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(FWHM). Sc ion measurements were made at two elec-
tron beam energies: 4.36 and 5.62 keV, ~0.02 keV.
The lower energy is just above the excitation threshold of
the most energetic transition observed (w), and the
higher energy is just below the ionization potential of
He-like Sc. The Sc' + radiation was observed in a
direction perpendicular to the vertical electron-beam
axis. The emitted radiation can therefore be strongly
linearly polarized, the degree of polarization depending
on the type of transition and the incident electron ener-

gy.
Measurements were made at two crystal orientations,

which we call horizontal and vertical. In the horizontal
orientation, the plane of dispersion of the crystal is nor-
mal to the electron beam. In this orientation, radiation
with its electric-field vector parallel to the electron beam
is reflected preferentially. In contrast, radiation emitted
with its electric vector perpendicular to the electron
beam is almost entirely absorbed. In the vertical orien-
tation, the crystal spectrometer is rotated by 90' about
the line of sight to EBIT, and the reflection conditions
for the two electric vector orientations are reversed.
Thus, the spectrometer is a near-perfect polarization
analyzer for Bragg angles near 45'. The ratio of the
reflectivity for the (mostly) absorbed component to the
reflectivity for the preferentially reflected component
varies from 0.001 to 0.003. Calculations of the Ge crys-
tal reflectivities as a function of Bragg angle were pro-
vided by Gullikson. "

The polarization of an x-ray emission line is defined as
P (Iti Ii)/(Ii+I—~), where Ii and Ii are the intensi-
ties of the emission components with electric vectors
parallel and perpendicular to the electron beam, respec-
tively. Since the crystal reflects either Ii or I&, depend-

ing on its orientation, a direct comparison of spectra ob-
tained in the two different orientations yields the polar-
ization P.

There were two experimental considerations that had
to be taken into account in order to compare intensities
from spectra in the horizontal and vertical orientations.
First, variations in the x-ray flux out of the trap must be
measured since the horizontal and vertical spectra were
not obtained simultaneously. A low-resolution, solid-
state Ge detector was used to monitor the blended inten-
sities of the Sc' + lines. The solid-state detector is not
polarization sensitive and was kept in a fixed position for
all measurements. Time variations in the Sc' + x-ray
flux were removed by normalizing the high-resolution in-

tensities with the low-resolution blended intensities.
The second consideration is that the optical geometry

in the two orientations is diff'erent because the x-ray
source is a vertical line. In the horizontal orientation,
the same part of the source contributes radiation for all
four lines. In the vertical orientation, diffracted radia-
tion of different wavelengths comes from different -7-
mm segments along the source. (The EBIT is inside the
Rowland circle of the spectrometer. ) Therefore, the
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overall efficiency of the spectrometer (or effective source
size) is different for the two orientations.

Two supporting measurements were needed to deter-
mine the eSciency of the spectrometer. First, variations
of intensity along the beam axis for the vertical orienta-
tion could be determined by varying the central Bragg
angle so that the radiation detected from a selected
strong line came from diA'erent regions of the trap. This
measures vignetting and the x-ray intensity along the
source. Second, radiation froin an unpolarized line was
used to determine the efficiency of the spectrometer in

the vertical orientation relative to the efficiency in the
horizontal orientation. The line used for this purpose
was the Ly-a2 (ls Sip-2p Pi)2) line of H-like Sc. In
the absence of the hyperfine interaction, a J= —,

' to
J= —, line is unpolarized. Since the individual hyper-
fine-split lines are not resolved here, the corrections to
the polarization due to the hyperfine interaction'2 will be
less than 10,which is negligible compared to other un-

certainties involved in the measureinents. This is also
true for the single-photon (Ml) ground-state decay of
the 2s Sii2 level which is unresolved from the Ly-a2
line. H-like Sc was produced by increasing the beam en-

ergy to above 6.13 keV. By comparing count rates for
the Ly-a2 line, normalized to the Ge-solid-state-detector
count rate, the spectrometer efficiency was found to be a
factor of 1.42+ 0.16 larger in the horizontal orientation.

The electron beam in EBIT has a transverse tempera-
ture of approximately 250 eV. Consequently, the direc-
tion of individual electron-ion collisions can be tipped
from the vertical electron-beam axis. The distribution of
collision directions will be centered on the electron-beam
axis and have a width that is proportional to the square
root of the transverse electron temperature. The effect
of the transverse temperature is to make the collisions
tend toward isotropy, reducing the degree of polarization
of radiation emitted from the trap. Additionally, there is
a rigid-rotor motion of the electron beam' at one-half
the cyclotron frequency which must be added to the
thermal motion. Here, the actual line polarization (as
would be due to monodirectional electrons) is approxi-
mately 10% greater than the polarization of the emitted
line radiation. The details of this correction are dis-
cussed elsewhere. '

The spectrum that is most straightforward to interpret
is the one for which the beam energy was just above the
threshold for production of line w. In this case, only
electron-impact excitation from the 1s 'So state popu-
lates the excited states at the electron densities in EBIT.
Figure 2 shows the spectra from both crystal orientations
for the 4.36-keV case. It can be seen that the eA'ect of
polarization is quite dramatic. There is a slight compli-
cation for line z in that the 1s2p P2 level decays partly
to the 1s2s Si level with a branching ratio of about 0.3.

The 1s2p Po level and its possible decays are interest-
ing because single-photon decay from 1s 2p Po to
1s 'So is strictly forbidden for spin-zero nuclei. Howev-
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FIG. 2. Spectra of w, x, y, and z obtained at 4.36 keV. Vig-
netting in the horizontal (parallel) orientation prevents simul-

taneous viewing of lines w, x, y, and z. The horizontal spec-
trum is a composite of two spectra with the vertical expansions
adjusted to compensate for differing accumulation times and
trapped ion densities. When comparing line intensities, note
that the spectrometer resolution changes across the spectrum.
Line w has a positive polarization and a strong parallel com-
ponent. Lines x, y, and z are essentially unpolarized.

er, for Sc, Mohr' predicts that, due to the hyperfine in-
teraction, the primary decay will be to ls 'So rather
than to ls2s S~. This produces a line at 4293.35 eV
which should appear on the low-energy side of line y.
The cross section for excitation of the 1s2p Po level is
roughly —,

' that of the ls2p P~ level. Because the line is

weak and is blended with line y, it is not separately
resolved.

The spectrum observed at the 5.62-keV beam energy
is more complicated to interpret theoretically due to cas-
cade feeding of w, x, y, and z. In fact, calculations for
He-like Ca show that cascades make a very large contri-
bution to line z. '

Line intensities normalized to the Ge detector and
corrected for geometric efficiency are given in Table I for
both orientations and both energies. The last three rows
in Table I are the line ratios for emission at 90 to the
electron beam, and are obtained by summing the hor-
izontal and vertical intensities and include a small
correction for the varying crystal reAectivity.

The measured polarizations of all four lines at both
energies are given in Table II. The polarizations derived
from the observations for lines x, y, and z are all near

zero. In contrast, the polarization of the electric dipole
resonance line w is quite large. Theoretical values for
the polarization of the scandium lines for the 4.36-keV
case, excluding the hyperfine interaction, have been cal-
culated by one of us (J.D., following Ref. 17) and are
compared with the data in Table II. The theoretical po-
larizations for lines w and z agree well with observation,
but the polarizations predicted for lines x and y (particu-
larly line x) disagree strongly with the data.

We have found that this disagreement can be com-
pletely removed by considering the hyperfine interaction
with the nucleus. The primary eA'ect of the hyper6ne in-
teraction is to change the population of the magnetic
sublevels, although the line polarization can also be
affected by altering the branching ratios for the decay
channels. The predicted polarizations' with hyperfine
interactions are shown in Table II. The polarizations for
lines w and z do not change, but the polarizations of lines
x and y are greatly reduced. The predicted polarization
for the blend of line y, P = —0.072, with the unpolarized
Po to 'So transition, which has about —,

' the intensity of
liney, is P = —0.054.

This work shows that high-resolution polarization
measurements are a novel means to study hyperfine in-
teractions, at least in highly ionized He-like ions. Our
measurements support existing theoretical calculations
and should complement the methods used in beam-foil
spectroscopy' to investigate the hyperfine interaction.
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TABLE II. Polarization of x-ray emission lines of He-like Sc' +.

Line
Theory at 4.4 keV

No hyperfine %'ith hyperfine

Experiment
4.36 keV 5.62 keV

w (4315.24 eV)
x (4300.04 eV)
y (4294.51 eV)
z (4270.96 eV)

0.60
—0.52
—0.37

0.00

0.60
—0.068
—0.054 '

0.00

0.70+ 0.06
—0.05 + 0.09

0.00+ 0.09 "
—0.02+ 0.10

0.65 ~ 0.OS
—0.08+ 0.10
—0.04+ 0 10
—0.03+ 0.10

'To facilitate comparison with the experiment, this value is for the blend of line y (P —0.072) and the

Pp decay (P 0.0), assuming the Pp decay has one-third the intensity of line y.
bThis includes the unresolved blend of the Pp-to- Sp transition with line y.
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