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Measurement of the polarization of theK-shell resonance line emission of'8* and S'*4*
at relativistic electron beam energies
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We have measured the polarization of the heliumlike sulfur resonance $2'®, — 1s? 'S, and of the
blend of the lithiumlike sulfur resonance lines282p P, — 15?2s%S,,, and 12s2p 2P, ,— 1s?2s°S, ,, as a
function of electron beam energy from near threshold to 144 keV. These lines were excited with the LLNL
high-energy electron beam ion trap and measured using a newly modified two-crystal technique. Our results
test polarization predictions in an energy regime where few empirical results have been reported. We also
present calculations of the polarization using two different methods, and good agreement is obtained.
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[. INTRODUCTION istic energy regime, which agree well with the measure-
ments.
Previous studies have highlighted the possibility of using
polarization of x-ray line emissions as a plasma diagnostic Il. EXPERIMENTAL MEASUREMENT

tool to infer the presence of directional electrgas?]. This Th larization m rements reported h d
diagnostic has been successfully applied to the study of € poarization measurements reported nere were made

laser-produced plasmds], vacuum spark plasmag], and using the Lawrence Livermore National Laboratory SuperE-

. . BIT electron beam ion trapl9]. The sulfur ions were elec-
Z-pinches[5,6]. It also has been used to determine the (.elec'trostatically trapped and probed with a quasi-mono-energetic
tron cyclotron energy component of the electron beam in

i " o al}lectron beam-60 pm in diameter. The electron beam was
electron bear_n ion traj:ﬂ Additional polarlzatlc_)n effe_cts oN  tuned to energies ranging from 3 to 144 keV for these mea-
the K-shell line emission have been predicted in lasersyrements. Past measurements on the Livermore electron
produced plasma]. beam ion trap have used the “two-crystal technicjiie3,14.
Theoretical studies of line polarization have been pre-The main idea of this technique is to use two crystal spec-
sented by Reed and Chggj, Itikawaet al.[10], Zhanget al.  trometers: one of them aligned at a Bragg angle near 45° and
[11], and Inal and Duball]. These predictions have been another one far from such an angle. Both crystal spectrom-
tested by various measurements. Hendemsbal. reported  eters employ a spectral dispersion plane perpendicular to the
the first x-ray emission line polarization measurement of alectron beam propagation. In a second approach, only one
highly charged ion, heliumlike $% [12]. Other reported crystal spectrometer has a dispersion plane in the direction
polarization measurements include¥eFe?*, Ba**, Tit®*,  perpendicular to the electron beam propagation. The second
and Tf%, and T?'*, [13-19. Polarization measurements of spectrometer has a dispersion plane parallel to the electron
the K-shell x-ray emission lines of heliumlike ions were beam propagation. Because of the extended x-ray source size
made at single beam energies near threshold of the corré the direction parallel to the electron beam propagation
sponding resonance lines. The polarization of the magnetitl5—-20 mm it is necessary to use a focusing crystal spec-
quadrupole transition in neonlike B4 was measured at a trometer, as shown in Fig 1. This arrangement is similar to
number of electron impact energies above but still close tdhat used by Hendersaet al. [12]. However, they only had
the excitation threshold. None of these measurements we@ne spectrometer available, thus their measurements were
made at relativistic energies. Measurement of the polarizanot taken concurrently.
tion of the Lymane; line in hydrogenlike Ti'*, was pre- The second approach described above has been utilized
sented recently which extended to electron impact energidsere to infer the polarization of the-shell resonance lines of
of 50 keV (10 threshold units The results reported in Ref. S'* and S$**. As illustrated in Fig. 1, two polarization sen-
[18] showed unexplained systematic discrepancy with thesitive crystal spectrometers which act as polarizers were in-
theoretical predictions. These results motivate further studiestalled on SuperEBIT for simultaneous spectroscopic mea-
at high collision energies. In this paper we report the measurements. One spectrometer, a flat crystal spectrometer
surement of the polarization of both heliumlike and lithium- (FCS [20], was equipped with a PET002) crystal which
like sulfur resonance lines as a function of electron impachas a lattice spacing ofd=8.742 A, which resulted in a
energy up to~60 threshold units. We also present calcula-Bragg angle ofgg=35.2° for observing th&« transition of
tions based on two different computer codes in this relativ-heliumlike sulfur. A position sensitive proportional counter
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was used in connection with the FCS for x-ray detection. Thehough somewhat lower resolution than the compact focus-
second spectrometgéa compact spherical crystal spectrom-ing spectrometer. The comparatively poor quantum effi-

eter[21,22), employed a Micd002) crystal bent to a radius ciency and high noise level of the CCD detector hampered
of 15 cm. The lattice spacing ofd219.942 A resulted in a the latter.

Bragg angle offg=49.6° for the transition of interest ob-

served in third order reflection. A charged-coupled device

(CCD) was used with this spectrometer for x-ray detection. . ANALYSIS

Figures 2-5 show typical spectra obtained by each spectrom-

eter for different electron beam energies. These figures show The intensities observed by the crystal spectrometers can
that FCS produced spectra with a high signal-to-noise ratiohe expressed as
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[obs= Rl +R. I, (1) of Ryica~ 0.04. As a result, the spherical crystal spectrometer

absorbs most of; while reflectingl . The measured inten-

) ~ sities of the spherical crystal spectrometer in the following
whereR, andR, represent the integrated crystal reflectivities gre approximated as

for x-ray emission polarized parallel and perpendicular to the
plane of dispersion, respectively.and| , denote the inten-
sity of the emitted radiation with an electric field vector par- [obS — R | 3)
allel and perpendicular to the electron beam direction, re- Mica = THLT L
spectively. The integrated crystal reflectivities are commonly When using the “two-crystal technique” to infer polariza-
written as the ratilR=R, /R,. This ratio varies as a function tion of line emissions it is convenient to normalize the line
of the Bragg angle and is tabulated by Hemdteal. [23] for  intensity of interest to a line emission unaffected by polar-
a variety of crystals including PET002 and Mica (002 ization (or to a line emission wher® is known either ex-
crystals used for this experiment. The polarization of emisperimentally or theoretically In our case, the observed line
sion lines observed at an angle ®£90° from the electron emission is normalized to the forbiddenline (1s2s°%S;
beam is defined as —1s?13) in heliumlike sulfur. The §2s°S, —1s*'S; tran-
sition is readily observed in the spectra measured with either
spectrometer. Ling is intrinsically unpolarized, but can be

p:M_ ) slightly polarized due to cascad§3]. Applying this nor-
i+1, malization, the intensity ratio of lines of interest can be writ-
ten as

As stated earlier, the two crystal spectrometers act as pola-

rimeters. The FCS is oriented in a geometry that preferably w w
reflectsl;, but 192 also contains contributions froim, since <|—> = L (4)

the PET crystal used in the FCS was set at a Bragg angle of 1*/ Mica

0g=35.2°, which corresponds to an integrating crystal reflec-

tivity ratio of Rpgr~ 0.28. The spherical crystal spectrometer

was set at a Bragg angle close to 45° corresponding to a ratfor intensities observed with the spherically bent crystal

z
Il
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spectrometer. As for intensities observed with the FCS thigls[13]. Using the flexible atomic codg-AC) [24], we cal-

ratio becomes culated cascades contributions frans 3 (cascades contri-
butions fromn>3 are considered negligibleThe predicted
W 1"+ Rogl W values ofP, are listed in Table I. As for the theoretical pre-
<—) =L FElL (5  dictions of P, and P, we again use FAC as well as the
1*/per  1f+ Regd| v o )

distorted-wavgDW) computer code developed by Zhaety

al. [25]. Since the polarization is due to the preferential
population of the magnetic sublevels, both computer codes
are used to calculate the magnetic sublevel cross sections of
the resonance lines of interests:

Combining Eqs(2), (4), and(5) we derive an expression for
the polarization of resonance line of He-like sulfur,

L R L R v G e
_ 1_Pz PET 1 PET I Mica RPET

w 1+Pz) J(IW> <|W> : _O0p— 01
+R — +| — -1 Py=—"""", (7)
Ml‘Pz PN e 12 Mica(RPET : " ooty

(6)

The termdI"/1%)perand(1V/1%) .o are obtain from Gaussian
fits of the spectrgsee Table )l Since the spectra shown in
Figs. 2-5 were taken concurrently, the polarization of the
blended resonance line of Li-like sulf@P,,) can be calcu-
lated from Eq.(6) by simply replacing" with 19". Wherel " In Eq. (7) op and o, denote the cross sections for electron
denotes the line intensity blend of Li-like sulfur resonanceimpact excitation from the ground state to the=0 and 1
lines  12s2p?P,,—1s°2s%S,,, and  12s2p?P,, magnetic sublevels for He-like ion resonance transition,
—15%25%3 . 1s2p P, — 1s? 'S, Similarly, in Eq.(8) o, and a5, denote
The slight polarization of line due to cascades can be the magnetic sublevel cross sections concerning Li-like ion
determined entirely by the branching ratios of the upper leviesonance transition,s2s2p 2P,,,— 1§°2s %S, ,. The polar-

_ 3012= 3032

P (8

4 Boyp+ 303,
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ization of the blend of the Li-like sulfur resonance lines canand 12s2p °P,,,— 1s°2s°S, ,, respectively[since the lat-

be written as ter’s total angular momentum of its upper state is 1P2,
B.P,a. + BP0, =0 in Eq.(9)]. Also note that the branching ratigh and 3,
=, (9)  in Eqg.(9) are both approximately equal to 0.84]. While

Bror + Byoy

the distorted-wave method uses a fully relativistic approach
where o, and o, denote the total electron impact excitation to calculate magnetic sublevel cross sections due to electron
cross sections for two transitions2s2p ?P,,— 122s%S,,,  impact, FAC uses a quasirelativistic approximation which

TABLE I. Intensities observed with the FCS and the spherically bent crystal spectrometer for the reso-
nance lines of 8* S'%*, and the forbidderz line of St

Beam Count$
energy
(keV) I‘é’VET I\I?//Iicab IE’rET I(I\]/Iricab IE’ET If/licab P;’heory ¢
3 364 52 117 139 7 -0.18
6 1480 44 282 19 322 32 -0.15
12 1326 41 387 17 384 21 -0.07
22 1478 76 428 34 440 42 ~0
30 1681 91 423 16 452 33 ~0
60 1540 115 430 34 614 47 -0.04
100 1104 131 359 40 427 51 -0.08
144 1425 147 440 46 657 43 -0.10

4Intensities were obtained from the Gaussian fit of the lines.
PConverted counts from the CCD detecfa20 “CCD counts’~ 1 real countRef. [26])].
°FAC predictions of the polarization of linedue to cascade@< 3).
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TABLE II. Polarization measurements for the resonance line'df &nd $4* compared to theoretical predictions obtained with FAC and
the relativistic distorted-wavéDW) computer code.

Beam

energy

(ke\/) Pvrceasured PV?IW P\'/:vAC P(raneasured P(?r\/\/ PE;AC
3 0.55012 0.61 0.61 0.20 0.19
6 0.57559 0.49 0.49 0.1813 0.18 0.16
12 0.30919 0.30 0.29 0.0815 0.11 0.09
22 0.32999 0.14 0.10 0.1811 0.05 0.02
30 0.16058 0.06 -0.01 0.02 -0.01
60 -0.035%7 -0.11 -0.21 -0.0815 -0.03 -0.07
100 -0.06399 -0.23 -0.32 -0.0811 -0.07 -0.10
144 -0.37597 -0.30 -0.37 -0.45% -0.10 -0.12

“Due to high noise level of the spherical crystal spectrometer, we are not able tjpfar electron impact energies 3 and 30 keV.

gives adequate results for low to midelementg24]. nonrelativistic predictions of Itikawat al. [10]. These early
predictions are limited from near threshold of the resonance

line of He-like sulfur(~2.5 keV) up to 12 keV, but never-
IV. DISCUSSION AND CONCLUSION theless agree well with both the predictions of FAC and DW

for this limited energy region. The measured polarization for

th ez?:tiz;il?ultrsegiﬁijﬁ;n%arﬂﬁ(eed theT?ethItlsl ?gdo(r:tc()a rgpiﬁrerge%?he blended resonance lines of Li-like sulfur as a function of
P ' P electron impact energy(1s2s2p 2P, — 1s?2s2S;,, and

[18], the measured polarization agrees well with our predic-, 2 > /2
tions made with the Flexible Atomic Code and the relativistic:Lszszp Py —1525°S; ;) compared to the predictions of

distorted-wave code. The measured values and prediction':sAC and DW show fair agreement as well.

are also shown in Figs. 6 and 7. The error_ba}rs in both figures ACKNOWLEDGMENTS
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