PHYSICAL REVIEW A VOLUME 53, NUMBER 6 JUNE 1996

Measurement and interpretation of the polarization of the x-ray line emission
of heliumlike Fe XxXv excited by an electron beam
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The linear polarization of thesep *P;—1s? 'S, resonance line, thesp 3P, ,—1s? 'S intercombina-
tion lines, and the 42s 3S, — 1s? 1S, forbidden line was measured in heliumlike Bev excited near thresh-
old by a monoenergetic electron beam. The measurement was carried out with a high-resolution x-ray spec-
trometer employing a set of two analyzing crystals that acted as polarizers by selectively reflecting the
individual polarization components. A value #0.56"333was determined for the polarization of the, line,
—0.53"3 35 for the ®P, line, —0.22"8:35 for the 3P, line, and—0.076'3:3% for the 3S; line. The measurements
were compared with results from a relativistic distorted-wave calculation, which was carried out for a number
of mid-Z heliumlike ions(Mg*® —Kr®*"), and good agreement was found. By contrast, disagreement was
noted with predictions based on Coulomb-Born calculations, allowing us to distinguish between theoretical
approached.S1050-294{®6)05406-9

PACS numbgs): 32.30.Rj, 32.70.Fw, 34.80.Kw, 95.30.Ky

I. INTRODUCTION our knowledge only for transitions in heliumlike 8& [8].
This measurement was performed on the Livermore electron-
Quasistationary ions colliding with unidirectional elec- beam ion tragEBIT) facility [9,10]. In the following we use
trons generally emit line radiation that is both anisotropicthe same facility to measure the polarization of the electron-
and polarized1,2]. The intensity of a specific line from a beam-excited x-ray line emission from heliumlike %ev .
beam-excited ion depends on the observation angle relatiiénlike the isotopes of scandium, the most abundant isotopes
to the axis defined by the electron beam and on whether asf iron (>98%) lack a nuclear magnetic moment. As a result,
not the emission is analyzed with a polarization-sensitivehe hyperfine interaction plays no role in determining the
instrument. polarization of the beam-excited x-ray lines, and the polar-
Polarized x-ray emission has been observed from a varization of several of the heliumlike Bexv lines differs
ety of plasma sources, such as vacuum sparks or lasemarkedly from that of heliumlike Sgx. In the latter ion, the
produced plasma83-5]. Here, the observation of polarized hyperfine interaction virtually eliminates beam-induced po-
X-ray emission serves as a diagnostic marker of the presentarization effects for transitions from the triplet levels. The
of directional electrons in the source. Excitation by direc-present measurement thus tests theory in a different regime
tional electrons has also been implicated in the production othan the scandium results. Since most recent calculations
anomalous line intensities observed in spectra from solahave been performed for heliumlike ions where the hyperfine
flares[6,7]. Proper accounting of the effects of anisotropyinteraction is abserifl1-14, such a test is especially impor-
and polarization resulting from beam excitation is a preregiant.
uisite for employing x-ray line intensities for such diagnostic = The present measurement relies on the use of two analyz-
purposes. ing crystals with different lattice spacings. The technique
In virtually all cases where excitation by an electron beanmrequires knowledge of the reflection parameters of the crys-
plays a role, theoretical predictions have been used to aid thels[15], and calculations of these parameters are presented.
analysis of the observations. Tests of these predictions havehe technique, in principle, also requires the presence of an
been made in only a few cases. A measurement of the anmpolarized line for cross normalization. An appropriate un-
isotropy or polarization of the x-ray emission from beam-polarized line does not exist in the spectrum ofxxe . We
excited highly charged heliumlike ions has been reported tghow that cross normalization of the relative line intensities
can be accomplished by making use of the fact that the po-
larization of the k2s 3S,—1s? 1S, forbidden line, labeled
*Present address: HQ ACC/DRAN, Langley Air Force Base, VAz in standard notatiofil6], is linked in a simple way to the
23665. polarization of the $2p 3P,—1s? 1S, intercombination
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line, labeledx. Based on this observation, a formalism is
developed for interpreting our data that is generally appli- 1L=3 2 BAIP(O)-T(HPIO)]ls (3
cable to polarization measurements of heliumlike ions and \=even
may be used in measurements along the isoelectronic Sgfere, B, is the orientation parameted, is the angular dis-
quence. tribution coefficient, and the produéi I' («) f, describes the

In order to interpret the observed polarizations, we periinear polarization parameteP, (0) and PZ(0) represent the
formed distorted-wave calculations over a I’ange of @id- Legendre and associated Legendre po'ynomina'y respec-
elementgfrom neon to krypton These indicate that the po- tjvely, evaluated at the origin, andis the multipole order of
larization of linex remains virtually unchanged. This is simi- the emitted radiationl. is the ion line source intensity.

lar to the behavior of the polarization of the  The parameter8, describe the initial state of the system
1s2p “P;—1s" °S; resonance line, labeled, which had  and are given by

been shown earlier to remain essentially unchanged as a
function of Z [12]. A slight variation occurs only because of
relativistic effectd14]. The polarization of line vanishes in

the absence of radiative cascades. A finite value is attained
because of radiative cascades from 1Rg level. The polar- Ji Ji A
ization of z, thus, would remain essentially fixed as well, -m m o/%m
except for the fact that the amount of the radiative cascade

contributions from théP, level varies strongly as a function HereJ; is the initial total angular momenturm is the mag-

of atomic numbef17]. The finite value of the polarization netic quantum number, ang}, is the population density of

for line z thus reflects the population fraction received fromeach respective sublevel normalized such ¥yatr,=1. The

the 3P, level. By contrast, the polarization of the quantity in large parentheses denotes the Wignesgnbol.
1s2p 3P, —1s? 'S, intercombination line, labeley, exhib-  Under our assumption that the emitted photons are described
its a strong variation over the range of elements consideredyy a single multipole operator, the angular distribution coef-
which results from the increasing importance of relativisticficient A, is given by

effects asZ increases. A comparison of these calculations

By=2, (—1)%*M(2n+1)(23;+1)]42

m

4

with the measured values for k&v shows agreement well Av=(=DX I A+ 1) (23 +1)1YA2L +1)
within the experimental uncertainties, validating the results

. . L L AL L A
of the distorted-wave calculation. By contrast, our measure- % ’ (5)
ment disagrees in part with the results of an earlier calcula- 1 -1 0/(J I I

tion using the Coulomb-Born approximation without ex-

change[18,19. wherelL gives the order of what Steffen and Alder call pure

2" decays. The quantity in large braces denotes the Wigner

6-j symbol. In highly charged heliumlike ions, the lines ob-
Il. THEORY served are from the “allowed” electric dipoleE(L) transi-

tionsw andy with L=1 as well as from the “forbidden”

In general, the_ intepsity and polarization of a gi\_/en "”emagnetic dipole §11) transitionz and the magnetic quadru-
from a beam-excited ion depends on the observation angl&ne (M2) transitionx andL=1 and 2, respectively. The
relative to the direction defined by the relative velocities Ofcoefficientfk is given by

the ion and electron. We assume quasistationary ions collid-

ing with monoenergetic electrons traveling in thdirection. L L A

Then, it is common to define the linear polarizatiBrat an (N—2)1]22 ( 1 1 _2)

observation angle¥=90° relative to thez axis pointing in fo=— } i (6)
the direction of the electron beam as the fractional difference (A+2)! L L A

between the intensity of light with electric field vector par- 1 -1 0

allel to the beam directionl;, and the intensity of light with
electric field vector perpendiculalr, [2]: The functionI’(«) determines the sign. For electric multipole

transitions it equal$’(E) =1, for magnetic multipole transi-
tions it equald’(M)=-1.

= :”_ :l ) (1) Substituting Eqs(2) and(3) the polarization is given by
(Rl
P () SrzerePrA T PI(O) -
Following the prescription by Steffen and Ald@0] the two Zr—eveBrAPA(0)

intensity components of linearly polarized line radiation
from a cylindrically symmetric source emitting multipole ra-
diation described by a single multipole operator are given b

ThroughB, the value of the polarization of a given line is
inked to the population densities,, of the magnetic sublev-
els. Evaluating the coefficients, the polarization of the elec-
tric dipole linesw andy is described by

=% > BWAJ[PN0)+T (), P2O)]Is (2 0 1—200t0,
A=even P=——"——+—"7"—"— (8)

B 0'_1+20'0+0'+1.

and For linez, itis
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TABLE |. Total cross sectiony, and fractional population 81.7% of the time. The rest feeds the2bk 381 level. More-
density oy, of each magnetic sublevet for electron-impact exci-  over, in the absence of a nuclear magnetic moment the
tation of a given level from the 180 ground state of heliumlike 1s2p 3po level decays 100% of the time to thesZs 351
Fexxv at an electron energy of 6800 eV. Numbers in bracketsievel. The effect of these cascade contributions on the sub-

denote powers of ten. level populations needs to be considered for accurately pre-
dicting the polarization of line.
‘Twrr:g' As discussed by Steffen and Aldg20], the effects of
Level (cm) 7o Tt T2 cascades can be described by the deorientation faktor
1s2p P, 3.79-22] 0.655 0.167 PN
1s2p 3P0 3.91-23] 1.000 U}\:(_l)Ji+Jf+)\+L[(2Ji+1)(2Jf+1)]1/2[ ! ! ]
1s2p 3P, 1.3§-22] 0.253 0.373 J Jf L
1s2p 3P, 1.84—-22] 0.316 0.259 0.083 (13)
1 _
1535 320 é'gf{_gg] é'ggg 0.333 Given the orientation paramet&; (]i)) of the initial state
G 2623 ' ' li), the orientation parameter associated with populating the
state|f) by the cascade can then be expressed as
po T-1 200t 04 © By(I1) =Br()Ur(J; 3. L). (12

N O'_1+20'0+O'+1,
The orientation parameter of a level populated by various
while for line x, it is direct and indirect processes is then given by the weighted
sum of the orientation parameters associated with each pro-

027017041104 (10) cess contributing to its population,

pP=

0',2+0',1+0'+1+0'+2.

Since the electron beam is unpolarizeg,=o_ . Bx(|f>):2i fiBA([)))Un(J;,5,L), (13
The values ofo,, for excitation of heliumlike iron have

been calculated by Zhang, Sampson, and Clark with a fullyyheref; is the fraction of the population received from pro-
relativistic distorted-wave computer code for electron eneryagg;.

gies of 7.5-27 ke\[21]. Using the same computer code we Evaluating the coefficients we find,(2,1,1)=/7/20 for
calculated the values af, near threshold6.8 keV). The  yho georientation parameter for cascades from the level
results are given in Table | for Bexv. From these values we 1s2p 3P, to 1s2s %S,. Moreover, B,=0 for excitation of
computePW_=O.5s_99, Py=-0.192,P,=—-0.515, andP,=0,  he 33, level from the ground state as well as for radiative
as summarized in Table Il. These values are close t0 thgagcades from thiP, level. Hence the orientation parameter
values computed by Inal and Dubgil], who also used a ot 1635 |evel populated by radiative cascades from g

distorted-wave computer cod_e for calculating the _excitatiorhndsp2 levels and by direct electron-impact excitation from
cross sections of the magnetic sublevels. They differ, howg, o ground state can be expressed as

ever, from the values reported by Vinogradov, Urnov, and

Shlyaptseva computed from Coulomb-Born cross sections 5 12 BTt 3P2)

18,19. For linesw andx the difference is more than 20%, Bx(°S))=|55

E\S se%n from Table 1. ’ 2°5) 20 a'tota|(351) + O'total(SPO) + ,8r0'total(3P2)
Because ling is populated by cascades from higher-lying X B,(3P,). (14)

levels, knowing the values af,,, for electron-impact excita-

tion of the3S, level from the ground state is insufficient to Here 8,=0.183 is the branching ratio foP,—3S; decay,
predict the actual polarization of the line. According to theand oy, denotes the total excitation cross section for the
calculations by Lin, Johnson, and Dalgarfd7] the respective levels given in Table I. Inserting the values from
1s2p 3P, level in Fexxv decays via emission of lineonly ~ Table I, we obtain B,(®P,)=-0.49 so that

TABLE Il. Comparison of calculated and measured values of the polarization oflinesy, andz at an
excitation energy of 6800 eV.

Shlyaptseva Inal and Present
Line and co-workerd Dubadf calculations Measurements
Py +0.82 +0.584 +0.599 +0.56"33%
P, -0.75 -0.518 -0.515 -0.53383
Py -0.23 -0.196 -0.192 —-0.22'383
P, (no cascades 0.000 0.000 0.000
P, (with cascades -0.078 -0.074 —-0.076'3:3%7

%Reference$18,19.
bReference$ll,13.
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B,(3S,)=—0.072. Substituting this value into E}) yields 0.8 l | | J
P,=—0.074 for the polarization of ling. The value is in 06 ¢ | i
good agreement with the value 6f0.078 calculated recently ) w ('P) t
by Inal and Dubai13]. . 04 7]
Looking at Eq.(14) we note thatB,(3S;) and thusP, 2 02 .
depends only oB,(®P,) and on the fractiork given by R 0.0 e
s Z(°S) e ot
S -0.2 T A .
k_( 7 )1/2 Bro'total(3P2) - 04 yer) - _
20) 0ot °S1) + Orotal Po) + Br roral P2) Y ;(ap) . |
(15) ‘ | | : 1 | | |
-0.8
5 10 15 20 25 30 35 40

To determine howB,(3S;) and the individual terms irk
vary with atomic number, we have performed distorted-wave
calculations of the magnetic sublevel populations near

Atomic number

FIG. 1. Predicted polarizations of the resonance Vinehe in-

threshold over a range of elements from ng@r=10) to
krypton (Z=36). We find thatB,(°P,) essentially remains
constant at a value 0f0.49. As a resultP, remains virtu-
ally constant, changing merely from0.525 for Neix to

tercombination linex andy, and the forbidden line in heliumlike
ions between Nex and Krxxxv. The predictions are for nuclei
without a magnetic moment. Strong hyperfine interaction with the
nucleus results in vanishing polarizations for the triplet lines. The

—0.511 for Krxxxv . Moreover, the excitation cross section values measured for Bexv are shown for comparison. Also shown
for populating théP, level remains essentially constant rela- is the measured value for the singlet line in>Sc(open circle

tive to that for populating théP, and®S; levels. In particu-
lar, the ratio UtotaI(SPZ)/ [Utotal(ssl)+Utotal(3P0)+Utotal(3P2)]
drops merely from 0.66 for Nix to 0.63 for Krxxxv. The

polarization of linez thus is essentially independent of the
magnetic sublevel populations and depends only on the ra- pP.=+
diative branching ratig, . This ratio has been calculated for

most elements by Lin, Johnson, and Dalgalfhd). It varies

from Ref.[8].
14
3k 5 Py
v2+Kk \/Pl |
5

(19
3v2- P,

strongly from element to element, dropping from 0.98 for
Neix to 0.10 for Krxxxv. We compute a corresponding This simple relationship between the polarization of lines
change of the polarization af from —0.187 to—0.049, re- andz reduces the number of unknown parameters in a given
spectively. measurement. The relationship forms one of the cornerstones
The dependence of the polarization of linen cascade of the experimental procedure developed in the next section.
contributions from the’P, level can also be expressed di-  An overview of the change in the calculated polarizations
rectly in a simple relationship between the polarizatiéys of the four heliumlike lines is given in Fig. 1. As discussed,
and P,. To do so we note that the orientation parametertthe polarization ofx is virtually constant. The same is true
B,(®P,)<B,(®P,). In particular, employing the sublevel for the resonance lin@. The polarization of varies because

population densities given in Table [, we
B,(3P,)/B,(3P,)~1.6x10 3. Similar ratios are found for
other heliumlike ions. We can thus set

_ Ba®P)Af,P3(0)
Zx=eveBr ((P2)APL(0)°

Py= (16

Evaluating the coefficients and solving B5(3P,) we get

14

1/2 op
Bz<3P2>=+(g) 5

3-P,

(17

The expression foP, can then be expressed in termsRyf
as

3kB,(3P
p—+_Ba(Pa) (18)
zﬁ_sz(apz)

Here, the factok is given by Eq.(15). Substituting the ex-
pression in Eq(17) for B,(3P,) into Eq.(18) yields a direct
expression folP, in terms ofP, :

find of the differing fraction of radiative cascade contributions

populating its upper level. The polarization yivaries even
more strongly than that of ling. This reflects the strong
influence of relativity. Its polarization is essentially equal to
that of x at low Z; it approaches that of for high Z.

Ill. EXPERIMENTAL PROCEDURE

The reflectivity of an analyzing crystal depends on the
polarization component. The intensity of an x-ray line ob-
served with a crystal spectrometer is

15=R I, + R, I, (20)
whereR, andR, are the integrated crystal reflectivities for x
rays polarized perpendicular and parallel to the plane of dis-
persion. Because generaly# R, crystal spectrometers can
be used as polarimeters to determine the polarization of emit-
ted light.

The ratioR=R, /R, depends strongly on the Bragg angle
6. For mosaic crystals the ratio varies as%8); for perfect
crystals it varies ago926)| [22]. The ratio for actual crys-
tals lies in between the two extremes. The experimental pro-
cedure used in the following is based on the fact that mea-
suring a set of x-ray lines at two differing Bragg angles
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cn?, average mosaic spread is 20—60 arg,sehich is char-

10 C ' ] acteristic for high-quality LiF crystals. The mosaic spread
08 LiF(200) ] increz_ases considerably due to_bending. The valueR fir
B ] the LiK(200 crystal employed in the present measurements
- 06| - thus may differ somewhat from the values calculated for a
E_‘ C . perfect crystal. In the following we nevertheless use the
o 04 = value calculated for a perfect crystal. As the analysis in the
C ] next section shows, a 10% uncertainty in the calculated val-
021 <—Quartz(203) ] ues ofR has a negligible contribution to the overall uncer-
0.0 - | | | 1 § tainty of our measurements. In fact, approximatidpy the
0 15 30 45 60 75 90 average value for perfect and mosaic crystals changes the

Bragg Angle (deg) values inferred for the polarization by less than the uncer-
o ) o tainty limits set by the counting statistics of the measure-

F'G'IZ'_Va(;'a“o“ Of:,‘e lre'a“"(ej CryStﬁ" Iretﬂet(;\tlvmfgt/ Ry f‘t’)rx 4nent. The uncertainty due to real structure defects can be
rays polarized perpendicular and parallel to the electron-beam dis, :
rection. The values for Li200 are calculated values from Ref. Ila_‘:/: (Iggg) ?;)énuilggreopqg/cgg eg)lly&?gg;eg: (Cgrzztr?ili.lg)orvfhxigkr? ple,
[23]. (splid circleg; those for Quart203) are present calculations are nearly perfect crystals and have almost the Se;ll'rmaac-
(solid fine). ing as LiK200). However, they also have a lower integrated
reflectivity that results in a larger statistical uncertainty un-
less the measuring time is lengthened.

As seen from Fig. 2, the relative reflectivifg for the
Quart£203) crystal atf=42.5° isRq,,=0.04. In the follow-
ing, we approximate this value by zero without loss of pre-
cision in the inferred polarization from our measurements.
The intensity measured with the Qud&@3) crystal is thus

allows us, in principle, to determine the two intensity com-
ponentsl, andl, providedR(6) is known. For such a mea-
surement analyzing crystals with differing lattice spacinmy 2
are needed. In our measurements we used Qaagg
which has a lattice spacingd2=2.750 A, and LiF200) with
2d=4.027 A; the corresponding observation angles are
0=42.5° and 27.5°, respectively, for th€a transitions of [0S _ | (21)
heliumlike Fexxv. Quez I

Calculations of integrated reflectivities of perfect crystals . . .
were recently presented by Henke, Gullikson, and DavisThe ratio of two linesa and b observed with the quartz
[23]. These calculations include those for [2B0), but do crystal is then given by
not include the values for Quaf203). For this crystal we

have performed calculations using the computer cocke |2 12
developed at the Max Planck Research Unit “X-Ray Op- B =—. (22
tics.” The code is based on the theoretical approach used by otz

Taupin[24] for bent perfect crystals. Results of this calcula-
tion are shown in Fig. 2. For comparison, the values calcuHere we assume th&, andR, stay constant in the range of
lated by Henke, Gullikson, and Davig23] for perfect Bragg angles spanned by the two lines. For the(20©)
LiF(200 are shown in Fig. 2 as solid circles. Calculationscrystal, R ;=0.56 at#=27.5°. The ratio of two lines ob-
performed at the Max Planck Research Unit for perfectserved with the LiF crystal is therefore
LiF (200 crystals agree with their numbers within 2%. Fig-

ure 2 shows that despite the differences in the intrinsic struc- a a a
ture the values oR for LiF(200 and Quart203 closely ' T RGel?

track each other when displayed as a function of Bragg 1P LiF_I|5|+R|_iFIE' 23
angle. For both crystals the valuesPre close to the limits

set by thelcog26)| dependence for perfect crystals. Detailed Making use of Eq(1), which we can express as
x-ray-optical investigations have shown that quartz forms '

nearly perfect crystal§25] so that the use of the dynamic

theory for perfect crystals is justified. Similarly, L@FOO) I, 1+P

may also form nearly perfect crystd®6], although this may N “1-p’ (24)

not always be the case. Several of the(RiBO) crystals used

on EBIT were tested by x-ray topography at the Max Planckand combing Eqs22) and(23), we can eliminaté, and| |
Research Unit. The measurements showed a network dfom the equation and solve for the polarizatiég of line a
small angle grain boundaridaverage grain size is about 1 in terms of polarizatiorP,, of the lineb:

_ (Ruie+ D) = (17 [Lie{ 1+ Ruie[ (1= Pp)/ (14 Pp) 1}
" (Rue= D) qrzt (141°)[Lie{ 1+ Ruel (1= Py) (14 Pp) I}

(25
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If line b is unpolarized, the dependence®pndrops out, and
P, can be directly determined from the measured line ratios. MEVVAQ
The procedure can thus be applied to the measurement of a
wide variety of cases where unpolarized lines are present in Einzel lens
the spectrum. Notable examples are teshell spectra of
hydrogenlike and lithiumlike ions, where transitions from
upper levels with total angular momentuhs3, such as the
Lyman-, line, provide excellent unpolarized reference
lines. The fact thaP strictly vanishes for any line that pro- Liquid N shield —
ceeds from a level with total angular momenturs 3 fol- %
lows from the properties of the Wignerj3symbols, where °°"e°t°r\\
B,~,=0 for lines withJ;=3 [cf. Eq.(4)], from the properties Liquid He reservolr—_
of the associated Legendre function, whég=0 for any 4K N
argument, and from the properties of th¢ 8ymbols, where
U,=,=0 for J;=3 [cf. Eq. (12)]. No unpolarized line exists Superconducting | NESC
among the heliumlike Fexv transitions, and the value of Crystal—_ Ok oolls T
P, can, in principle, only be determined from the measured N, Bewindow ] N I_— Ge
line intensities, ifP,, is known. Although the polarization of M
none of the lines in heliumlike FBexv is knowna priori, we Drift tubes N E
. . .. Proportional
can make use of the fact that the polarization of lnés counter \£= §
completely determined by that of line[cf. Eq. (19)]. Thus
we use an iterative procedure to solve Ezp) for P, andP, Electron gun ~—————

by first calculatingP, from the measured intensities assum-
ing P,=0. We then use the value calculated Ry to calcu-
late a new estimate fd?,, which in turn is used to calculate
a new value forP,, and so on. This procedure converges
within a few iterations. Once the polarizatioRg andP, are
known, the values for all other lines can be computed di
rectly from Eq.(25).

FIG. 3. Schematic layout of the von Hims—type crystal spec-
trometer on EBIT. lons are produced and trapped in a 2-cm-long
region between the superconducting Helmholtz coils. The ions are
excited by an electron beam propagating between the electron gun
and the collector. X rays are monitored via the direct line-of-sight
“access provided by radial ports in the vacuum vessel and are ana-
lyzed and dispersed with a crystal spectrometer in a plane perpen-
dicular to the direction of the electron beam.

V. MEASUREMENT E=6.8 keV. The spectrum was accumulated oves+ 5n-

The measurements were carried out at the Livermorderval.

EBIT facility [9,10], which has been used for a wide variety ~ The relative intensities of the four heliumlike lines are
of measurements of the x-ray line emission from highlyclearly different in the two spectra. A listing of the measured
charged iong27,28. For the present measurement we em-intensities of the heliumlike transitions is given in Table IlI.
ployed the EBIT Bragg crystal spectrometer described irJsing the iterative procedure described earlier we determine
Ref.[29]. The instrument utilizes the focusing geometry de-P,,=+0.56, P,=-0.53, P,=-0.22, andP,=-0.076, as
veloped by von Hmos[30]. It monitors and analyzes radia- summarized in Table Il. The table also lists the 68% confi-
tion emitted in the plane perpendicular to the electron beanrgence limits of each value that have been determined based
as illustrated in Fig. 3. The iroK« spectrum obtained with on the number of counts recorded in each line. The uncer-
the Quartz203) crystal is shown in Fig. @). The crystal was tainty resulting from the uncertainty in the respective crystal
bent to a radius of curvatuiR,=120 cm, affording a nomi- reflectivities was estimated by repeating the data reduction
nal instrumental resolving power &fAN=13 000. The ob- Wwith values ofR that were 10% higher or lower than the
served emission lines were broadened by thermal Doppletalue of 0.56 used for the LiF crystal. The resultant varia-
broadenind31] and were wider than the instrumental width. tions in the inferred polarizations are significantly less than
The data were accumulated in a set of spectra that compriséde spread of values given by the statistical uncertainties and,
a total of 14 h of observation time at a beam curreni68 When added in quadrature, do not change the stated uncer-
mA and a beam enerdy=6.8 keV. This energy is about 100 tainties. In fact, usingr ;=0.45, which is the average value
eV above the threshold for excitation of ther transitions.  of the extremes given for a perfect and mosaic crystal, we
The four transitionsv, x, y, andz in Fexxv are clearly seen. obtain P,=+0.72, P,=-0.56, P,=-0.24, and

A few weaker, unlabeled lines populated by inner-shell ex-P,=—0.080. These values lie within the 68% confidence
citation of the k%2s ground state of Fexiv and of the limits listed in Table II.

1s22s? ground state of F&xill are also seen. These include
the transitions $2s2p 2P,— 1s°2s 2S,,, near 1.861 A and
1s2s%2p P, —15%s* 1S, near 1.872 A.

The spectrum of the iroi« transitions recorded with a The properties of the electron beam in EBIT can be de-
LiF(200 crystal is shown in Fig. ). The crystal was bent scribed using the optical model developed by Herrmann
to a radius of curvaturB,=75 cm, affording an instrumental [9,32]. According to this model, the motion of a given elec-
resolving power of\/AA=3400. The LiF spectrum was ob- tron has a finite velocity component perpendicular to zhe
tained at a beam current=148 mA and a beam energy axis related to the electron’s radial position and velocity at

V. DEPOLARIZATION EFFECTS
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350 ————r or y=7.3° in the case of our measurement Wi, ,=6800
[T T T T Ty T T . .
eV. The angled between the velocity vector of a given elec-
800 N tron and the line of observation thus deviates from the value
250 . of ¥=90° assumed in the expressions forandl, in Egs.
2 200 ] (2) and (3). Instead, its value ranges between 96°and
g 90°+ .
o 150 - n To account for arbitrary values df, the arguments of the
100 _ Legendre and associated Legendre polynomials need to be
evaluated at co# instead of at the origi20]. Only even
S0 - ] orders of the Legendre and associated Legendre polynomials
0 L . occur so that the dependence @renters the modified ex-
350 pressions via a c8s) term. In the present case, we estimate
T T T T T T T T cog 9~0.016 by approximating#=90°+ y. The approxima-
300 - wee) (b) . tion used above of evaluating the Legendre and associated
250 |- \ i Legendre'polynomials at'the. originZ thus, is justified. In fact,
w a calculation of the polarization of ling, for example, at an
E 200 |- x(P) \ n observation angley=82.7° yields a value that differs from
8 1501 ‘ yery o z08) . the value calculated at=90° by merely 0.7%. Depolariza-
tion effects introduced by the thermal velocity component of
] the electron beam are, thus, negligibly small compared to the
- uncertainty limits of our measurement and no corrections are
bt P made.

1.84 1.85 1.86 1.87 1.88
Wavelength (A)

. . VI. DISCUSSION AND CONCLUSION
FIG. 4. Crystal-spectrometer spectra of lingsx, y, andz in

Fexxv excited by a 6800-eV electron beafa) Spectrum obtained A comparison between the measured polarization and
with a Quartz203) crystal at a Bragg angle of 42.5() spectrum  theoretical values is given in Table Il. The measured values
obtained with a Liff200 crystal at a Bragg angle of 27.5°. Unla- agree very well within statistical confidence limits with the
beled features are from transitions in¥ev and Fexxi formed  values predicted by the distorted-wave calculations, as illus-
by inner-shell excitation. trated in Fig. 1. By contrast, the measured values differ sig-
nificantly from the values computed from Coulomb-Born
birth on the cathode of the electron gun. Herrmann showe@ross section$18,19. Our measurements, thus, can distin-
that the magnitude of the transverse velocity is inverselyguish between the two theoretical approaches and show that
proportional to the radii of the cathode images formed atCoulomb-Born calculations, with the possible exception of
various locations along theaxis by the beami32]. In other  the 3p, line, do not have sufficient accuracy to predict the
words, the product of beam area and transverse electron eabserved polarizations.
ergy E, are constant at these locations. We can thus estimate Our measurement also shows unequivocally that Zine
E, from the temperature of the cathode of the electron gurpolarized. This clearly demonstrates that the line is excited in
(=~0.1 eV) and the areal compression ratio of the be#mm part by radiative cascades from t?ié2 level and that such
a radius of about 1 mm at the cathode to about 0.03 mm igascades must be included in any analysis. In fact, the mea-
the trap to beE, =110 eV. Because of the transverse com-surement of the polarization of linerepresents a measure-
ponent of the electron velocity, the velocity vector of a givenment of the cascade contribution from tff, level. More-
electron and thus that of the relative electron-ion motion isover, knowing this contribution and the observed intensity of
no longer aligned with the axis, as assumed above. Instead,line X, it is possible to infer the radiative branching ratio for

it deviates from thez axis by an angley given by the decay of théP, level. Measurements along the isoelec-
tronic sequence could thus provide a test on this branching
ratio.
tany= E _ (26) Measurements along the isoelectronic sequence are also
VEpeani— E.. needed to test the polarization dependence ofylifgecause
its polarization varies strongly with, as illustrated in Fig. 1,
TABLE lIl. Intensities of the heliumlike linesw, x, y, andz a single measurement doe-'s 'n(')t validate prgdictions away
measured wit.h a Quar203 and a LIR200) crystal A from the present da_tunj._ This is in contrast to Inxes_ndw.
' These do not vary significantly as a functionzofcf. Fig. 1),
Quart£203 LiF (200 an_d a_single mea;urement establishes the value of their po-
Line (counts (counts larization over a wide range of elements.
We can compare our measured values to those measured
w 1740 4570 for heliumlike Scxx [8]. For the singlet linew, which is
X 191 1210 unaffected by the hyperfine mixing, the measured polariza-
y 292 1240 tion of 0.70+0.06 in Scxx [8] is to within the measurement
z 284 1062 uncertainties identical to the value found in our measurement

of the linew in Fexxv, as illustrated in Fig. 1. Thus our
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measurement tests and verifies across five atomic humbeo$ theory in a situation where the polarization of the triplet
the prediction that the polarization of the singlet line is vir- lines of a highly charged heliumlike ion is nonvanishing.
tually the same for different elements. Because of the strong

hyperfine mixing among the magnetic sublevel populations

of the triplet levels in SxXx, the polarization of all triplet ACKNOWLEDGMENTS
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