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Intensity ratio between Lyman-a1 and -a2 lines of hydrogenlike titanium observed in an
electron-beam ion trap
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Lyman-a lines of hydrogenlike Ti211 have been observed with an electron-beam ion trap. The intensity ratio
between Lyman-a1 and -a2 was measured at electron energies of 10.6, 24.7, and 49.6 keV~2.12, 4.96, and
9.96 in threshold units!. The linear polarization of Lyman-a1 was obtained by comparing the experimental
intensity ratio at an observation angle of 90° with the total emission cross section ratio calculated by a simple
collisional radiative model. The present results are compared with existing theoretical results.
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In an electron-beam ion trap~EBIT! @1,2#, highly charged
ions in the trap region are excited by a monoenergetic, u
directional electron beam. There have been many invest
tions using the EBIT for studying fundamental atomic pr
cesses in hot plasmas, such as ionization, excitation,
recombination. Because of the low electron densityne

;1012 cm23), the line intensity observed in the EBIT i
generally determined by excitation rates rather than tra
tion probabilities. It is thus useful to measure the line inte
sity ratio observed at the EBIT for studying electron-impa
excitation processes. On the other hand, the angular dist
tions of the radiation are commonly not isotropic when t
excited states are generated by a unidirectional elec
beam. The angular distributions and the polarization are
termined by the magnetic sublevel distribution of the up
levels, which are important to understand the details of
excitation processes. In addition, polarization measurem
are important for plasma diagnostic applications@3#. For ex-
ample, in solar flares, the presence of magnetic fields cre
nonthermal directional electron beams, so that the radia
from such solar flares can be polarized@4#.

Polarization measurements with EBITs have been p
formed for heliumlike Sc@5#, heliumlike, lithiumlike, and
berylliumlike Fe @6–8#, heliumlike and lithiumlike Ti@9#,
and neonlike Ba@10#. However, the polarization for hydro
genlike ions has never been investigated with the EBIT
our knowledge. In the present study, the intensity ratio
tween Lyman-a1 and -a2 lines of hydrogenlike Ti211 was
measured with the Tokyo EBIT@1#. By comparing the ob-
served intensity ratio with the calculated total emission cr
section ratio, the polarization of the Lyman-a1 radiation has
been estimated at different interaction energies of the e
tron beam.

Hydrogenlike Ti211 was produced and trapped in the T
kyo electron-beam ion trap@1,11,12#. The x-ray transitions
excited by a 60-mm-diam electron beam were observed w
a flat crystal spectrometer@13#. The dispersive plane of th
spectrometer was perpendicular to the electron beam.
spectrometer consisted of a flat LiF~200! crystal with an area
of 100350 mm2 and a position sensitive proportion
counter~PSPC! with a cathode of backgammon type@14#.
The first order of reflection was used with a Bragg angleuB
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of 39°. The crystal was placed at a distance of 650 mm fr
the center of the trap and the PSPC was at 350 mm from
crystal. The effective volume of the PSPC was 100330
34 mm3 and it was filled with P-10 gas (90%A
110% CH4) at a pressure of 4 atm. The spectrometer w
operated in vacuo (;1027 torr) to avoid absorption by air
A beryllium foil with a thickness of 50mm was used to
separate the vacuum of the EBIT (;1029 torr) from that of
the spectrometer.

Ti was injected with a metal vapor vacuum arc~MEVVA !
ion source@15# installed on the top of the EBIT. After inject
ing ions from the MEVVA, a trap potential was applied
the upper drift tube to produce and trap hydrogenlike Ti211.
The trapped ions were dumped by decreasing the trap po
tial after the trapping time of 1.5 sec, and then the MEVV
was fired again. This cycle was repeated during the obse
tion. Neon was introduced from a gas injector as coola
The pressure of neon was 531029 torr at the gas injector.

The x-ray intensity in the present measurement is rep
sented as

I obs5RiI i1R'I' , ~1!

whereRi(R') and I i(I') are the integrated reflectivity an
the x-ray intensity, respectively, for the radiation whose el
tric vectors are parallel~perpendicular! to the electron beam
The intensity ratio between Lyman-a1 and -a2 lines is thus
represented as

I a1

I a2
Uobs

5
RiI i

a11R'I
'

a1

RiI i
a21R'I

'

a2
5

I i
a1

I i
a2

11RI
'/i
a1

11RI
'/i
a2

, ~2!

where R5R' /Ri and I'/i5I' /I i . On the other hand, for
electric dipole transitions, the total intensity^I & in a 4p solid
angle is generally represented by the differential intensity
an observation angle of 90° as

^I &}I i~90°!12I'~90°!. ~3!

The intensity ratio for the observation at 90° is obtain
from the relation
©2001 The American Physical Society01-1
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, ~4!

or

I a1

I a2
Uobs

5
^I a1&

^I a2&

32Pa2

32Pa1

11Pa1
1R~12Pa1

!

11Pa2
1R~12Pa2

!
, ~5!

whereP is the linear polarization defined by

P5
I i~90°!2I'~90°!

I i~90°!1I'~90°!
. ~6!

Since the total angular momentum of the upper state is
the Lyman-a2 line is unpolarized. Thus, substitutingPa2

50 into Eq.~5! yields

I a1

I a2
Uobs

5
^I a1&

^I a2&

3

32Pa1

11Pa1
1R~12Pa1

!

11R
. ~7!

Consequently, when̂I a1&/^I a2& andR are known, the polar-
ization of Lyman-a1 radiation can be obtained from th
present experimental intensity ratio.

We estimated̂ I a1&/^I a2&, i.e., the total emission cros
section ratio, using the atomic physics codeHULLAC @16#. In
the calculations, the radiative cascades fromn53 levels
were taken into account. Since the present measurement
not resolve the Lyman-a2 line from the 2s→1s M1 transi-
tion, the intensity of theM1 transition was added to that o
the Lymana2. The branching ratio for theM1 transition
from the 2s level was estimated from theoretical transitio
probabilities@17,18# to be 6.9%. ForR, we used the theoret
ical value by Henkeet al. @19#, which is 0.197 atuB539°.

Figure 1 shows x-ray spectra for Lyman-a radiation of
hydrogenlike Ti211 obtained at electron energies of~a! 10.6
keV and ~b! 49.6 keV. Solid lines represent the Gauss
profiles fitted to the data. In the fitting procedure, the wid
of both peaks were assumed to be the same. The inte
ratio between the two peaks was determined from the are
the fitted Gaussian profiles. The experimental intensity ra
obtained are plotted in Fig. 2. Error bars represent
quadrature sum of the statistical errors and the errors ari
from the differential nonlinearity of the detector. The diffe
ential nonuniformity was measured separately and found
be less than 5%@13#, which is less important than the stati
tical error. As shown in the figure, two independent measu
ments~‘‘experiment 1’’ and ‘‘experiment 2’’! were done at
X52.12. Between the two experiments, the crystal w
turned so that different parts of the crystal and detector pl
were used. This was done to examine the effect of non
formity in the crystal properties. Although the difference b
tween the two experiments seems rather large, the two m
surements agree within the experimental uncertainty. Th
we summed up the counts in the two experiments. The
perimental intensity ratio obtained from the summed dat
represented as a solid circle. The crosses in the figure re
sent the calculated total emission cross section ratios.
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suming that the difference between the total emission cr
section ratio and the experimental intensity ratio is due to
angular distribution and the polarization of the Lyman-a1
radiation, we can obtain the polarization of Lymana1 from
Eq. ~7!.

FIG. 1. Spectra of the Lyman-a transitions in hydrogenlike
Ti211 taken at electron energies of~a! 10.6 keV and~b! 49.6 keV
(X is the electron-beam energy in threshold units!. Solid lines rep-
resent the Gaussian line shapes fitted to the experimental datEe

and I e represent the electron-beam energy and the current, res
tively.

FIG. 2. Experimental intensity ratio between Lyman-a1 and -a2

lines as a function of electron energy~threshold unitX). Crosses
represent total emission cross section ratio estimated usingHULLAC.
The values ‘‘experiment 1’’ and ‘‘experiment 2’’ were obtained
the same experimental condition but the crystal was slightly rota
between them. The error bars for experiment 1 and experiment 2
drawn as oblique lines to prevent them from overlapping e
other.
1-2
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The polarization obtained in this way is shown in Fig.
At X52.12, the value obtained from the summed data
experiment 1 and experiment 2 is shown. The theoret
values@20# calculated by a distorted wave method are a
plotted in the figure. As seen in the figure, both the exp
ment and the theory have the tendency that the polariza
decreases with increasing electron energy. However, the
perimental values are smaller than the theoretical values
pecially atX52.12. The following reasons were consider
to explain this discrepancy.

~1! Since only direct excitation is considered in the the
retical calculation, indirect excitation such as radiative c
cades can give rise to the difference between the experim
and the theory. The contribution from radiative cascade
estimated usingHULLAC to be about 5% in the population o
the 2p3/2 level atX52.12. Assuming that the indirect exc
tation equally populates theMJ53/2 andMJ51/2 sublevels,
the polarization of the Lyman-a1 radiation is revised by only
a few percent, which is too small to explain the differen
between the theory and the present results.

~2! The electron beam in an EBIT is not truly unidire
tional; it has a velocity componentv' in the plane that is
perpendicular to the magnetic field. This can reduce the
larization. However, the revision is only a few percent ev
if the electron-beam is inclined by 10° with respect to t
magnetic field. Consequently, the influence ofv' should be
small.

~3! Inside the trap, not only hydrogenlike Ti211 but also
bare Ti221 existed. Bare Ti221 can contribute to the popula
tion of the 2p levels in hydrogenlike Ti211 through a charge
transfer~CT! reaction with neutrals (N) in the trap,

Ti2211N→Ti211~nl !1N1
�Ti211~2p!1hn1N1,

~8!

and through radiative recombination~RR! processes,

Ti2211e→Ti211~nl !1hn�Ti211~2p!1hn81hn. ~9!

FIG. 3. Polarization of Lyman-a1 radiation obtained from Eq
~7!. Crosses represent the theoretical values@20# calculated by a
distorted-wave method. In the theory, only direct excitation w
taken into account.~The values in Table II are inconsistent wit
those in Fig. 3 in Ref.@20#. We ascertained that Table II is corre
by private communication with one of the authors, and the value
Table II are used in this plot.
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These processes could give rise to the difference between
experiment and the theory because only direct excitatio
considered in the theoretical calculation. The contribution
RR can be estimated from comparison of the theoret
cross sections for direct excitation and RR. According to
calculations by Moores and Pindzola@21# and by Kim and
Pratt @22#, the RR cross sections are less than 5% of
direct excitation cross sections at all electron energies s
ied in the present experiments. Thus the contribution of
should be small.

The rate of the CT reaction is estimated to be;0.1 s21,
assuming that the neutral density is 105 cm23 and the reac-
tion cross section is 10213 cm2, while the direct excitation
rate is estimated to be;10 s21. Thus the contribution of
CT should also be small. However, since the actual value
the neutral density is unknown, the contribution of CT w
also examined by measuring the intensity of the Lymana
line with the electron beam switching on and off. In th
measurement, a solid state detector was used to obs
Lyman-a transitions. After injecting Ti ions from the
MEVVA, the trap potential was applied for 1 s. Subs
quently, the electron beam was switched off for 1 ms~the
magnetic trapping mode@23#! and switched on again. Th
x-ray intensity during the magnetic trapping mode was fou
to be negligibly small compared to that while the electr
beam was on. During the time the electron beam w
switched off, only CT could contribute to Lyman-a transi-
tions, while both CT and electron-impact excitation could
so while the electron beam was on. Consequently, the c
tribution of CT to the present polarization measureme
should be small. It is noted that after the electron beam w
again switched on the x-ray intensity recovered to about o
half of that before the electron beam was switched off; th
at least half the trapped ions existed without escaping fr
the trap in the magnetic trapping mode.

~4! In Eq. ~7!, a theoretical value was used for the pola
ization propertyR of the crystal. If the actualR value of the
present LiF~200! crystal is different from the theoretica
value, the experimental polarization should be revised. Si
LiF is not a perfect crystal, an individual difference can
large, so that different LiF crystals can have differentR val-
ues. As an extreme case, ifR50.54 ~the mosaic limit!, the
experimental polarization becomes nearly the same as
theoretical value. However, we measured the rocking cu
of the present crystal and found that it has a small mos
spread (;209) which is characteristic for nearly perfec
crystals. Thus we believe that the actualR value is not ex-
ceptionally different from the theoretical one. Furthermo
we made an observation with Si~111!. Si is a perfect crystal,
for which the theoreticalR value is trustworthy. Although
the statistical error was large because of a largerR value
~0.621!, the polarization obtained from the observation w
Si~111! was confirmed to be smaller (P50.1420.16

10.14) than the
theoretical value atX52.12.

~5! For ^I a1&/^I a2& in Eq. ~7!, the theoretical value esti
mated withHULLAC was used. If this estimation is wrong, th
present experimental polarization should be revised. Ho
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ever, to cancel out the difference between the experiment
the theory, the valuê I a1&/^I a2& should be 1.7, which is
considered to be improbable.

None of the above contributions can explain the diff
ence between the experiment and the theory. However, s
most contributions reduce the polarization, it is possible t
a combination of some contributions would make the exp
mental value close to the theoretical one. Finally, it is no
that 87% of natural Ti elements have no nuclear spin, so
the hyperfine interaction@5# is unlikely to make an importan
contribution to the polarization.

In summary, we observed the Lyman-a transitions in hy-
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drogenlike Ti211 at electron energies of 10.6, 24.7, and 49
keV. From the intensity ratio between Lyman-a1 and -a2

lines, the polarization of Lyman-a1 radiation was experi-
mentally determined. A disagreement was found between
experimental and theoretical polarization especially near
threshold. For further investigation, it will be useful to me
sure the polarization using two crystals@6# or two spectrom-
eters@10#.
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