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A rotation of the perturbed angular correlation of de-excitation p rays from ' 0 nuclei
recoiling into vacuum at high velocity has been observed in a tilted-foil geometry. This
rotation is due to the polarization of electronic configurations which interact strongly
with the nuclear state via the hyperfine interaction. This experiment provides the first
experimental evidence for polarization by surface interactions of deeply bound electrons
in highly stripped oxygen ions.

Much theoretical and experimental effort has
recently been focused on beam-foil measurements
in which the normal to the foil surface does not
lie along the beam axis. ' ' Circularly polarized
light, characteristic of electronic configurations
polarized perpendicular to the plane defined by
the beam axis and the normal to the foil surface,
has been observed for various ionic configura-
tions which decay be visible light. Circular-po-
larization measurements on shorter-wavelength
radiation emitted by more deeply bound configura-
tions are, however, exceedingly difficult. ' There
is thus no previous experimental information re-
garding the orientation of inner-shell electronic
configurations by surface interactions in beam-
tilted-f oil experiments.

Here we report on a method that can provide
this information by utilizing the strong magnetic
hyperfine interaction (HFI) between inner elec-
tronic configurations and an excited nuclear level.
The very strong HFI with unpaired 1s electrons
can cause a significant attenuation of the angular

correlation for de-excitation y rays from the nu-

clear level; this interaction provides an experi-
mental tool for measuring magnetic moments of
short-lived states in light nuclei and for studying
relative populations of electronic configurations
on a picosecond time scale. ' " Moreover, if the
electronic configurations participating in the HFI
are polarized, a net ~otation of the angular cor-
relations results. Observation of this rotation is
a clear signature of polarized electrons in the
atomic ensemble and is the subject of the present
experiment. The 2, 1.98-MeV (T =3.6 ps, g
= —0.3) level of "0 is well suited for such a mea-
surement since the value of ~7 (where &u is the
Larmor frequency due to the HFI and 7 is the nu-
clear mean life) is close to unity. The condition
~v =1 is the condition for maximum sensitivity in
this method

A 19.V-MeV 'He beam from the Rutgers Univer-
sity-Bell Laboratory tandem accelerator im-
pinged on a 100-pg/cma Si'80 self-supporting tar-
get. .Backscattered 4He particles were detected
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FIG. 2. Schematics of the experimental arrangement.
The normal n to the target surface is at+ 45' to the z
axis; the electronic polarization is along the y axis.

CHANNEL NUMBER
FIG. 1. Typical coincident y spectra for the 2&+ —0

transitions in Si and ' 0.

in a. 100-p m-thick annular surface-barrier detec-
tor. Decay y rays in coincidence with the inelas-
tic 4He groups populating the first 2' levels in
"Si and "0were measured in four movable 7.5
cm&& 7.5 cm NaI(Tl) scintillators. Typical coinci-
dence y-ray spectra are shown in Fig. 1, demon-
strating the quality of the spectra and the relia-
bility of peak summation. The angular correla-
tions of the 2, -0 decays of "Si and "Owere
measured with the target perpendicular to the
beam axis and were found to be

atic errors associated with target rotation. The
target was rotated under computer contro1 ap-
proximate1y every 3 minutes and the accumulated
counts for the "O(2"- 0') and 'Si(2' - 0') transi-
tions were stored separately for each target posi-
tion. Random coincidences were found to be neg-
ligible. Seventeen separate runs were carried
out, resulting in a total of 25 000 counts and
250000 counts for the 0 and Si transj. tions,
respectively, for each NaI(Tl) crystal and each
target position. Peak areas were computed after
background subtraction and were formed into
double ratios defined by

W»s;(8) = 1+(0.58*0.03)P,(cos8)
p =(N /N( )' (N /N )' (2)

—(1.2 + 0.03)P,(cos8),
(1)

Wlao(8) = 1 + (0.56 + 0.05)P,(cos8)

—(1 O4 ~ 0 05.)P,(co. s8)

The four scintillators were then placed at i9

=+ 67.5' and 8 =a 112.5', where the sensitivity to
rotation of the c'orrelation is large. Coincidence
y rays were measured for two target-tilt angles,
+ 45' to the beam (Fig. 2). Extreme care was tak-
en to insure that the center of rotation of the tar-
get lies on the beam axis as to eliminate system-

where, for example, Ã; represents the peak
area for the ith detector with the target rotated
to the right (i.e., clockwise as viewed from the
top). The indices 1, 2, 3, and 4 correspond to
detectors at —112.5, —67.5, 67.5', and 112.5',
respectively. The parameter e —= (p —1)/(p + 1),
with p = (p„/p»)'~', is a measure of the "»on
of the correlation and is proportional to the elec-
tronic polarization.

Table I summarizes the double ratios for the
"O and "Si transitions. In the absence of system-
atic errors, the symmetric-angle ratios p„and

TABLE I. Summary of the experimental double ratios p;, for the ~BSi and '80
transitions.

~ =(~i4/'~2a)' '
e =(p —1)/(p+1)

(x10 3)

'80 1.005(6) 0.987(6) 0.995(7) 1.001(6)
Sj. 1.000(2} 1.002(2) 1.001(2) 1.001(2)

1.009
0.999

4.5+ 2.1
—0.5+ 0.7
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p~ should show the same effect (p„=1/p~) while
the ratios p» and p„should show no effect (p»
-p2. —l).

The presence of a polarized electronic configu-
ration in this experiment is manifested through
its HFt. with the excited nuclear level. For very
small HFI (~T « l), the nuclear level couples
very weakly to the electrons and no attenuation
and hence no rotation of the angular correlation
will be observed. This is the case for the "Si(2'
- 0') transition. As the dominant charge states
of Si ions at the recoil energy of this experiment
(- 5 MeV) are 6 and 7',"the hyperfine magnetic
fields result mainly from unpaired 3s electrons
and are much too weak to influence the nucleus
within the mean life 7 =0.7 ps of the 2' level. The
measured angular correlation for "Si is indeed
consistent with a 2- 0 (&m = 0) transition after
correction for the finite solid angles of the parti-
cle and y-ray detectors.

In contrast, strong perturbations of the angular
correlation have been observed for "0ions" as
well a,s for "0and "0ions" at velocities com-
parable to the recoil velocity of the present ex-
periment. These perturbations arise from un-

paired Is electrons in hydrogenlike and helium-
like charge states which are predominant at these
recoil energies (y, = 0.2, y, = 0.4, for this exper-
iment). The present result of e = (4.5 + 2.1)x l0 '
supports the hypothesis that the deeply bound
electronic configurations contributing to the per-
turbations studies in Refs. 6-9 are partially po-
larized in the tilted-foil geometry. The sense of
rotation of the angular correlation is consistent
with the phenomenological picture of the surface
interaction and the negative g factor of the esp

2 state." Results comparable to those presented
here were recently obtained for "0nuclei in the
3 state at a lower recoil velocity. " An effect of
opposite sign was observed, consistent with a
posi6ve value of the nuclear g factor for the 3
state of "0"

In searching for such a small rotation in the
'80 angular correlation it was crucial to establish
that the observed effect was not due to systematic
errors. Besides the quality of the spectra and
the precautions taken with the centering of the
target, the simultaneous collection of data for the

Si(2,' - 0) transition was extremely important in
this regard: Table I shows that, to very high pre-
cision, no false asymmetries exist for the "Si
transition. Equally crucial is the absence of
asymmetries between detectors I and 3 and be-
tween detectors 2 and 4 for the "0transition it-

self. The error assigned above to the asymme-
try & is therefore statistical only.

The interpretation of the optical tilted-foil spec-
troscopy experiments suggests that it is the orbi-
tal angular momentum of the electronic configura-
tion which is polarized by the surface interaction.
For hydrogenlike oxygen ions, the ls ground-
state configuration will therefore not be polar-
ized if it is formed directly upon the ion 8 exit
from the foil. However, polarized Is configura-
tions may ensue in the decay of polarized 2p elec-
trons, "since the 0.4-ps lifetime of the 2p-ls
transition is very short compared to the "O(2,')
nuclear lifetime. For heliumlike ions, the (Is')'So
ground state has no hyperfine interaction, and it
is terms like (ls2P)'P~ that contribute the mea-
sured strong hyperfine fields. '" The lifetime of
the 'P, term is about I ns- much longer than
the nuclear lifetime. These examples illustrate
that polarization of the electron orbital angular
momentum can yield a net polarization of the hy-
perfine magnetic field at the nucleus.

In contrast to optical spectroscopy, beam-foil
measurements which probe a specific atomic lev-
el, a measured effect in a nuclear hyperfine-in-
teraction experiment can be produced by any of
several electronic configurations. In the present
case of oxygen ions recoiling out of a foil at IO

MeV, it is mostly the polarization of electronic
P states that is responsible for the measured ef-
fect. In order to estimate the magnitude of such
polarization, it is necessary to determine the ab-
solute population of relevant atomic levels within
a few picoseconds of the ions' exit from the foil.
While this information is unavailable from beam-
foil measurements, nuclear HFI experiments can
shed some light on the problem (see, for exam-
ple, the review article by Goldring"). With use
of the estimates of Ref. IO, the rotation in the "0
angular correlation measured in the present work
corresponds to an intrinsic 2P electron polariza-
tion of 5'-20'%%uo. The quoted uncertainty reflects
the experimenta1 error and uncertainties in the
absolute population of atomic levels.

In conclusion, the observed rotation of the angu-
lar correlation of de-excitation y rays from "0
ions recoiling rapidly from a tilted foil demon-
strates for the first time that the polarization of
electronic configurations observed in optical ex-
periments for outer-shell electrons exists also
for deeply bound electrons in highly stripped ions.
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A spin-rotation-type modification of a y-ray angular-distribution pattern has been ob-
served in y rays emitted from ' O nuclei recoiling from a target tilted to the direction
of recoil (which is also the beam direction and the symmetry axis). The spin rotation is
ascribed to the effect of hyperfine interactions with ionic states that are polarized when
the ions emerge from the tilted foil.

In some recent measurements the circular po-
larization of light emitted in beam-foil experi-
ments has been studied. '"' A large polarization
was found for ions emerging from "tilted" foils
(i.e. , not normal to the beam), with the direction
of the observed light normal to the beam and ly-
ing in the plane of the foil. This circular polar-
ization of the emitted light is associated with a
polarization of the ions themselves; and this is
generally considered to be a polarization of the
ionic orbital angular momentum introduced at the
tilted exit surface of the foil. It has been specu-
lated that this polarization may also affect the
ionic nuclei via hyperfine interactions, resulting
in a modification of the angular distribution of

subsequent y rays. In one particular case the re-
sponse of the nuclei to such polarized ions can be
computed rather easily: If for all hyperfine fre-
quencies + involved the characteristic angles co7

(where v is the nuclear mean life) are very small,
then the ionic polarization will not change in first
order and can be considered constant. The inter-
action Hamiltonian can then be written'

H, = aI„(J'„)+aI (J ) +aI,(J', ),
with a = psgH(0)/J, where g is the nuclear g fac-
tor, H(0) is the hyperfine field acting on the nu-
cleus, and I and J are the angular momenta of
the nucleus and the electrons in the ion, respec-
tively. By taking the z axis along the axis of ion-
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