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K-shell vacancies carried by swift 0 and Si iens inside ferromagnetic hosts
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The single and double E-shell vacancy fractions for swift 0 and Si ions inside Fe and Gd foils
have Keen measured using the probe layer technique. The measurements are carried out at velocities
varying from 7.5 to 13.5vo for Si ions and. at a velocity of 7.8vo for oxygen ions (vo = ac where o, is
the fine-structure constant and c is the speed of light). It is shown that all such available data for
light ions fall on a smooth curve when plotted against the reduced velocity of the ion. These values
are used along with the existing transient magnetic field data to derive the electron spin polarization
acquired by the ions traveling inside ferromagnetic hosts. The degree of polarization is shown to
decrease with the atomic number of the ions. This observation is, however, in disagreement with
recent theoretical calculations.
PACS number(s): 34.50.Fa, 34.70.+e, 34.90.+q

X. INTRODUCTION

When a highly charged energetic ion travels through
a solid, because of the continuous electron capture and
loss processes, the probability of having a vacancy in its
E shell changes continuously until equilibrium charge dis-
tribution is attained. Additional features, however, are
observed if the medium through which the ion travels is
a polarized ferromagnet. A transfer of electron polariza-
tion &om the ferromagnet to the moving ion has been
observed, which, as a consequence of the oriented hyper-
6ne interaction ultimately leads to the strong "positive"
magnetic fields at the nuclei of the moving ion. These
fields, known as the transient magnetic fields (TF), are
of several thousands of Tesla in magnitude and atomic
in origin. They are attributed to the polarization of the
bound electrons of the moving ion [1—5]. In the case of
light ions the observed TF arise predominantly &om the
polarization of unpaired E electrons and are shown to
be directly correlated to the number of E-shell vacancies
carried by the ions inside the ferromagnet [6]. The TF
for hydrogenic ions, neglecting smaller contribution &om
higher atomic shells, can be expressed as [2—4]

+TF B18q18P18 )

where B1, is the hyper6ne field due to a 18 electron of
the ion and q1, the &action of such ions carrying single
E-shell vacancies. The quantity p1, is the acquired de-
gree of polarization in the E shell of the ion and can also
be expressed as the &action of unpaired K electrons of
the ion which are spin polarized. The mechanism giv-
ing rise to polarization transfer is not yet understood
although some models are proposed [4]. To develop a
self-consistent quantitative theory for TF it is necessary
to have systematic measurements of the polarization de-
gree pi, as a function of the velocity (vi) and atomic
number (Zi) of the ions.

At ion velocities close to Zivo (where vo ——c/137), the
quantity q1, approaches a value of 0.5 and hence p1, can
be obtained reliably from the measured TF at these ions.
Indeed, large values for pi, in the range 10 to 30%%uo have

been d.erived in this way for some light ions at these high
velocities in Fe and Gd hosts [2,5—9]. However, for ob-
taining p1, values at lower ion velocities, it is absolutely
essential to measure the q1, value at that velocity. This
has been recently stressed by us &om q1, measurements
for S ious [10] in a Gd host where one observes qi, to be
substantially larger than the expected value. Using these
measured values for q1, it is now seen that p1, decreases
gradually with increasing atoinic number of the ion [4,
5]. Several TF measurements for light ions at velocities
considerably smaller than Z1vp have been reported; see,
e.g. , Ref. [11] for recent measurements on Si ious. It is
therefore desirable to have q1, measurements at these ve-
locities to obtain reliable p1, values. This would provide
important information on the velocity dependence of p1, .
We have measured q1, values for Si ions in ferromagnetic
hosts like Fe and Gd at ion velocities varying between
7.5 and 13.5vo and for 0 ions in Fe, Ni, and. Gd hosts
at 7.8vo using the probe layer technique. The selection
of ions and their approximate velocities were to some ex-
tent guided by the available TF data. The measured q1,
values were used to derive p1, values. The main empha-
sis in the present investigation was therefore to deduce
reliable values of pi, at these ions and (making use of the
existing data) to examine its variatioxi with Zi and vi.
Any systematic trend would be very useful in developing
a quantitative theory of TF. Dybdal and Rud [12] have
also measured q1, values for light ions at velocities lower
than in the present measurements.

Recently, quantum beat measurements on spin polar-
ized electrons in swift oxygen ions emerging &om mag-
netized Fe, Ni, and Gd layers have been carried out [13,
14]. These measurements exhibit predominantly the hy-
per6ne interaction &equencies corresponding to the 18
electron con6guration and thus also provide direct infor-
mation about the &action of ions with single E vacancies
after coming out of the ferromagnetic layers into vacuum.
This enables one to have a comparison of the electronic
con6guration inside and outside the solid. We have also
attempted to examine in the present studies how the q1,
values measured inside the ferromagnet differ &om those
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outside the foils in vacuum using the available data on
equilibrium charge distributions.

II. MEASURING TECHNIQUE
AND EXPEB,IMENTAL DETAILS

The experimental setup, measuring technique, and
data analysis have been discussed elsewhere [10] and
hence only the necessary details are provided here.

It has been shown by Hoptdns [15] that the target K
x-ray yield rises dramatically when incident projectiles
carry vacancies in their E shell. This has been explained
in terms of the direct transfer of the target E electrons
into the vacant E shell of the projectile. This feature
of the ion-atom collision has been exploited in the probe
layer technique to obtain the projectile Evacancies inside
the target. In these measurements, therefore, the projec-
tile, towards the end of its path in the target material,
is made to encounter a thin probe layer. The incident
E-shell vacancy con6guration, in the swift ion, changes
continuously inside the target material due to electron
capture and loss processes. The residual E vacancies on
the projectile at the end of the target get transferred eFi-
ciently to the probe atoms giving rise to probe E x rays.
The resulting probe E x rays thus provide direct infor-
mation on the vacancies carried by the projectile inside
the target.

The probe material is generally chosen such that it is
highly sensitive to projectile E vacancies, i.e. , having a
large E-K transfer cross section. The average probe sen-
sitivity is characterized by parameters n and P, defined
by

n = oui/ozo and P = o z2/oleo ~ (2)

(3)

where Ei(x) and E2(x) are the &actions of ions hav-
ing single and double E-shell vacancies created at the
projectile when it has traversed a target of thickness z.
These quantities are functions of the cross sections o~f
(j,f = 0, 1, 2) which describe for j ( f the vacancy cre-
ation and for j & f the quenching cross sections for tran-
sitions &om a state with j K vacancies to a state with
f K vacancies on the projectile [16]. The quantities o'~p,
n, and P were obtained &om a study of the probe K x-
ray intensities with projectiles carrying 0, 1, and 2 initial
vacancies in their Ji shell [see Eq. (2)] and were used as
6.oxen parameters in the 6tting procedure. The quantity
o~(x) is measured for various thicknesses of the target
with a thin probe layer (composite targets) with projec-
tiles carrying 0, 1, and 2 initial vacancies in their E shell.
The quantities o~y are then obtained &om fits to Eq. (3).

where o~;, with i=0, 1, and 2, are the average probe K
x-ray production cross sections with incident projectile
having i E-shell vacancies. The average probe x-ray yield
per atom, when the projectile traverses a thickness x of
the target before encountering the probe, is represented,
in a three-component model [16], by

The equilibrium single and double K-shell vacancy
&actions, Ei(oo) [same as qi, in Eq. (1)] and E2(oo),
respectively, are then obtained using the following equa-
tions which are derived under the approximations [10,12]
as discussed in Sec. III,

( )
2(o12/olp) d E ( )

(o12/olo)
(1+oi2/oio) ' ' (1+~i2/oio) '

(4)

The target E x-ray yield is also sensitive to the pres-
ence of a vacancy in the K shell of the ion and is given
by

1+ (n —1)Ei (x) + (p —1)E2(*) d*.
X 0

(5)

This is an integral method and has also been used in
some cases to derive the Ei(oo) and E2(oo). In this case
o ~p and the sensitivity parameters n (= o ~i/o x.o) and P
(= o'~2/o~p) correspond to the values in the limit of zero
target thickness and are used as the fitting parameters.

Oxygen and silicon ions at various energies were ob-
tained &om the BARC-TIFR 14UD pelletron accelerator
at Bombay. A post accelerator foil stripper was used to
obtain the incoming beain in difFerent charge states [17].
A 1—2-pg/cm2 probe layer of SiO and Ti for measure-
ments with O and Si ions, respectively, was evaporated
on the carbon backing (10—20 pg/cm2). The targets of
Fe, Ni, and Gd, of varying thicknesses (1—30 pg/cm )
were then evaporated on the probe layer. In each com-
posite target the probe layer was sandwiched between the
ferromagnetic target and the carbon backing, and the fer-
romagnetic layer faced the incident beam. For measuring
vacancies inside the Gd host Ti was used as a probe ma-
terial for both the ions. The probe thickness was kept the
same for all the composite targets of a given kind. The
thickness of the ferromagnetic and the probe layers were
measured to an accuracy of 5—10% &om the Rutherford
scattered particles detected in a Si surface barrier detec-
tor placed at 60 with respect to the beam direction. For
normalization purpose, the charge was collected &om the
entire chamber which was electrically isolated. In addi-
tion, the Rutherford scattered particles &om a Au foil
placed 6 cm downstream (&om the target) were detected
at 120 to the beam and this was used to provide a check
on the charge normalization. Both the procedures gave
identical results to within about 5%. Two x-ray detectors
having resolution of 170 eV at 5.9 keV and whose e%cien-
cies were measured earlier using PIXE and calibrated ra-
dioactive sources [18], were mounted face to face at 90'
to the beam direction. The detectors were inside the vac-
uum chamber for measurements with the SiO probe and
outside the chamber, isolated with a 25-pm Be window,
for measurements using the Ti probe. The count rate in
the detectors was restricted to less than 500 counts/sec
using suitable absorbers to cut down the Si projectile x
rays. All four spectra, two &om the x-ray detectors and
two &om the particle detectors, were recorded simulta-
neously on a PC-based data acquisition system.
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III. DATA ANALYSIS AND RESULTS

Typical x-ray spectra obtained using 25-MeV 0 ions
with composite targets and targets having only the probe
are shown in Fig. 1. Similar quality of spectra were also
obtained with Si ions. The x-ray peak from the thin
probe layer is very clean with very little background in
each of the spectra. At some energies the radiative elec-
tron capture (REC) photopeak interferes with the probe
K x-ray lines. This intensity was negligibly small and
was taken into account in the final analysis. The inten-
sity of the probe x ray was obtained by integrating the
counts under the lt x-ray peak (Kn in the case of Ti) af-
ter subtracting the general background obtained by using
a C target at the same bombarding energy of the ion. A
Gaussian peak fitting procedure with linear background
subtraction was adopted.

The quantities o~; for the probe were determined us-
ing targets having only the probe layers. The sensitivity
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FIG. 2. The charge state dependence of the probe x ray
yields for 25-MeV oxygen beam bombarding on a 1.5-pg/cm
(a) SiO probe, (b) Ti probe, and (c) for 49-MeV Si ions on a
Ti probe.
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parameters K and P were determined from these studies
and are shown in Fig. 2 for 0 and Si ions. The target
thickness dependence of the average probe x-ray cross
sections O'Ir(x), obtained from the normalized intensities
using composite targets, are shown in Fig. 3. These data
were fitted to Eq. (3). For fitting of the probe and com-
posite target data it was assumed that o2p and op2 can
be neglected in comparison to o py, o yp t o &p t and o 2& t and
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(a) A part of the x-ray spectra obtained by born
barding 25-MeV 0 + ions on a 1.5-pg/cm~ SiO probe layer
on a carbon backing. The dashed curve shows the background
spectrum using a self-supporting C target of similar thickness.
Apart from the REC x rays the background counts between
1.2 to 2.2 keV also consist of characteristic x rays of the impu-
rity element like Si present in the C foil. (b) Similar spectra
using a 1.5-pg/cm Ti probe on a carbon backing, and (c)
using a composite target consisting of Fe+SiO on a carbon
backing. The dashed curve shows the spectrum without the
probe layer.
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three-component model (see text).
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that o.pi
——2o.i2 and 0.2i ——2oip (see Refs. [10, 19] for

detailed fitting procedure). The data at a given beam
energy and corresponding to di8erent charge states were
fitted simultaneously to the same set of parameters. In
each case the fitting was also performed by allowing a
small variation in the values of 0'~p, K, aild P around
the corresponding values for the probe itself. The values
of the fitted parameters oip and ai2 thus obtained were
used to evaluate the equilibrated E-shell vacancy &ac-
tions using Eq. (4). These values are shown in Table I.
For low-velocity Si ions, where double vacancies are neg-
ligibly small, the data were fitted using a two-component
model. It should be mentioned here that there could
be some systematic errors in the quantities opy and tTi2
since they are obtained as the fitting parameters. These
are also quite sensitive to the choice of the probe param-
eters. However, the ratios of these cross sections were
found not to be very sensitive to the choice of the fitting
parameters as well as the fitting procedure and thus re-
sulting in more accurate values for the vacancy &actions
[see Eq. (4)]. The qi, values were also deduced from the
thickness variation of the target E x-ray yield. The val-
ues obtained were in good agreement with those obtained
using the probe layers technique.

The q~, values for Si in Fe-Gd have also been measured
by Dybdal et aL [12] at some velocities and their values
are in good agreement with our results.

IV. DISCUSSION

The qi, &actions are dependent on the vacancy cre-
ation and quenching cross sections O.pi and O.ip, respec-
tively, which in turn depend on the ion velocity. At low
ion velocities these cross sections are known to be af-
fected by the promotion of electrons to continuum states
via the formation of molecular orbitals (MO's). Indeed,
extremely large values for q~, reported for oxygen ions at
velocities between 2 and 5vp inside Fe hosts [12], are at-
tributed to the MO eH'ects. These results were confirmed

by the observation of large TF associated with the E
shell of oxygen ions in an Fe host (see, e.g., Ref. [6] and
references therein). In order to see systematic trends in

qi, values for any projectile-host combinations we have
shown in Fig. 4 the variation of the measured qi, values
as a function of the reduced ion velocity vi/Zivp. We
have excluded the data for oxygen ions below 4v, as they
are afFected by Mo eKects. For completeness all the mea-
sured values of qi, in the hosts Fe, Co, Ni, and Gd are
taken including our earlier data on S ions [10,12]. We
have shown the data using 3d magnetic hosts and Gd
separately in Figs. 4(a) and 4(b), respectively, because
of their widely di8'erent atomic numbers. Two promi-
nent features are apparent &om these plots, namely, the
nearly smooth variation of q~, as a function of the re-
duced ion velocity irrespective of Zq, and slightly lower
values for q~, for Gd host at a given reduced velocity as
compared to the 3d ferrorn. agnet data. Though we have
data only up to S ions, we expect the vacancy &actions
for still heavier ions also to fall on this line provided they
are unaffected due to MO efr'ects. This smooth varia-
tion with qi, will therefore enable one to deduce reliable
values for pi, [Eq. (1)] from the available TF data at re-
duced velocities between 0.5 and 1 (see below). The lines
drawn through the data points are linear fits to a limited
set of data lying between reduced velocities of 0.4 and
0.8. The variation of the measured qi, values with those
derived using the fitted line is not more than 10% lil most
cases. To make use of these curves one has to ascertain
that the measured TF values are only &om the E-shell
vacancies at the ion. We have used this curve for the qi,
value at a given reduced velocity to obtain pi, &om the
available TF data for light ions which are known to arise
&om the E shell of the ions.

We have also shown in Fig. 4, the H-like equilibrium
charge state &actions for 0, F, Si, and S ions emerging
out in vacuum through thin foils of Fe, Ni, and Sm. The
data are taken from Refs. [20,21]. Assuming that these
ions are in their respective ground states, this &action

TABLE I. Equilibrium values of the single and double K-shell vacancy fractions for Si and 0
ious at various ion velocities inside Fe, Ni, and Gd hosts. The total capture cr, (=2cryo) and loss
cross sections o~ (=2o'q2) are also shovrn. The errors in the cross sections are about 20—25%%ui.

Ion
Si

Host
Gd

Probe
Tl

Vy Vp

7.5
8.4
9.6
11.0
13.4

I'g (oo) '%%ua

»(1)
20(2)
25(2)
28(3)
40(4)

F2(oo)%

2.9(3)
7.6(8)

cr( (Mb)
1.9
3.4
4.8
5.4
7.6

0;(Mb)
38.6
28.0
27.0
26.4
20.0

Si 7.5
8.4
9.6
11.0
13.4

22(2)
27(3)
36(3)
38(3)
50(3)

2.6(2)
5.6(6)
6.8(6)
23(2)

.36
2.3
3.3
2.6
4.2

2.4
12.0
10.6
7.4
4.6

0
0
0

Tl
SiO

SiO

7.8
7.8

50(2)
46(2)

46(2)

25(1)
12(1)

12(1)

66.0
24.0

15.3

66.0
44.0

28.0
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represents qq, data for ions after emerging &om a thin
target into vacuum. These &actions are found to be much
smaller than the measured values inside the ferromag-
nets over the entire range of velocity scale investigated
(Fig. 4). The discrepancies are very large particularly at
reduced velocities below 0.6 where one sees a large &ac-
tion of ions having vacant E shells inside the ferromag-
net. These data suggest that the ions are predominantly
in their excited states inside the solid, thereby increas-
ing the qq, &action. This argument is further supported
from quantum beat measurements (see below) as well as
large TF originating from K shell at low ion velocities [6].

Detailed quantum beat measurements of the atomic 18
hyperfine levels have recently been performed for swift
oxygen ious emerging through thin ferromagnetic layers
of Fe, Ni, and Gd at velocities between 6.6 and 7.2vo.
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FIG. 4. The single K-shell vacancy fractions, Fi(oo) (—:
qi, ), of swift light ious in Gd (a) snd Fe (b) hosts against the
reduced velocity vi/Zivo of the ious. Along with the new data
(indicated in the figure) all the other existing data are taken
from Refs. [10]and [12]. In (a) the filled squares (S) and in (h)
the filled circles (S) and squares (Si), the open (F) snd filled

(Mg) diamonds, snd the open triangles (Si) aud the dotted
inverted triangles (0) are taken from Ref. [12]. The solid
line denotes a linear fit to the data in the reduced velocity
range of 0.4 to 0.8. The + and x symbols denote the H-like
equilibrium charge state fraction after the ions emerge out in
vacuum through the indicated foil materials. The lines are
drawn to guide the eye. These data are taken from Refs. [20]
and [21].

The 3 nuclear state of 0 at 6.13 MeV was used as
the probe [13,14]. These measurements, which are sensi-
tive to the electronic configuration of the recoiling ions,
are carried out within a Bight time of about 150 ps of
the ions in vacuum. A predominant &action of these
ions are observed to be either in their ground state or
in excited states having comparatively longer lifetimes.
The total &action of ions observed in the hydrogenlike
ground-state configuration in these measurements, vary-
ing between 26% and 32% through Fe, Ni, and Gd lay-
ers [14], is in reasonably good agreement with the mea-
sured charge state distribution outside the foils [21] but
lower than the measured E vacancy &actions inside the
ferromagnet (see Fig. 4). Similar measurements were also
carried out using Ne and Mg ions recoiling out in
vacuum at a velocity of 8.2vo through thin layers of car-
bon [22]. The fraction of H-like ground-state electron
configuration in both the cases [26(8) and 16(2) for Ne
and Mg, respectively] are consistent with the available
charge state distribution data outside the foil. The mea-
sured Evacancy &actions inside the ferromagnet will also
have a contribution &om He-like ions having one electron
in an excited state. This is also confirmed &om the quan-
tum beat measurements in all three cases of 0, Ne, and
Mg ions which indicate a sizable contribution &om ex-
cited He-like ions. The larger E-shell vacancy &actions
observed inside the ferromagnet are thus consistent with
the electronic configuration deduced &om quantum beat
measurements at high ion velocities.

We have not made any attempts to quantitatively cal-
culate the vacancy fractions Fi(oo) and P2(oo) using the-
oretical estimates for ooq and o ~0 as one knows that there
are large discrepancies between the theoretical and ex-
perimental results [10]. The capture cross section 0,
(= 20'ip) includes the capture from target K, L, M, ...
shells, i.e., o. = o.~~ + uL, ~ + OM~. It is known that
the perturbative calculations such as the Oppenheimer-
Brinkman-Kramers-Nikolaev (OBKN) or the perturbed-
stationary-state (PSS) approaches do not give reliable
cross sections. We have recently shown [19,23] that the
close-coupling calculations [24] caii reproduce the K-K
transfer data for near symmetric collision systems. But
such calculations for I-K or M-K transfer are diKcult
and hence are not easily available. It is also shown [10]
that the derived electron loss cross sections ai (= 20pi)
can only be explained by the first-order Born calcula-
tions provided one includes some empirical factors. It is,
therefore, desirable to have ab initio calculations in order
to understand the capture and loss cross sections as well
as the vacancy &actions measured in the present work.
Furthermore, as discussed. above, we expect the observed
ratios, (oi/0, ), and hence the qi, values to be in better
agreement with the calculations than the cross sections
themselves.

Several TF measurements in Fe and Gd hosts have
been reported at ion velocities varying between 7.5, and
13.0vo for Si ions (see Table II and Refs. [11,25—27] and
between 2„, and 7.5vo for 0 ious [6, 28, 29]. The data
relevant to present measurements are summarized in Ta-
ble II. It does not include high velocity Si ion data be-
cause of the inherent attenuations in TF due to heavier
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TABLE II. Summary of the available TF data for 0 and Si ions in Fe and Gd hosts relevant to
the present data. The values deduced for pq, using the derived qq, values from Fig. 4 are also given

[qx, = Fx(oo)]. The TF data at 13.4vp for Si in Fe and Gd are not used because of the attenuations
in TF [27,28].

Ion
Si
Si

Host
Fe
Fe

V/Vp

11.0
9.0

BTF (MG)
35.0(11)
17.7(32)

Ref.
[26]
[»]

ques

0.36
0.27

P1B
0.21(7)
0.14(3)

Si
Si

Fe
Fe

7.6
7.4

average

18.0(30)
13.1(24)
15.0(19)

[25]
[11]

0.16(2)

Si
Si

Gd
Gd

11.0
7.5

29.0(60)
11.0(20)

[27]
[25]

0.31
0.13

0.20(4)
0.18(4)

0 6.9 5.09(77) [6] 0.41 O.14(2)

0
0

0

Fe
Fe

5.9
5.5

average

7.4

3.97(37)
4.43(107)
4.02(35)

10.8(13)

[6]
[6]

[6]

0.32

0.41

0.15(2)

0.31(5)

0
0

Gd
Gd

6.5
64

average

11.3(13)
9.31(57)
9.63(52)

[29]
[6]

0.33 O.34(4)

ious used in the xneasurements [27]. All these TF mea-
surements were carried out in velocity di8'erential condi-
tions where not very significant changes in the ion veloc-
ity and hence electronic configuration take place during
the interaction time [2]. Because of the small interaction
time chosen for the nuclear state inside the ferromagnet,
these measurements are sensitive to the TF originating
&om a single vacancy in the E shell of the ion. More-
over, as the contribution &om higher atomic shells of the
ion decreases as 1/ns, where n is the principal quantum
number of the atomic shell, one could neglect these small
contributions and therefore assume that the TF are asso-
ciated with single E-shell vacancy at the ion. The value
of px, can therefore be deduced with the help of Eq. (1),
if q~, is known.

The pq, values have been deduced for C, 0, Ne, Mg, Si,
and S ions in Fe and Gd hosts &om the measured TF at
velocities close to Z~vo and also much below this velocity
[3,5]. It has also been shown in the case of 0 and C ious,
where TF data are available at a few velocities, that pq,
seems to be independent of the ion velocity [6]. The lim-
ited results for px, in the presexxt analysis (see Table II)
also agree with this observation. A decrease in pq, with
Z~ was first indicated &om our recent measurements on
S ions [10]. Such a trend is also apparent considering all
the light ion data in Fe and Gd hosts, though there is a
considerable amount of scattering in the case of the Fe
host [4,5]. In view of the presently established smooth
variation of q~, with the reduced velocity in Fe and Gd
(Fig. 4), we have recalculated the px, values using the
q~, values &om the linear fits shown in Fig. 4. These
values are shown in Fig. 5 as a function of Zq in Fe and
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FIG. 5. The values of pz, obtained using the qz, values
from Fig. 4 for Gd (upper panel) and Fe (lower panel). The
lines drawn are to guide the eye. The calculated values of pq,
shown by the triangles joined by broken lines are taken from
Ref. [4). The errors in these calculations stem from the use of
experimental capture and loss cross sections.
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Gd hosts. We have taken the weighted average of the de-
duced value of pq, wherever it is available at more than
one velocity of the ion assuming pq, to be velocity inde-
pendent. There are small changes compared to the values
deduced by Speidel [5] but the overall decreasing trend
of p~, with Z~ persists. In fact, the scatter of the data
in the case of the Fe host are very much reduced and a
smooth decreasing trend can be observed.

Theoretical e8orts to understand TF to arise &om the
scattering of quasi&ee spin polarized electrons of the fer-
roxnagnet by the ion probe led to underestimation of the
TF [3]. However, recent refined calculations considering
the electrons to be localized do explain the magnitude
of the TF [4]. Though the magnitudes of the polariza-
tion eKects are well accounted. , however, the observed
decreasing trend with Zq is in disagreement with these
calculations (see Fig. 5).

the probe layer technique. These values, along with the
earlier available data for light projectiles, are shown to
fall on a smooth curve when plotted against the reduced
velocity of the ion. It is thus possible to obtain the qq,
values for these ions at lower velocities much more re-
liably. Furthermore, a comparison of the measured qq,
values with similar data on hyperfine &equencies from
quantum beat measurements suggest a large &action of
the ions to be in excited state inside the foil. The de-
gree of spin polarization (pi, ), giving rise to strong tran-
sient magnetic fields, was calculated using these qq, val-
ues along with the existing TF data. The derived values
of pq, show a decreasing trend with Zq for Fe and Gd
hosts. These observations are in contradiction to the re-
cent theoretical predictions.

V. CONCLUSIONS ACKNOWLEDGMENTS

The single and double E-shell vacancy &actions for Si
and 0 ions in Fe and Gd hosts have been measured using

The authors thank the machine sta8' for the smooth
operation of the Pelletron accelerator.

[1] N. Benczer-Koller, M. Hass, and J. Sak, Annu. Rev. Nucl.
Part. Sci. 30, 53 (1980).

[2] K.-H. Speidel, P.N. Tandon, and V. Mertens, Z. Phys. A
302, 107 (1981).

[3] F. Hagelberg, K.-H. Speidel, and P.N. Tandon, Z. Phys.
D 17, 17 (1990), and references therein.

[4] F. Hagelberg, T.P. Das, and K.-H. Speidel, Phys. Rev. C
48, 2230 (1993), and references therein.

[5] K.-H. Speidel, Hyperfine Interact. 80, 1205 (1993), and
references therein.

[6] K.-H. Speidel, F. Hagelberg, M. Knopp, W. Trolenberg,
H. Neuburger, J. Gerber, S.S. Hanna, H. Dakhissi, and
P.N. Tandon, Z. Phys. D 1, 363 (1986).

[7] K.-H. Speidel, J. Cub, U. Reuter, F. Passek, H.-J. Woller-
sheim, N. Martin, P. Egelhof, H. Emling, W. Henning,
R.S. Simon, R. Schmidt, H.-J. Simonis, and N. Goll-
witzer, Z. Phys. A 339, 265 (1991).

[8] K.-H. Speidel, M. Knopp, W. Karle, J. Cub, M.L. Dong,
H.-J. Simonis, F. Hagelberg, U. Reuter, S. Kremeyer, J.
Gerber, and P.N. Tandon, Hyper6ne Interact. 5jL, 817
(1989).

[9] J. Cub, M. Bussas, K.-H. Speidel, W. Karle, U. Knopp,
H. Busch, H.-J. Wollersheim, J. Gerl, K. Vetter, C. En-
der, F. Kock, J. Gerber, and F. Hagelberg, Z. Phys. A
345, 1 (1993).

[10] L.C. Tribedi, K.G. Prasad, and P.N. Tandon, Z. Phys. D
24, 215 (1992); 2T, 143 (1993).

[ll] K.-H. Speidel, G. Jakob, U. Grabowy, J. Cub, S. Kre-
meyer, H. Busch, A. Gohla, O. Jessensky, J. Gerber, and
A. Meens, Phys. Lett. B 324, 130 (1994).

[12] K. Dybdal and N. Rud, Phys. Scr. 34, 561 (1987).
[13] H.J. Simonis, S. Kremeyer, U. Reuter, F. Hagelberg,

G.M. Kim, K.-H. Speidel, M. Knopp, J. Cub, W. Karle,
M. Weidinger, J. Gerber, A. Meens, and P.N. Tandon,
Phys. Lett. 254, 35 (1991).

[14] S. Kremeyer, K.-H. Speidel, O. Jessensky, H. Busch, U.

Grabovry, A. Gohla, J'. Cub, G. Jakob, P. Maier-Komar,
J. Gerber, A. Meens, F. Hagelberg, and T.P. Das, Z.
Phys. A 348, 49 (1994).

[15] F. Hopkins, Phys. Rev. Lett. 35, 270 (1975).
[16) S.K. Allison, Rev. Mod. Phys. 30, 1137 (1958).
[17] S.D. Narvekar, R.R. Hosangdi, L.C. Tribedi, R.G. Pillay,

K.G. Prasad, and P.N. Tandon, Pramana 39, 79 (1992).
[18] L.C. Tribedi and P.N. Tandon, Nucl. Instrum. Methods

B 62, 178 (1992).
[19] L.C. Tribedi, K.G. Prasad, and P.N. Tandon, Phys. Rev.

A 47, 3739 (1'993).
[20] K. Shima, T. Mikumo, and H. Tawara, At. Data Nucl.

Data Tables 34, 357 (1986).
[21] A.B. Wittkower and H.D. Betz, At. Data 5, 113 (1973).
[22] R.E. Horstman, J.L. Eberhardt, H.A. Doubt, C.M.E. Ot-

ten, and G. van Middelkoop, Nucl. Phys. A 248, 291
(1975).

[23] L.C. Tribedi, K.G. Prasad, P.N. Tandon, Z. Chen, and
C.D. Lin, Phys. Rev. A 49, 1015 (1994).

[24] W. Fritsch and C.D. Lin, Phys. Rep. 202, 1 (1991),and
references therein.

[25] D. Bozzacco, F. Brandolini, P. Pavan, C. Rossi-Alvarez,
and K.-H. Speidel, Z. Phys. D 3, 1 (1986).

[26] K.-H. Speidel, M. Knopp, W. Karle, U. Kilgus, M.L.
Dong, H.J. Simonis, F. Hagelberg, and J. Gerber, Z.
Phys. A 331, 29 (1988).

[27] K.-H. Speidel, M. Knopp, W. Karle, M.L. Dong, J. Cub,
U. Reuter, H.J. Simonis, P.N. Tandon, and J. Gerber,
Phys. Lett. 22T, 16 (1989).

[28] K.-H. Speidel, M. Knopp, W. Karle, M. Mayr, F. Hagel-
berg, H.J. Simonis, J. Gerber, and P.N. Tandon, Z. Phys.
D 6, 43 (1987).

[29] U. Reuter, F. Hagelberg, S. Kremeyer, H.J. Simonis, K.—

H. Speidel, M. Knopp, W. Karle, J. Cub, P.N. Tandon,
and J. Gerber, Phys. Lett. B 230, 16 (lg8g).


