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The velocity dependence of the transient hyperfine magnetic field manifest at nuclei of '"Pd ions recoiling through

magnetized Fe was investigated to a velocity higher than previously examined for the heavier nuclides. The state of
interest (2~+) was populated by Coulomb excitation using beams of 80-MeU "Sand 180-MeV "Ni ions and precessed

y-ray angular distribution measurements were carried out in coincidence with backscattered projectiles. These
results, when combined with prior lower-velocity measurements for ' Pd, yield a transient field velocity dependence

g, p = 0.41~0.15, for Pd isotopes over the extended velocity range 1.74&(v/vo) &7.02 (v, = c/137) a result

incompatible with a linear velocity dependence.

NUCLEAR REACTIONS Pd ( S S') Pd(2( ), Pd( Ni, Ni') +Pd(Q ),
Ez =80 MeV, EM; =180 MeV, enriched target; measured W(O, H, ~) in polarized

Fe. Deduced transient field and velocity dependence of PdI e for v /c ~ 0.054.

I. INTRODUCTION

Since the discovery' of large transient magne-
tic hyperfine fields manifest at the nuclei of ions
rapidly traversing polarized ferromagnetic mater-
ials, there have been a considerable number of ex-
perimental' ' and theoretical' " investigations ad-
dressed to elucidating the dependence of the strength
of this magnetic field on ion parameters, as
well as to the understanding of the ion-solid inter-
action responsible for it. Although neither point
appears yet to be fully resolved, it is nevertheless
clear that the field strength is functionally related
to both the veloc ity and atom ic number Z of the ion
and dependent on the specific ferromagnetic host
only by way of its bulk magnetization, and that the
strength of this transient field is quite large (of
the order of 10' T).

At very high ion recoil velocities (v» Zv, ; v, =

c/137, the Bohr velocity) the ion is completely
stripped of electrons, and the interaction of the
bare ion with the conduction electrons in the pol-
arized ferromagnetic host is amenable to perturb-
ation theory treatment —the field strength velocity
dependence in this case has been calculated" (and
experimentally verified'") to vary inversely with

V.

However, in the range of intermediate ion velo-
cities (v, & v ~Zv, }, the situation is somewhat less
clear. Dybdal et al.~' have performed a series of
elegant experiments in which they have measured
the E-vacancy fractions produced as a function of

v/v, for 0, F, and Si iona slowing down in a num-
ber of ferromagnetic media. Their results showed
a strong correlation between the K-vacancy frac-
tion and the transient field strength indicating, in
line with the original proposal of Borchers et al.'
and revived by Eberhardt et al. ,

"that the main
contribution to the field originates from the polar-
ization of bound projectile electrons. Nevertheless,
it is still unclear how the polarization of the fer-
romagnetic electrons is transferred to the bound
unpaired electrons of the ion.' Furthermore, the
velocity dependence of the field has not yet been
sufficiently well established experimentally, al-
though it has been demonstrated that for all but
the lightest ions traversing polarized ferromagne-
tic hosts, the transient field increases as Z and
as v~, with p somewhere between -0.5 (Ref. 8}
and unity. 4

The large magnitude of this transient field in
the velocity range vo ~ ~ ~ Zvo gives one an import-
ant tool for measuring the gyromagnetic ratios of
rather short-lived (v &1 psec) excited nuclear
states; a number of such determinations have in-
deed been made." However, despite the consider-
ably broadened domain of short-lived nuclear
states whose g factors may be determined by use
of the transient field (TF), full exploitation of this
hyperfine field for such measurements requires
reliable experimental delineation of its dependence
on the ion parameters.

The present experimental investigation was un-
dertaken to attempt to more definitively establish
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the velocity dependence of the TF for vp v Zvp

up to velocities considerably higher than have
heretofore been examined for the heavier nuclei.
To this end, we have measured the integral pre-
cession of the y-ray angular distribution of the
2;-0~ transition in 'OBPd [72.=34.9+2.3 psec Ref.
14; g=0.36+0.03 Ref. 15] as the swift Pd ions re-
coiled thmugh a thin polarized Fe foil, entering
the ferromagnetic host with v/v, = 4.5 and 7.38.

II. EXPERIMENTAL PROCEDURES

magnitudes for each of these ion projectiles were
calculated using our measurements of the fringing
field as a function of distance from the Fe foil up-
stream of the target along the beam trajectory,
with the soft iron shielding cone in place. This
field was found to decrease markedly with increas-
ing distance from the foil. These calculated values
represent upper limits, as the effect of the field
on backscattered ions, which can be readily shown
to reduce the overall beam-bending effect, was not
taken into account.

The nuclear state of interest was populated by
Coulomb excitation using beams of 80-MeV "S"
and 180-MeV '9li"' ions from the Australian
National University 14UD Pelletron tandem ac-
celerator. Targets were prepared by vacuum
evaporation of '"Pd (enriched to 98.88%}onto a
1 p, m Fe foil (previously annealed in an H, atmos-
phere) which was backed with a thick (-20 gm)
evaporated Cu layer that provided a magnetically
perturbation-free environment in which the recoil-
ing Pd ions stopped. For added mechanical support
and to provide good heat conduction away from the
beam spot, the three-layered target was mounted
on an additional 20 p, m Cu foil with an -2 mg cm '
In layer as "adhesive. " The target and Fe foil
thicknesses were determined to be 822 + 36 p, g cm-'

and 1.04+ 0.05 pm, respectively, by Rutherford
scattering of 2-MeV protons from the University
of Melbourne 5U Pelletron accelerator.

Although magnetometer tests showed that 100 Oe
was more than sufficient to completely saturate
the Fe foil, we employed a magnetizing field of
300 Oe. The triple-layered target was placed be-
tween the pole tips of a diminutive electromagnet
which provided this field, whose direction, normal
to the beam, was automatically reversed period-
ically to minimize systematic errors.

The triple-layered, thin Fe foil experimental
technique used to measure the precession of the
y-ray angular distribution has been described in
detail elsewhere. " Two 50-cm' Ge(Li) detectors
placed 5 cm from the target at +70' to the beam
direction recorded the 434-keV 2; -0, transition
y ray in coincidence with beam ions backscattered
into an annular surface-barrier detector subtending
the angular range 162'-176'. The coincidence re-
quirement resulted in events recorded for '"Pd
ions which recoiled in forward cones of half-angles
«4' and &3' with average initial velocities of v/c=
3.0% and 5.4%, respectively. The trajectories of
both the incident and backscattered projectile ions
were shielded from the field of the electromagnet
to reduce beam-bending effects to negligible pro-
portion (~ 0.0'l6 and ~ 0.064 mrad for the "8 and"¹iona, respectively). These beam-bending

III. ADDITIONAL EXPERIMENTAL
CONSIDERATIONS

For the present case, where the mean lives of
all relevant states are long compared with the
transit time of the Pd ions through the Fe foil
(see below}, the measured ratio of the 2;-0;y rays
registered in a given detector at g„with polarizing
field up (i) and down (0) is expressed as

1VN 1+ QR
Nt 1-$B '

where

dW2o d W42 d W2'&

R=l
g, d6

.
e +g4q4, de e +g, q,',

Y

«Wra (1+ f/42+ 1/2~2+ ' ' ')

T
and Q

-=& 6/g= -(p„/jf) L &&ddt, T is the transit
time of the Pd ions through the Fe foil, p,„ is the
nuclear magneton, g, is the g factor for the nuclear
state of spin J„g„is the ratio of direct population
of the state J, to that of the 2; state (scaled by the
decay branching ratio of the J&- 2; transition},
and

vri ) (W20+ }48W42 622W2 2 ' ' ')

(1 + 'f42 + f/~~~ + ~ .) e~

with W,p being the angular distribution for the

2, -0, transition without feeding contribution, and

W;, being the angular distribution for the 2y Oy

transition when the 2, state is fed from the level
J, by the unobserved J,-2, transition. For the
case where the g factors of all states are equal,
expression (1) reduces to the more familiar form

N4 1+ Sgg
N4 1Mgg '

where

d(W fed

W& de a„'

Of course, when q„-0, &9',~ -S;o.
Among other criteria which helped dictate our
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choice of both ' 'Pd and the experimental particu-
lars, that of minimal feeding of the 2, state was
also satisfied. Even so, population of levels high-
er in excitation energy than the 2, state, while
quite small, was not altogether negligible, part-
icularly for excitation by 180-MeV "Ni projectiles;
Eq. (1) was therefore used to extract the experi-
mental precessions (be/g). The population para-
meters n„and the various pertinent angular dis-
tributions W~ and W,o were calculated using the
multiple Coulomb excitation computer code of
Winther and de Boer" with matrix elements from
Ref. 14.

The only states higher in excitation energy than
that of the 2, level in '"Pd which were discernibly
populated (albeit quite weakly) in our experimental
investigation were the 2', 4;, and 0; levels. Our
calculated values for gy„g4„gal„and the angular
distributions W,~„W4„and W» which are required
in order to extract the experimental precessions
using Eq. (1) are presented in Table I. As can be
seen, the magnitudes of all terms in Eq. (1) which
reflect feeding corrections are quite small; for
this reason the extracted precessions proved in-
senitive to any reasonable values assumed for the

g factors of these feeding states.
In the present study, the full unperturbed angular

distributions were not measured; these were cal-
culated using the same program employed to evalu-
ate the pertinent statistical tensors. As a check on
the calculated angular distributions, the values of
S, and any attendant attenuation of the angular dis-
tributions in the Fe-Cu environment, the ratios
[W(70')-W(66')]/[W(70') + W(66 )] were measured;
these ratios were in agreement with their calcu-
lated values [i.e. , for 180-MeV "Ni—measured:
0.104+ 0.010, calculated: 0.095+ 0.005; for 80-MeV
"S—measured: 0.122 + 0.010, calculated: 0.122 +
0.006 (the uncertainties in the calculated ratios
reflect those of the matrix elements' used)]. Al-
thought the yields at these two angles did not differ
greatly, the agreement between the measured and

calculated ratios proved sufficiently good, expeci-
ally in light of the statistical uncertainties associ-
ated with our measured values of Q and the degree
of concurrence of our lower-velocity measurement
with prior results for ' 'Pd at virtually the same
velocity (see below), to justify confident use of the
calculated value of R [Eq. (1)].

IV. RESULTS

Table G summarizes the experimental particulars
and results of the present investigation, as well as
of the similar precession measurements of earlier
workers for "'Pd recoiling through thin magnetiz-
ed Fe foils at lower velocities. In the next to last
column of Table II are displayed the time-averaged
transient fields (Brr), (B) = (I/T, )(ne/g)(5/iJ, „), ex-
perienced by the nuclei of the Pd ions over their
transit times Tp„ through the Fe foils. The aver-
age velocity (v/vo) of the ions traversing the foil
of thickness L is given by (L/T~, )(l/v, ).

The energy losses of the recoiling ""' 'Pd ions
traversing the Fe foil and their transit times TF,
through it (presented in Table II) were calculated
from the stopping power tables of Zeigler", these
differ for '"Pd from those calculated by the pre-
vious authors using the Northeliff and Schilling"
tabulation. We have recalculated these parameters
for the experimental particulars which were re-
ported by these prior workers for their lower-
velocity '"Pd measurements using the Zeigler"
set. We find that although the latter stopping powers
calculations yield consistently lower (10-20 )
energies for the ions upon emergence from the Fe
foils than do the former, both sets of stopping
powers nevertheless provided virtually the same
(within &2/~) calculated transit times and, con-
sequently, the same values of (v/v, ), and calcu-
lated values of P (Ref. 20)—the pertinent and most
relevant quantities required. This serves to de-
monstrate that for ions traversing thin ferromag-
netic foils at v/c-I /p, the significant calculated

TABLE I. Calculated gamma-ray angular distribution and level population parameters relevant to extraction of
measured precessions for ~ Pd.

Levels
populated

(~,)
80-MeV 32S

~'g(~) l g=vp (&&;2/&~) ) - p.
180-MeV ~8Ni

21

4g

Op

1.00

0.04

0.07

0.01

0.79

1.03

0.85

1.00

—3.08

-0.37

-0.98

0.00

1.00

0.15

0.38

0.05

0.79

1.03

0.85

1.00

-3.12

-0.38

-0.99

0.00

~Calculated using multiple Coulomb excitation code (Ref. 16) with matrix elements of Ref. 14.
See text, Sec. III, for definition of parameters.
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values pertinent to these precession measurements
are rather insensitive to which of these specific
sets of stopping powers are employed.

The present ' 'Pd results listed in the last col-
umns of Table II are experimental; the findings
for '"Pd and ' 'Pd have not been normalized to
each other in any way.

The best fit to the Pd precession data was sought
for a transient field of the form
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B(v, z) = a(v/v, ) 'Z'p~, , (2)

where p and N, are respectively, the Bohr mag-
neton and the density of polarized electrons in the
saturated Fe foil. The value of p~X~ is 1752 G
for an Fe foil magnetized to saturation, as was the
case in the present work and reported to be so in
those prior investigations for ioePd which are list-
ed in Table II. X' fitting all data (both "'Pd and
'08Pd} to expression (2) gave best fit parameters
aZ'= 5645 +919 and p = 0.41+0.15 with y' per degree
of freedom X„'= 0.4 (v = 5).

Shu et al.' combined almost all previous "thin
target" data reported for a wide range of nuclides
in a "universal" fit Eq. (2); they found a = 96.7 a
1.6, p = 0.45+0.18, andq = 1.1+0.2. Based upona value
ofq=1.0, and usingZ(46) of Pd, wefindforthecom-
bined ' "' 'Pd data a= 123+20, which in not signi-
ficantly different from that obtained by Shu et al.

The value of a should, if the form of Eq. (2} is
valid, be a universal constant characteristic of
the styength of the transient field, independent of
the particular ferromagnetic employed, the ion
velocities, and other specifics which relate to any
given measurement. That the present value for a
and the value obtained by Shu et al.' are not closer
in magnitude than found should, we believe, not be
particularly stressed. Qur value for a results
from the ""'Pd data alone; theirs reflects the
value of q which resulted from a univeral fit' to a
broader body of experimental data over a wide
range of Z values and for a variety of experimental
conditions and particulars which may have pertain-
ed; some of these data incorporated in this univer-
sal fit were taken from specifically applicable thin-
target measurements, while for others Shu et al.'
interpolated "thin-target results" from data re-
corded under thick ferromagnetic foil experimental
conditions. Thus, considering the foregoing and
the sensitivity for Z = 46 to the uncertainty report-
ed' for its exponent q, the near concurrence of our
value of a and theirs could, equally well, be in-
terpreted as evidence of confirmation of the form
presumed for the transient field [Eq. (2)] and the
universality and constancy of its characteristic
value a.

The nonlinear velocity dependence of the transi-
ent field for Pd is exposed in Fig. 1, where the
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FIG. 1. Experimenta11y derived average transient
field (8 ) experienced at the nucl. ei of Pd ions recoiling
through thin, saturated Fe foils with average velocities

(p /po) The solid curve reflects our best fit para-
metrization of these data using the transient field form
of Eq. {2) {with a linear Z dependence); see Table II.
The dashed straight line corresponds to the best fit
to these data assuming a linear velocity dependence

[Eq. {3)]and a linear Z dependence.

experimentally inferred values of (8) are plotted
as a function of (v/vo); the solid line is based on

our best fit parametrization to these data.
The nonlinear dependence found and displayed in

Fig. 1 for the transient field manifest at the nuclei
of Pd ions rapidly traversing thin Fe foils is per-
haps even more evident if one assumes a linear
velocity dependence for this field, i.e. ,

8 = a„,„(v/v, ) Z' p P'~ . (3)

The best fit to the combined data Presuming this
linear velocity dependence [Eq. (3)j yielded y„'=

3.2 (v= 6); it is also presented in Fig. 1 (dashed
line). Were the transient field of this form, aL,„
should be constant, which is characteristic of this
linear dependence. However, the data displayed in

Fig. 2, in which the experimentally derived values
of a~ (given in Table II) are presented as a function

of (v/v, ) for Pd, show that aU„ is far from constant,
decreasing markedly with increasing (v/v, ).

V. CONCLUSIONS

We conclude from the combined data for ' @'"Pd
ions recoiling through thin, magnetized Fe foils
over the broadened velocity range encompassed by
the present investigation, 1.74& (v/v, ) & V.02., that
these results are consistent with a v'""'" depen-
dence for the transient field, and are inconsistent
with a linear velocity dependence for it. Moreover,
our results indicate that the velocity dependence

FIG. 2. Plot derived from measured (68/g) values
reported earlier for ~ Pd and in the present work

{ 8Pd) and a presumed linear velocity dependence of
the TF, for which a constant value of az&N as a function
of (v/vo) shouldpertain {see text). The present +Pd
measurement at {v/vo} =3.68 is seen to be in excellent
agreement with those reported for 0 Pd at (p/pp)
values of 3.50 and 3.55, while the extension to the higher
velocity (p/pro} =7.02 in the present investigation { Pd)
clearly makes the presumption of a linear velocity
dependence untenable.

obtained by Shu et al.' appears to remain applicable
for ion velocities up to approximately twice that
previously studied for the heavier nuclides. It
would be of signal import if the ion-solid interaction
suggested by Dybdal et al."as the mechanism
which gives rise to the transient field manifest at
nuclei of ions in this velocity range were shown
to lead to a specific velocity-dependence and Z
dependence which could be compared with experi-
ment.
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