9.7 {5  21.0 (8) YRR 53 14,
7/2- 12
41 b H 38
Ca 3339 0.28 {4) -100{9) 800 {100) 253 (48) P43 004 2001 (8) 52 :, b2 ',I
(152%) 2
a  fromRefe } IMPAD measurement in external magnetic fivld
b from Ref 7
c mean values deduced from Ref 8




amplues of y -ray angulay distributions fur nucle impianted

- + .
into iron : 3ql-\‘ 772, 2B)4 keV state, +0K, (5.7}, S
Aate wnd 7727, 1294 keV state, The curves are gorouler

115 to the uxperimental points.

Fig. 2 Dependrnce of observed value (W) vy w?
obs
values of the fra.tion I . as calculared ! [
Fig. 3 Experimental values of fraciion { deduced from observed values

(w® )obs {black points) and from observed b', cocfficients of

the angular distributiaons (triangles) .
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