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Intensity ratio between Lyman-a; and -a, lines of hydrogenlike titanium observed in an
electron-beam ion trap
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Lyman- lines of hydrogenlike F** have been observed with an electron-beam ion trap. The intensity ratio
between Lymanz; and «w, was measured at electron energies of 10.6, 24.7, and 49.6%&¥, 4.96, and
9.96 in threshold unis The linear polarization of Lyman+ 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 tra|&BIT) [1,2], highly charged  of 39°. The crystal was placed at a distance of 650 mm from
ions in the trap region are excited by a monoenergetic, unithe center of the trap and the PSPC was at 350 mm from the
directional electron beam. There have been many investigatystal. The effective volume of the PSPC was XD
tions using the EBIT for studying fundamental atomic pro- x4 mn? and it was filled with P-10 gas (90%Ar
cesses in hot plasmas, such as ionization, excitation, antt 10% CH,) at a pressure of 4 atm. The spectrometer was
recombination. Because of the low electron density, ( Operated in vacuo10"" torr) to avoid absorption by air.
~1012 Cmf‘?‘), the line intensity observed in the EBIT is A bery”ium foil with a thickness of 50,LLm was used to
generally determined by excitation rates rather than transiSeparate the vacuum of the EBIF(0~° torr) from that of
tion probabilities. It is thus useful to measure the line inten-the Spectrometer.
sity ratio observed at the EBIT for studying electron-impact, 1! Was injected with a metal vapor vacuum &MEVVA)

excitation processes. On the other hand, the angular distrib(2" §ourcfe[15] iﬂstalled on the top of the EEilT' After i?jedct-
tions of the radiation are commonly not isotropic when the'Nd fons from the MEVVA, a trap potential was applied to

excited states are generated by a unidirectional electro e upper drift tube to produce and trap hydrogenlikéTi

beam. The angular distributions and the polarization are de—he trapped ions were dumped by decreasing the trap poten-

; : e tial after the trapping time of 1.5 sec, and then the MEVVA
termined by the magnetic sublevel distribution of the UPPEL, 25 fired again. This cycle was repeated during the observa-

levels, which are important to understand the details of th‘?ion. Neon was introduced from a gas injector as coolant.

excitation processes. In addition, polarization measurements, pressure of neon was&0~? torr at the gas injector.

are important for plasma diagnostic applicati¢8} For ex- The x-ray intensity in the present measurement is repre-

ample, in solar flares, the presence of magnetic fields creatggnied as

nonthermal directional electron beams, so that the radiation

from such solar flares can be polariZed. [9bS— R/ + R, | 1)
Polarization measurements with EBITs have been per- I L

formed for heliumlike Sd5], heliumlike, lithiumlike, and whereR(R,) and|(1,) are the integrated reflectivity and

berylliumiike Fe [6—8], heliumlike and lithiumlike Ti[9)], the x-ray intensity, respectively, for the radiation whose elec-

and neonlike B410]. However, the polarization for hydro- tric vectors are paralldperpendicularto the electron beam
genlike ions has never been investigated with the EBIT to]_ : . P P . : '
he intensity ratio between Lymada; and «, lines is thus

our knowledge. In the present study, the intensity ratio be-re resented as
tween Lymane; and «; lines of hydrogenlike F*" was P
measured with the Tokyo EBITL]. By comparing the ob-

. . . . .. b
served intensity ratio with the calculated total emission cross lon| % RIETHRATE 1T 1+RITY
section ratio, the polarization of the Lyman-radiation has « TS5 a a jay ay @
; ; ! . . 12| RyIf2+R, 19 12 14RI
been estimated at different interaction energies of the elec- I L Ll
tron beam.

Hydrogenlike TP+ was produced and trapped in the To- WhereR=R, /R and 1, y=1,/1j. On the other hand, for
kyo electron-beam ion trafl,11,13. The x-ray transitions electn(_: dipole transitions, the total mtens(tl» in 6.147_7' sohd_
excited by a 6Qwm-diam electron beam were observed with angle is ger!erally represented by the differential intensity at
a flat crystal spectrometéi3]. The dispersive plane of the an observation angle of 90° as
spectrometer was perpendicular to the electron beam. The
spectrometer consisted of a flat (#00) crystal with an area (1)el(90°) +21,(90°). (€)
of 100x50 mn? and a position sensitive proportional
counter(PSPQ with a cathode of backgammon typ&4]. The intensity ratio for the observation at 90° is obtained
The first order of reflection was used with a Bragg amde  from the relation
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ization of Lymane, radiation can be obtained from the
present experimental intensity ratio.
We estimated(1“1)/(12), i.e., the total emission cross  FIG. 1. Spectra of the Lymaa- transitions in hydrogenlike
section ratio, using the atomic physics cod&LAC [16]. In  Ti?!* taken at electron energies () 10.6 keV and(b) 49.6 keV
the calculations, the radiative cascades fram3 levels (X is the electron-beam energy in threshold unigolid lines rep-
were taken into account. Since the present measurement caresent the Gaussian line shapes fitted to the experimental Eiata.
not resolve the Lymam, line from the Z—1s M1 transi- andl represent the electron-beam energy and the current, respec-
tion, the intensity of theM 1 transition was added to that of tively.
the Lyman«,. The branching ratio for thé1 transition
from the 2 level was estimated from theoretical transition SUming that the difference between the total emission cross
probabilities[17,18 to be 6.9%. FoR, we used the theoret- Section raFio gnd.the experimental i.ntensity ratio is due to the
ical value by Henkeet al.[19], which is 0.197 atg=39°.  angular distribution and the polarization of the Lymap-
Figure 1 ShOWS X-ray Spectra for Lyman.radiation of rad|at|0n, we can Obta|n the pOlarlzatlon Of Lymaﬁj from
hydrogenlike T3 obtained at electron energies @ 10.6  EQ- (7).
keV and (b) 49.6 keV. Solid lines represent the Gaussian
profiles fitted to the data. In the fitting procedure, the widths
of both peaks were assumed to be the same. The intensity 26

experiment 1

[e]
ratio between the two peaks was determined from the area of & o E :ﬁgg;‘;li‘;‘@z -
the fitted Gaussian profiles. The experimental intensity ratios g 24F 7 ---%-- HULLAC 3
obtained are plotted in Fig. 2. Error bars represent the a [ ]
quadrature sum of the statistical errors and the errors arising - > h
from the differential nonlinearity of the detector. The differ- = F -
ential nonuniformity was measured separately and found to % N .
be less than 5%13], which is less important than the statis- E 20 .

tical error. As shown in the figure, two independent measure-
ments(“experiment 1” and “experiment 2’} were done at 1.8
X=2.12. Between the two experiments, the crystal was
turned so that different parts of the crystal and detector plane
were used. This was done to examine the effect of nonuni- £ o Experimental intensity ratio between Lymapand -,

formity in the crystal properties. Although the difference be-jines as a function of electron energijireshold unitX). Crosses
tween the two experiments seems rather large, the two meg@spresent total emission cross section ratio estimated ssingc.
surements agree within the experimental uncertainty. Thusghe values “experiment 1” and “experiment 2" were obtained in
we summed up the counts in the two experiments. The eXhe same experimental condition but the crystal was slightly rotated
perimental intensity ratio obtained from the summed data isetween them. The error bars for experiment 1 and experiment 2 are
represented as a solid circle. The crosses in the figure repr@rawn as oblique lines to prevent them from overlapping each
sent the calculated total emission cross section ratios. Asther.
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U These processes could give rise to the difference between the
C ] experiment and the theory because only direct excitation is
5 03 - —@—Present (Expt) considered in the theoretical calculation. The contribution of
i ——Reed (Theory) ] RR can be estimated from comparison of the theoretical
5 02F - cross sections for direct excitation and RR. According to the
g . 3 calculations by Moores and Pindzdlal] and by Kim and
§ 01 - Pratt [22], the RR cross sections are less than 5% of the
ig C ] direct excitation cross sections at all electron energies stud-
~ ofF . ied in the present experiments. Thus the contribution of RR
F . should be small.
0.1 IS S I A A A N S A, The rate of the CT reaction is estimated to-b8.1 s %,

2 3 4 5 6 7 8 9 10
Electron energy (threshold unit X)

—_
—

assuming that the neutral density is°16m™ 3 and the reac-
tion cross section is I0° cn?, while the direct excitation

FIG. 3. Polarization of Lymane, radiation obtained from Eq. rate is estimated to be-10 s 1. Thus the contribution of
(7). Crosses represent the theoretical vall@@ calculated by a CT should also be small. However, since the actual value of
distorted-wave method. In the theory, only direct excitation wasthe neutral density is unknown, the contribution of CT was
taken into account(The values in Table Il are inconsistent with also examined by measuring the intensity of the Lyraan-
those_ in Fig. 3 in R.ef[z.o]' We ascertained that Table Il is correct jine with the electron beam switching on and off. In this
by private communication with one of the authors, and the values in .

L measurement, a solid state detector was used to observe

Table Il are used in this plot.

Lyman-w transitions. After injecting Ti ions from the
The polarization obtained in this way is shown in Fig. 3. MEVVA, the trap potential was applied for 1 s. Subse-
At X=2.12, the value obtained from the summed data foduently, the electron beam was switched off for 1 ftie
experiment 1 and experiment 2 is shown. The theoretica@gnetic trapping modg23]) and switched on again. The
values[20] calculated by a distorted wave method are also<-fay intensity during the magnetic trapping mode was found
plotted in the figure. As seen in the figure, both the experi0 be negligibly small compared to that while the electron
ment and the theory have the tendency that the polarizatioheam was on. During the time the electron beam was
decreases with increasing electron energy. However, the egwitched off, only CT could contribute to Lymam-transi-
perimental values are smaller than the theoretical values, etions, while both CT and electron-impact excitation could do
pecially atX=2.12. The following reasons were consideredso while the electron beam was on. Consequently, the con-
to explain this discrepancy. tribution of CT to the present polarization measurements
(1) Since only direct excitation is considered in the theo-should be small. It is noted that after the electron beam was
retical calculation, indirect excitation such as radiative casagain switched on the x-ray intensity recovered to about one-
cades can give rise to the difference between the experimeRgilf of that before the electron beam was switched off; thus
and the theory. The contribution from radiative cascades igt |east half the trapped ions existed without escaping from
estimated usingiULLAC to be about 5% in the population of the trap in the magnetic trapping mode.
the 2p5; level atX=2.12. Assuming that the indirect exci- () |n Eq. (7), a theoretical value was used for the polar-
tation equally populates thd ;=3/2 andM,=1/2 sublevels, i;ation propertyR of the crystal. If the actuaR value of the
the polarization of the Lymaw, radiation is revised by only present LiF200) crystal is different from the theoretical
a few percent, which is too small to explain the difference, 5,e, the experimental polarization should be revised. Since
between the theory and th.e present re_sults. - LiF is not a perfect crystal, an individual difference can be
tiorgfi)l'-l;:]iaesle;tiloerllogﬁirzolr?wp?onneEm?tlTirl1$ tﬁgt tlr:r|1ye Lf{ﬂg'riic' large, so that different LiF crystals can have differBntal-
’ L P ues. As an extreme case,Rf=0.54 (the mosaic limi}, the

perpendicular to the magnetic field. This can reduce the po-

= xperimental polarization mes nearly th m h
larization. However, the revision is only a few percent even_<PeNme tal polarization becomes nearly the same as the

if the electron-beam is inclined by 10° with respect to thetheoretical value. However, we measured the rocking curve

magnetic field. Consequently, the influencevof should be of the present crystal and found that it has a small mosaic

small. spread (~20") which is characteristic for nearly perfect
(3) Inside the trap, not only hydrogenlike 2ft but also crystals. Thus we believe that the actialalue is not ex-

bare TP2* existed. Bare B#* can contribute to the popula- Ceptionally different from the theoretical one. Furthermore,

tion of the 2 levels in hydrogenlike P& through a charge We made an observation with($11). Si is a perfect crystal,

transfer(CT) reaction with neutralsN) in the trap, for which the theoreticaR value is trustworthy. Although
the statistical error was large because of a lafgeralue
Ti22* + N—Ti2¥ (nl) + NT = TiZ* (2p) + hv+N*, (0.621), the polarization obtained from the observation with

(8  Si(111) was confirmed to be smallePE0.14" 319 than the
theoretical value aX=2.12.
and through radiative recombinatigRR) processes, (5) For (1°1)/{1%2) in Eq. (7), the theoretical value esti-
mated withHULLAC was used. If this estimation is wrong, the
Ti?" +e—Ti?Y (nl)+ hy—Ti?Y" (2p)+hv’'+hv. (9)  present experimental polarization should be revised. How-
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ever, to cancel out the difference between the experiment andtogenlike T at electron energies of 10.6, 24.7, and 49.6
the theory, the valudl“1)/(1“2) should be 1.7, which is keV. From the intensity ratio between Lyman-and «,
considered to be improbable. lines, the polarization of Lyman~ radiation was experi-
None of the above contributions can explain the differ-mentally determined. A disagreement was found between the
ence between the experiment and the theory. However, sinGg&perimental and theoretical polarization especially near the
most contributions reduce the polarization, it is possible thagnreshold. For further investigation, it will be useful to mea-

a combination of some contributions would make the experigyre the polarization using two cryst8j or two spectrom-
mental value close to the theoretical one. Finally, it is nOtedeters[lo].

that 87% of natural Ti elements have no nuclear spin, so that
the hyperfine interactioft] is unlikely to make an important A part of this work was done as contract research from
contribution to the polarization. the Japan Atomic Energy Research Institit&ERI). We are

In summary, we observed the Lymantransitions in hy-  grateful to Dr. A. Sasaki of JAERI for fruitful discussions.
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