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Polarization-dependent spectra of x-ray dielectronic satellite lines of Be-like Fe
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We have studied the polarization properties of dielectronic satellite lines in Be-like Fe ions excited through
resonant electron capture by an electron beam. Using the photon density-matrix formalism, we have calculated
the degree of polarization and polarization-dependent spectra of dielectronic satellite lines, i.e., the spectral
intensity distribution of lines associated with a given polarization state. Theoretical results have been compared
with experiments performed at the Lawrence Livermore National Laboratory electron-beam ion trap where
dielectronic satellite line emission from Fe ions produced at different energies of the electron beam was
simultaneously recorded with two crystal spectrometers. These spectrometers had different polarization sensi-
tivities. The experimental spectra recorded by the two spectrometers are reproduced by the theory. This ability
to model the polarization dependence of x-ray line spectra is important for the diagnosis of electron beams in
plasmas[S1050-294{@8)02302-9

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

[. INTRODUCTION tion of electric-dipole transitions in neutral atoms excited by
electron impact from Ref[9]. Few theoretical and experi-

X-ray line spectroscopy is an important tool for the diag-mental studies have been done on x-ray line polarization. In
nosis of space and laboratory plasmas. Most of the spectradheoretical studies, two basic excitation mechanisms have
scopic diagnostics developed for plasmas have been baskden considered: electron-impact excitation and dielectronic
on properties of line intensity distributions and line profiles.recombination. Calculations of the polarization of radiation
However, for the case of nonequilibrium plasmas whoselriven by electron-impact excitation have been made for H-,
electron distribution functions can show different degrees oHe-, and Li-like ions in the nonrelativistid 0—14 and rela-
anisotropy and even the presence of electron beams, the plivistic approximationg15,16|. Polarization of dielectronic
larization of x-ray line emission can be particularly useful for satellite lines has been considered for H-, He-, and Li-like
spectroscopic diagnostic applications. During the past fevions in the nonrelativisti€12,13,17 and relativistic approxi-
years electron kinetics simulations of laser-produced plasmawations[18]. Also, polarization of dielectronic satellite lines
driven by ultrashort(subpicosecond high-intensity laser of B-like ions has been computed in the nonrelativistic ap-
pulses have been done using particle-in-cell codes3|,  proximation[19]. In laboratory plasmas, the polarization of
Fokker-Planck[4], and Vlasov modelg5]. These studies x-ray line emission of multiply charged Fe ions in plasmas
show anisotropic, electron distribution functions for theproduced by pulsed, high-curretpinch discharges has
plasma and the presence of beams of energetic electrons tHaen detected and associated with the presence of suprather-
can carry a substantial amount of the total energy depositexhal electrons along the discharge aj2§)]. More recently,
by the laser. Also, the production and characterization obbservations of polarization of x-ray lines excited by elec-
energetic electrons play a critical role in the recently pro-tron impact were made in laser-produced plasmas for He-like
posed fast ignitor concept where suprathermal electrons prd\l ions by Kieffer et al.[21,22), at the Lawrence Livermore
duced by ultrahigh-intensity lasers ignite a fuel capsule origiNational LaboratoryLLNL ) electron-beam ion trafEBIT)
nally compressed in a conventional laser-driven implosiorfor He-like Sc ions by Hendersaet al.[23] and for He- and
[6]. New spectroscopic diagnostics leading to the charactel-i-like Fe ions by Beiersdorfeet al.[24,25, and at the Na-
ization of beams of electrons in plasmas are needed in theg®wnal Institute of Standards and Technology EBIT for Ne-
areas. Electron beams represent an anisotropic excitatidike Ba ions by Takas et al. [26]. The EBIT is a powerful
mechanism that results in the emission of partially polarizedool capable of creating very highly charged ions for atomic
x-ray lines. In this connection, x-ray line polarization spec-structure, electron-ion interactions, and other spectroscopic
troscopy can help to diagnose electron beams in plasmas astlidies[27]. Various techniques have been demonstrated to
to bridge the gap between electron kinetics simulations antheasure electron-impact excitatif?8] and dielectronic re-
experimental measurements. combination cross sectiof29]. Furthermore, the EBIT fa-

To our knowledge, the first theoretical investigations ofcility offers an excellent opportunity to observe polarization
polarization of x-ray line radiation applied to the diagnosis ofeffects in x-ray line emission in experiments performed un-
high-temperature plasmas were done by HEL§] for the  der well-controlled conditions. In turn, these measurements
case of solar plasmas. In his work, the degree of polarizationan be used to make detailed comparisons with theoretical
of resonance lines in H- and He-like Fe ions excited by arcalculations before applying them to the analysis of polar-
electron beam was calculated using the results for polarizazed spectra from complicated systems such as plasmas.

1050-2947/98/52)/888(11)/$15.00 57 888 © 1998 The American Physical Society



57 POLARIZATION-DEPENDENT SPECTRA OF X-RX. .. 889

We have published preliminary results on polarization-where(l) is the 4r-averaged intensity. Using Eqgel)—(3)
dependent spectra of dielectronic satellite lines of Li- andhe intensities associated with each polarization state can be
Be-like Fe ions elsewhef@0]. In this paper, we develop and written down in the form
extend our previous study and present an extensive analysis
of polarization-dependent spectra of dielectronic satellite 3 1+Pg
lines of Be-like Fe. Theoretical and experimental results of |H:§<|>3_—p0' 4)
the polarization properties of spectral features formed by the
overlapping and blending of dielectronic satellite lines are 3
discussed in detail. This is different from previous investiga- IL=§<I)
tions on x-ray line polarization, which have focused on the
study of the degree of polarization or angular distribution of
x-ray emission of single, well-resolved lines. The calculation
of polarization-dependent spectra represents a suitable w
to study the polarization properties of complex spectra. W
have calculated polarization-dependent spectra of diele
tronic satellite lines of Be-like Fe and compared them with
experimental spectra observed at the LLNL EBIT. To this (1(s))=Kaf(E=Ea($))Qu(S)- (6)
end, dielectronic satellite spectra were simultaneously re-

corded with two crystal spectrometers, which acted as poIarJf'ereKl represents a factor involving fundamental constants

izers by selectively reflecting polarization states associate nd the total eIectrqn numbgr dens{’g;e., factgrs "?depe.”'
with directions parallel and perpendicular to the electron- ent of the type of dielectronic satellite transition in a given

beam axis. The dielectronic satellite spectrum is significantl)}on)'WWe \r’]‘”” “Or”.‘a"zﬁ tle vaIuefs ?ﬂ (). 'e;]nd Ié o
polarized and, in general, the two polarization-dependent1- W€ characterize the beam of electrons with a Gaussian

spectra have different intensity distributions. The details ofdiStribution function centered at the beam enefgy and

these spectra also depend strongly on the energy of the elefith @ width AE. In principle, we can use any other distri-

tron beam. In Sec. Il we develop our theoretical approach foP”ﬁodn bfunﬁtion. Inhour. case, this particulzr choice is moti-
the calculation of polarization-dependent spectra of dielecyated by t e_faqtt at it represents a good approximation to
tronic satellite lines; in Sec. Il A we present the basic for-the energy distribution of the EBIT electron beam and it is

malism, in Sec. Il B we discuss the results of the calculationdUS Suitable for comparing theoretical results with experi-
of atomic and polarization characteristics, and in Sec. I ¢nental data recorded at the EBIT. Making use of Hgs-

we display theoretical, polarization-dependent spectra. EX(_6), the intensities of dielectronic satellite lines associated
perimental details and measurements are given in Sec. il I¥ith different polarization states have the form

Sec. IV we discuss the experimental and theoretical results

;r;iighr:aslr comparison. Finally, in Sec. V we present our con- |H=§Qd(3)exp(—{[Eb— E.(S)]/AE}?)

1-P,
3-Py’

®)

For any dielectronic satellitg, (1) can be expressed in terms
the intensity factorQq(s), the distribution function of
ectron energie$(E), and the autoionization enerdy,(s)
29,31:

1+P,
3-Py’

)

3 1-P
Il. THEORETICAL APPROACH 0
Iy :EQd(S)eXP(—{[Eb— Ea(s)]/A E}2)3_—P0- €)

A. Formalism

1. Intensities of lines associated with different polarization states Thus to calculate the intensity of a dielectronic satellite line
s associated with parallel and perpendicular polarization

B e e ygles we e t ko he stomic chracte <) and
Perp Ea(s) and the degree of polarization of each satellite line

electron beam is defined as
Po(s).

e

Po=r"
0 IH_HL

(1) 2. Degree of polarization of dielectronic satellite lines

To describe the polarization properties of dielectronic sat-
wherel, I, are the intensities associated with electric vec-ellite line emission we use the representation of the total
tors polarized parallel and perpendicular to the electrofomentum of the system. The initial state is characterized
beam, respectively. 18 is the angle between the axis of the PY the indexi, the target ion in the initial statébefore re-
electron beam and the direction of observation, the total incombination, and the incident electron. The final state is

tensity observed a#=90° is characterized by the indelx the target ion in the final state
(after recombination and emission of the photoand the
1(90°) =1;+1, . (2)  emitted photon. The quantization axisis taken along the

direction of the electron beam. The cross section for capture

For the electric-dipole radiation considered in this papetf an electron with energg= v (a.u) is equal to(see, for
1(90°) is given by[9] example[32])

1 478

1(90°)= 3 %i=3g 72k Tl 9

3——Po<|>’
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Hereg; is the statistical weight of the target ianthe sum The polarization properties of partially polarized radiation
2\ denotes the summation over all quantum numbers of thean be described by the photon density ma#x, ., which

system that characterize the initial and final states, whicliepresents the density matrix of the final state summed up
will be discussed below. Th& matrix elements in Breit- over thez projection of the total angular momentum of the

Wigner form are given by ion in the final stat¢33]:
-a ~
Ti=Kp>, —— (10 W= We =2, (M KAUBIM kN, (16)
2 E-Eqt 3iAa " Yo

At this point it is convenient to introduce the photon density

whereK, is a factor involving fundamental constangsde- ) h
matrix pP",

notes autoionization levelg,is the imaginary unitg; is the
energy of the nonradiative transiticen—i, and A, is the
natural width of the level including radiation and autoioniz- W,

ation widths.U% is the matrix element associated with the pgh)\,= , (17

interaction operato?, which is determined by the electron- 2 W\
electron electrostatic interaction operatdfn‘e and the »
electron-electromagnetic field interaction operdidf: which is normalized to

U2 =0%ila)UP"(alf). (12)

trp=p11tp-1-1=1 (18
The rate per unit of volume at which electron capture occurs . .
in statef IF; equal to P and using Eqgs(14) and(17) is equal to

R(f)= NN-fva'-fEdE, 12 G.a ,
( ) 2| elNj if ( ) ( ) Z 2 aa <U|af(7\)U|af*()\’)>
ph " aa’ Aaar
where N, is the electron density anl; is the population Pxr = qEMB (19
density of initial target ions. >y > L
A MJf a Aa

The polarization properties of the system can be described
by the following density matrix of the system in the final

state: This normalized photon density matrix is very convenient

because the elements pﬁ,h}\, do not depend on the electron
distribution function f(E), the reduced matrix elements

Wf,f':<MJf?k)\|Ua|MJ;;k)\'>- 13 (i[la).(allf) (as we will see beloy or other constants that
cancel out in numerator and denominator.

If we introduce partial-wave expansions for the incident
electron (sum overl,m;) and for the photon(sum over
Iph»Mpp), the matrix elemenU%(\) associated with the
electron capturd —a and subsequent radiation transition
& f resulting in a photon with helicitiy can be written as

J¢ ,MJf are the total momentum of the target ion in the final

state and itz projection,k is the photon direction of propa-
gation, anad\ is the helicity of the photon\,\'==*=1). The
diagonal elements of this density matrix are equal to the rat
W s=R(f). After integrating over the energy distribution
function of the electrons and taking into account the reso-
nance nature of the electron capture process, the nondiagonal

elements can be expressed in the fdfi,32) UGD=KsY X 2 > > ile Y (a,)
I,m mg MS|’MLi Msa MLa
SaMs, L M JaM; .
Gaa , XCiyv 1 LM Im, ~S,Mg LM (illa)
Wf’f,ZE aa <Uiafuﬁ</*>y (14) ZMSIZmS M tmy - SgMs LaMy

aa’ Maa’

% 2 2jph+ 1D(J’ph) CJaMJa (a||f)
where G,,, characterizes the degree of overlapping of the i 8 MMpn T 3My pmpn '

. . . Jph:Mph
autoionization levels and is equal to

(20

) HereK; is a factor involving fundamental constants, is a
Asar (15) Coulomb phaseE1Z is the angle between the electron beam
Aga,+(Ea—Ear)2 and thez axis (q,=0, in our casg the C symbols represent

Clebsch-Gordan coefficients,|[@) is the reduced matrix el-
whereA,, =3(A,+A, ). If the resonances do not overlap, ement associated with the transitibr-a relevant to the
thena=a’, Ao =A,, andG,, =1. electron capture process, and||f) is the reduced matrix

Gaar =
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element associated with the transitiar-f relevant to the states of the target are characterized by the quantum numbers
radiative decay process. We describe the initial state of th&a,La,Ja and theirz projectionsMs ,M, M, . The target
system in thd_S-coupling scheme with the target ion in the jon in the final state is characterized By,M ..

initial state characterized by the spin and orbital momenta f
S ,L; and theirz projectionsMsl,M L, and the incident elec-

tron characterized by spin projectionmg, orbital angular
momentuml, and itsz projectionm;. The autoionization Eg. (19) in the form

Using Eq.(20) and the contraction of two rotation matrix
(ipn*

]
)\lmph

eIementsDi‘rgh)h,D we can rewrite the numerator in
p

G,a ) I M My Gaa' . S )
2 S URMURT V) =KE > X Clu |, C L, (illadllan* allfa]f)*

S'ML/'M,
MJf a,a’ Raa’ JavMJa J;,MJ; a'S,"a '—aAaa’

XMZJ%

E i|—|'ei((r|—a-|/)Ylml(az)Yr,mlr(az)
1 m)

’
Mg’ ! ’
SN T D AT B R
IMIm. TIMoim oM Im T LM, 1wy
me MgML Mg Mg MM zMgzmg gMgamg bMUImLmy Iy

a

~ .
JiM m i’ m’
8w M3 phMph ‘]fMJprhmph

jph jph L jph jph L
NN A My, —mg,

K S V(2jpn+ 1)(21',,)h+1)PJa|v|Ja CJ.;'V'J’

i ,m . !
Tpn-Mph j 0 me,

><(—1)Hmph; (2L+1) D{,.. (21)

Here indicesA =\ —\’, u=mp,—mg,, andL are integers whereP_ is a Legendre polynomial of ordérandB, (s) is
andL<2j,; () are 3§ symbols. the so-called polarization moment of the ion,
If we assume that the autoionizing states in the Be-like L L oIVl L L
. a a
ions are populated by electron capture only from the ground B, (s)=(—1)1"%Sa(2L+1)
0 0 0/|Ja S Ja
. (23

state K22s 2S,, of the Li-like ions, then the orbital angular

momentum of the initial ion state is equal to D;€0) and L J
I=1"=L, [which cancels the Coulomb phase factor in Eq. xr_ 2 . 2
(19)]. This approximation is reasonable considering that we Jpn Jr Jpn
will compare theoretical results with experimental data reere { } are the 6f symbols. It is interesting to note that
corded at the EBIT, where it can be safely assumed, undeg (s) is defined completely by the mechanism of formation
the experimental conditions, that the largest population obf the upper autoionization levels and in general has a very
Li-like ions is concentrated in the ground state. Moreovercomplicated form, which is simplified considerably under the
since the quantization axis is taken along the_direction qf th%ssumptions we made above. The expressiopﬁ&r, in Eq.
electron beam, them,=m;,=0. AISP’ we consider electric- (19) is more general and independent of the formBofs),
dipole transitions for whichjpn=jp,=1, nonoverlapping e from the mechanism of the formation of upper autoion-

resonances, and,=J;. Hence all sums overl’; jon.jpn:  ization levels by either dielectronic recombination or other
and J,,J; vanish and the terms with reduced matrix ele-atomic process.
ments andA, cancel out in Eq.(19). Therefore, using In the helicity representatiopP" can be expressed in

angular-momentum algebra, we can carry out all needegerms of the Stokes parameté@si]

summations and write down the elements of the photon den- i

sity matrix pP" corresponding to the dielectronic satellite ph _ 1 I+m,  —metim (24)
transitions in the form PvT o\ — iy 1=, |

The degree of polarization is expressed in terms of Stokes

i i arametersyy, 7,, 73 as
]ph Jph L ) L P 1
> B (S)( , DW(cos 6)
o T D N N Vi P=\n+ n3+ 3. (25)
M Jph Jpn L From Egs.(19) and (20) it follows that the diagonal matrix
22, Bu(s) P (cos 6) h .
T 1 -1 0 elementl’\ are equal to 1/2 and nondiagonal elements are

(22 equal to each other and equal to
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TABLE I. Atomic and polarization characteristics for dielectronic satellite transiti@®s2p2-1s22s2p
of Be-like Fe.\ are wavelengthdA, are radiative probabilitie®Q4 are intensity factors, are autoionization
energies, an® are the values of maximum degree of polarization of transitions. Numbers in square brackets
denote powers of 10.

Peak Line Ref[38] Transiton J,-3; A A) A (s Qg4 (sY) E,(ev) Py

5 1 E1l 3P-2p 1-2 1.86685 2.22+14] 6.84+13] 4751.6 0
6 2 E2 ID-3%p 2-2  1.86795 1.4w14] 7.00+13] 47476 -1
3 5s-3p 1-1 1.86835 8.75+13] 3.29+13] 4735.0 0
7 4 E4 s1p 0-1 1.86975 2.30+r14] 3.5J+13] 4775.3 0
5 E5 3s-3p 1-2  1.87155 3.7113] 1.37+13] 4735.0 0
6 E6 °D-3p 1-1  1.87255 2.4414] 1.79+14] 47199 -3/7
1 7 E7 3p-3p 1-0 1.87285 3.7A14] 1.17+14] 47152  3/5
8 ES 3p-3p 2-1 1.87355 3.#14] 4.80+14] 47165 1/3
9 E9 3p-3p 2-2 1.87385 4.30+r14] 1.54+14] 47268 -—3/5
4 10 E10 3p-1p 2-1 1.87470 8.4pr13] 8.20+13] 47563  3/5
11 E11l 3p-3p 1-2  1.87575 8.05+13] 5.87+13] 4719.9 3/41
2 12 E12 3p-3p 3-2 1.87585 2.30r14] 6.64+14] 4719.6 18/41
13 E13 3p-3p 2-2  1.87675 8.1[A12] 1.24+13] 47165 —3/7
3 14 E14 3p-3p 1-2  1.87715 1.00+14] 3.110+13] 47152  3/41
15 E15 D-p 2-1 187814 1.45+14] 1.44+14] 47476 3/5
8 16 E17 5p-3p 3-2 1.88745 1.0113] 2.97+13] 4679.1 18/41
h h 73 3
P:FL),—lzplil,l= T o (26) Po(s)=— B—(S) (30)
0
21— -1
Ba(s)

Therefore, only one of Stokes parameterg)(is nonzero

and equal to the degree of polarizatignthus The results of the calculation d¥y(s) are presented in the

next subsection.
7= 17,=0, P=17s. (27)

Making use of Eqs(19)—(27), the expression for the de- B. Atomic and polarization characteristics
gree of polarization for a dielectronic satellite lisecan be In Table | the atomic characteristics, namely, wavelengths
written as \, radiative transition probabilitied, , intensity factorQy,
. . L and autoionization energiesE,, used to calculate
E B,_(s)( Jpn Jpn ) D(ZLO)(cos 0) polarization-dependent spectra of Be-like Fe dielectronic sat-
C 1 1 2 ellite line spectra are listed. Also displayed in Table | is the

P(s)=—

jph Jpn L degree of polarization of each dielectronic satellite line
> BL(S)( )P(”(cos 0) Po(s), which has been computed using the formalism dis-
L 1 -10 cussed in Sec. Il A. Atomic data have been calculated using
(28) the 1Z perturbation theory and approximation for atomic
structure calculations implemented in thig code[35,36;
autoionization energieE, have been determined using the
data from[37] and are schematically illustrated in Fig. 1. As
it is seen in Fig. 1, to produce Be-like Fe dielectronic satel-
Yite lines the energy of the beam has to be in the range
4.665—-4.775 keV. There are 16 lines listed combined into 8
3 si0B,(s) peaks, which correspond to spectral features that can be iden-
_ 2 ) (29 tified in the present experimental spectra. For comparison,
2\/1_OBO(S)+(3 cog6—1)By(s) the lines in Table | are also labeled according to the notation
of [38] where they were discussed in terms of their contri-
If B,(s)=0, then the line has a zero degree of polarizationbution to tokamak spectra. Peaks 4, 5, 7, and 8 are formed by
For nonzeraB,(s) the degree of polarizatioR(s) is maxi-  single lines. All other peaks consist of more than one line.
mum for #=90° and Eq{(29) can be reduced to the simple Relativistic effects are important for the Be-like Fe ion and
form intercombination lines, such as 2, 10, and 16, are intense. In

For electric-dipole transitions the sum ouein the numera-
tor has only one term with =2 and in the denominator two
terms withL=0 and 2.

Thus the expression for the degree of polarization can b
rewritten as

P(s)=
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Li-like and —0.16 (S). For the level3P they are 0.7 P), 0.67
46968 (3s), and 0.17 fP). For J,=2 the largest mixing coeffi-
cients for the levePP are equal to 0.865p), 0.39 ¢D), and
o 0.27 (D). For the level3P they are 0.783P), —0.6 (D),
and 0.12 ¢D). For J,=3, only two levels are mixed, the
e mixing coefficients for the levetP are 0.98 ¢P) and—0.21
T (o).

Bedli To calculate the polarization of lines arising frof
e-like terms, we selected the main terr8 ¢r D) depending on
27288 which makes the largest contribution to the level. This main

153532 2233 :z to term is then used to calculate the polarization of lines arising
’ from P levels according to Eqg23) and (30). The largest
4665 eV to s neglected contribution to the polarization of the line due to
4775eV ). % this procedure is less than 2%. For example, le}f} is

described by arS main term, specifically®S;. Therefore,
line 1 arising fromgPl is unpolarized. The other lines aris-
I S _1s”2s ing from P levels are polarized. ThéPl level is described
20486 mainly by aD term, specifically®D,. Two different lines 7
FIG. 1. Schematic energy-level diagram of the relevant Fe ionand 14 arise from this particular level. They have a different
ization stages. All the energies are measured with respect to thiinal lower levelJ; and a different value of polarization. It
He-like Fe ground state. Each box represents groups of energy leghould be mentioned that although lines 1 and 14 have the
els associated with a given configuration; energy bounds for the boxame upper leveB,,L,,J, and lower levell;, they are
are indicated. Also shown are the ranges of energie_s .for resonaglescribed by different main terms. Thus lines 1 and 14 have
electron capture from the ground states of He- and Li-like Fe. gjtfarent values of polarization. Line 14 has the same polar-

. o .._ization as line 11, as their upper levels are described by the
general, the lines contributing to the same peak have differ. PP y

ent magnitudes and signs of the degree of polarizaflgn same quantum numbers, and the lower levels are also the
According to Eq.(1), if the sign ofP is positive, the line is same. The transitions froi levels withJ,=2 produce lines

predominantly polarized parallel to the electron-beam axisi9 and lObAgaLn,tv;/jgﬁhavett'th IeveOI|§ \{V'th the satme quzn&f
and if the sign ofP, is negative, the line is predominantly um numbers but different intermediate momenturm and dit-

polarized perpendicular to the electron-beam axis. ferent main terms. Specifically, the main term P, is
Since we are assuming that electron capture originatesP2: Hence, the polarization of line 10 arising from this

only from the ground level €2s 2S,, of Li-like Fe, then in level is the same as of line 15. _The most complex case is

the pureLS-coupling scheme autoionization levels associ-observed for the levefP,, for which we have not one but

ated with the configurationss2p? and termsS andD can  tWo mainD terms, namely/D, and °D,. This is taken into

be populated, i.e., account in the calculation of polarization of line 9 arising
from this level. The value of polarization of this line is in
1522s 2S, ,+ ks—152s2p?(s channe), (31)  between the values of polarization of lines 2 and 13, having
the same lower levels. The last line in Tablé.é., line 16
1522s 2S,,+ kd—1s2s2p?(d channe). (32  arises from &P level with J,=3. The main term for thi$

level is *D5. Hence the polarization of line 16 is the same as
The corresponding transitions arising from these levels arghat of line 12. As was mentioned above, all upper levels of
lines 2-6, 8, 11-13, and 15 in Table I. All lines arising from Be-like Fe considered here belong to the configuration
terms populated via the channel are unpolarizedee Egs.  1s2s2p?, which is populated viss and d channels. One
(23) and (30)]. Hence lines 3-5 are unpolarized. The polar-additionalp-electron capture channel exists, which gives rise
ization of lines 2, 6, 8, 11-13, and 15 was calculated accordp energy levels associated with the configuratie@s£2p.
ing to Egs.(23) and(30). All other lines, i.e., 1, 7,9, 10, 14, sjnce the autoionization energies of these levels are outside
and 16, occur from levels associated wihterms, which, the range of electron-beam energies considered in this work,
due to relativistic effects, are produced by mixing wgland  corresponding satellite line transitions were not taken into
D terms having the sam&,. There are two differenfP account.
terms corresponding to different intermediate  |n summary, it should be noted that E¢@3) and(30) are
momentum coupling. The termi# and 3P denote the inter- written for the case of puréS coupling, but they are still
mediate momentum coupling p2(3P)2s(°P)1s P and  valid in our case. First, we have only two channels of elec-
2p?(3P)2s(*P)1s 3P, respectively. The mixing of termS,  tron capture, which allowed us to treat the upper levels ac-
D, andP within a complex described by the same parity andcording to the way in which they were prepared. Thus we
the samel, increases witlZ and becomes significant for the can calculate the polarization of lines arising fr@&and D
case of Fe £=26). All lines arising from levels withJ,  levels. Second, in most cases we have only one main term
=0 are unpolarized. Lines arising from nonzelp levels for eachP level; this allowed us to use the quantum numbers
may show polarization. Fal,=1, the largest mixing coef- of the main term for the calculation of the polarization of
ficients for the leveEP are equal to 0.83P), —0.57 D), lines arising fromP levels.
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FIG. 2. Theoretical polarization-dependent spectrum of Li- and Wavelength (A)

Be-like Fe calculated for two different energies of the electron
beam:(a) E,=4.698 keV andb) E,,=4.717 keV.— — —, intensity
associated with the parallel polarization state;, intensity associ-
ated with the perpendicular polarization state;—, total intensity.
Spectral features in Be are labeled according to the peak labeling
Table I. The Li spectral features were discussed in [34].

FIG. 3. Theoretical polarization-dependent spectrum of Be-like
Fe calculated for three different energies of the electron béam:
E,=4.734 keV,(b) E,=4.762 keV, andc) E,=4.775 keV.— — ,
(i)ligtensity associated with parallel polarization state;, intensity
associated with perpendicular polarization state;, total inten-
sity. Spectral features are labeled according to the peak labeling of

C. Polarization-dependent spectra Table I.

Theoretical results for polarization-dependent spectra of
dielectronic satellite lines in Be-like Fe are presented orcussed in detail elsewhef29,30. Since the intensities of Li
Figs. 2a), 2(b), 3(a), 3(b), and 3c) calculated for five dif- and Be lines are proportional to the populations of different
ferent energies of the electron bealy=4.698, 4.717 keV  ground state$He- and Li-like ions, respectiveljthe adjust-
in Figs. Za) and 2Zb), respectively, and,=4.734, 4.762, ment of their relative intensities is, to some extent, arbitrary.
and 4.775 keV in Figs. @), 3(b), and 3c), respectively; However, the intensities of all Be lines displayed in Figs. 2
these energies are in the range of the autoionization energiesd 3 are proportional to the Li ground-state population and
listed in Table I. Since we compare synthetic polarizationthe changes in total intensity distribution of the spectra re-
dependent spectra with experimental spectra recorded at tlilect the dependence @, . As E;, increases, Be peaks 1 and
LLNL EBIT (see Sec. Il theoretical results were calculated 2 are the first ones to “turn on” and then 3-7 follow. For
assuming electron-beam characteristics and line profiles suik,=4.775 keV(the highest value considered hepeaks 1
able for the experimental conditions and instruments used a&nd 2 begin to “turn off.” Peak 4 consists of a single, po-
the LLNL EBIT, namely, the distribution of energies in the larized line(line 10 that is an intercombination line and due
electron beam was modeled with a Gaussian function of 470 relativistic effects is very pronounced in the Fe spectrum.
eV of full width at half maximum(FWHM). Line shapes Another strong intercombination lingine 2) is also promi-
were experimentally determined, approximated by numericahent at high values d&,, but it blends with unpolarized line
fits, and used to model line transitions. In particular, for the3 to form peak 6. Peaks 1-3 contain lines with the lowest
results presented in Figs. 2 and 3 we used Voigt line shapeslues ofE, (see Table )l and can be observed when the
of Voigt parametea=0.7 and FWHM equal to 0.5 mA. The Li-like emission becomes important, i.e., for electron-beam
Be spectral featurepeaks are labeled according to Table I. energiesE,<4.72 keV. In general, lines with different de-

The spectra displayed in Figs. 2 and 3 illustrate the mairgrees of polarization blend to give rise to peaks and the po-
properties of the theoretical results: the dependence of the larization properties of these spectral features can be traced
spectra on the electron beam eneEjyand(ii) the polariza- back to those of their constituent lines.
tion properties of the spectra. First, as the value of the Three traces are shown in Figs. 2 and 3, which represent
electron-beam enerdy,, increases different electron capture the intensity distributions associated with the parallel polar-
resonances are excited and the spectrum changes signiftation state, perpendicular polarization state, and their sum,
cantly. ForE,=4.698 keV (lowest value considered hgre i.e., the total intensity at 90°, calculated according to Egs.
some Li-like lines are still prominent; these lines were dis-and(8). This way of presenting the results clearly shows the
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relative contributions of parallel and perpendicular polariza-crystals used in this experiment and for the modeling are
tion states to the total intensity distribution and highlightsgiven in [42]. The LiF220 crystal has a spacing ofd2
those peaksi.e., spectral featurgghat have significant po- =2.848 A, corresponding to a nominal Bragg angle of 41° at
larization. The larger the difference between the intensitythe wavelengths of interest. The (D0 crystal has a spac-
distributions associated with parallel and perpendicular poing of 2d=4.027 A, corresponding to a nominal Bragg angle
larization states, the larger the polarization of the peak. Peaksf 27.50° at the wavelengths of interest. The relative reflec-
where the two traces are identical are unpolarized. Also, it isivities for the LiR220 and the LiF200) crystals were cal-
interesting to note the differences in relative intensity distri-culated to beR,,,=0.12 andR,y;=0.56 using the data of
butions associated with each polarization-dependent spe®ef.[42]. These values are close to those for perfect crystals.
trum. This is clearly observed in peaks 2—4 and 6, whichThe use of these values seemed appropriate for the crystals
have strong polarization. The fact that the spectral intensityve used, as they showed only a small degree of mosaic
distributions for the parallel and perpendicular componentspread in x-ray topographic tedtg4]. It is possible, how-
are different is important and it can be used to develop poever, that in the process of bending the crystals, the amount
larization spectroscopic diagnostics of electron beams. Fasf mosaic spread has increased. This would have decreased
peaks 1, 5, and 7 parallel- and perpendicular-component irthe value ofR. We did not test for this.
tensity distributions lie closer to each other and hence these The spectrometers wavelength scales were calibrated us-
peaks have weak polarization. Note that while peaks 5 and ihg the wavelengths of the four well-known He-like Fe lines.
are made out of a single, unpolarized line each, peak 1 regFhese are the resonance limethe magnetic quadrupole line
resents a blending of five lines with different degrees of pox, the intercombination lingy, and the forbidden linez,
larization. Unpolarized spectral features in unresolved satelwhich represent transitions from thes2p 'P,, 1s2p 3P,,
lite structures can play the same role for cross normalizations2p 3P,, and 1s2s 3S; states, respectively, to thes? 1S,
as unpolarized lines in the case of well-resolved, Sing|e-|in@round state. Also, the resonance limavas measured with
spectra. both spectrometers and the recorded line shapes were used to
model the individual lines in the Be-like spectra. The
electron-beam energy was put on an absolute scale and its
[ll. EXPERIMENTAL DETAILS AND MEASUREMENTS energy width determined by scanning the voltage of the
electron-beam power supply from 4.79 to 4.90 kV. Spectra
were gathered and the intensity of the well-isolated firie
MLi-like Fe, corresponding to the transitionsap? 2Dy,
—1s%2p 2P, was plotted as a function of the beam en-
ergy. The Auger energy dfis known to be 4.664 keV and
llowed the calibration to be carried out. An offset of 170 eV
tween the nominal beam energy given by the power supply
voltage and the actual beam energy was determined by this
rocedure. This offset is caused by the space-charge effect of
e beam electrons39] and it could be scaled for all other
nergies using the fact that it varies inversely as the square
root of the beam energy. The energy width of the electron
beam was estimated to be approximately 47 eV from the
analysis of the variation of the intensity of lijewith E, .

The experimental spectra were collected at the LLNL
EBIT. The operation of EBIT has been described in detail i
previous articles and review27,39. Only the specific de-
tails relevant to the accumulation of the polarization-
dependent Be-like Fe spectra will be discussed here. Tw
sets of spectra were accumulated simultaneously at ea
EBIT electron-beam energy, using two individual von-Ha
mos spectrometer setupd0]. The spectrometers observed
photons emitted along axes perpendicular to the electro
beam axis and their dispersion planes were also normal tQ
the electron-beam axis. One spectrometer used &220F
crystal and the other one a L0 crystal. Both crystals
were bent to 30 cm radius, providing an instrumental resolv
ing power of \/AN = 2200 and 1500, respectively. These

! . This procedure was also done for the Be lit&® andE7
crystals were chosen because of appropriate integrated "S§hd a consistent value of the width was obtained. The data
flectivitiesR, andR| for x rays polarized perpendicular and

. were collected at seven corrected electron-beam energies in

para!lel, respectively, to th_e electron-beam axis, whic_h MNhe range 4.669—4.792 keV. The spectra, accumulated simul-
turn is parallel and perpendlcular_to the spectrometers Q'Speféneously by the two spectrometers, differ due to the differ-
sion plane in the present experimental setup. In particular X

) L L o ent crystal relative reflectivities and reflection coefficients.

the r_e_la_tlve reflectivinR=R, /R |n_d|cate_s the polarization The theoretical polarization-dependent intensities were then
s_ensmwty of the crystal,.as the intensity of the observedused to model the spectral intensity distributions for com-

lines is given by the relationship parison with those observed by the spectrometers.

lobs= Ryl +R. 1, (33 IV. COMPARISON OF THEORETICAL
AND EXPERIMENTAL RESULTS

where | and I, are the x-ray intensities for polarization  Figures 4—8 show the comparison between theoretical and
components parallel and perpendicular, respectively, to thexperimental spectra. The five electron-beam energies indi-
electron-beam axis. Using crystals with very different valuescated, i.e., 4.698, 4.717, 4.734, 4.762, and 4.775 keV, were
for R provides the most polarization sensitivity to the experi-the energies used to model the data. The top panel of each
ment. R is strongly dependent on the Bragg angle and orfigure shows the spectrum obtained with (3B0 crystal,
whether or not the crystal is perfep#1,42. In fact, the which represents emission from an almost-pure parallel po-
relative reflectivity is described bir=|cos"(d)|, whered is larization state. The bottom panel shows the spectrum ob-
the Bragg angle andstm=2. The characteristics of the two tained with LiK200 crystal. It represents emission from a
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FIG. 4. Comparison of experimental spectr(#a) and theoret- FIG. 5. Comparison of experimental spectr¢s) and theoret-
ical spectrum of Li-and Be-like Fé— — —) calculated at the ical spectrum of Li-and Be-like Fé— — —) calculated at the

electron-beam enerdy,=4.698 keV associated witta) an almost  electron-beam enerdy,=4.717 keV associated witf®) an almost
pure, parallel polarization state aribd) a mixture of polarization pure, parallel polarization state arlb) a mixture of polarization
states. states.

mixture of both polarization states. As the electron-beam en-
ergy is increased, the observed spectra change significantly. 3001 d
The energy range was chosen to bracket maximum emission
from Be-like Fe. As the value d&, increases, different elec-
tron capture resonances can be excited and the spectral line 200 1
emission changes. At the lowest energy Li-like ion lines are
dominant(Fig. 4); atE,=4.717 keV there are some features
due to Li-like ions, but they are smaller in comparison to
lines from the Be-like ion(Fig. 5). As the energy increases,
the Li-like lines vanish; however, starting Bt =4.762 keV,
B-like ion lines appear and become very intenseEgt
=4.775 keV. An analysis of the B-like emission will be

100 3

!

discussed elsewhere. 1501 D 5

To aid the comparison, the theoretical spectra were con- ‘
volved using a single Voigt profilé/oigt parameten = 0.7 11
and FWHM equal to 0.5 mjfor the data recorded with the 100

Intensity (arb. units)

LiF(220 crystal and a double Voigt profiléboth with pa-

rametersa= 0.7 and FWHM equal to 0.832 mA, but with a
relative offset of 0.2 mAfor the LiF(200) crystal data. The 50 3
values of the electron-beam energies used for producing the
theoretical spectra were selected to produce the best agree-

ment with the measurements. The values used were never 0 ‘ ‘ ‘ )

more than+4 eV from the experimental value. This was 186 187 1.88 1.89

justified considering comparable uncertainties in the experi- Wavelength (,&)

mental electron-beam energy and magnitude of the calcu-

lated resonance energies. FIG. 6. Comparison of experimental spectr¢#) and theoret-
The agreement between theoretical and experimentaal spectrum of Be-like Fé— — —) calculated at the electron-

spectra is overall very good. The agreement extends from Beam energyE,=4.734 keV associated witte) an almost pure,
good reproduction of the energy dependence of the ling@arallel polarization state ar) a mixture of polarization states.
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FIG. 7. Comparison of experimental spectr(#a) and theoret- FIG. 8. Comparison of experimental spectr¢s) and theoret-
ical spectrum of Be-like Fé— — —) calculated at the electron- ical spectrum of Be-like Fé— — —) calculated at the electron-

beam energyE,=4.762 keV associated witfe) an almost pure, beam energyE,=4.775 keV associated witte) an almost pure,
parallel polarization state an@) a mixture of polarization states. parallel polarization state ar{t) a mixture of polarization states.

L . . . L . V. SUMMARY AND CONCLUSIONS
emission, the line position, and the relative line intensities to

the polarization-induced differences between the spectra We have studied theoretically and experimentally the po-
from the two crystal spectrometers. This good agreemeriarization properties of dielectronic satellite lines of Be-like
demonstrates that modeling of beam-excited, polarizationFe ions excited by an electron beam. Using the photon den-
dependent spectra can be accomplished with confidencsity matrix formalism, we have calculated the degree of po-
Some disagreements can be noted, but these are for weliization of each dielectronic satellite line. Specifically,
lines, for example, peak 1 in the L0 spectrum of Fig. 4, from a total of sixteen lines we found that four of them were
peak 3 in the LiF220) spectrum of Fig. 5, peak 7 in the unpolarized, while the other ones had different degrees of

LiF(220 spectrum of Fig. 7, and peaks 2—4 in the (480  Polarization either parallel or perpendicular to the electron-
spectrum of Fig. 7. beam axis. Based on the calculated atomic and polarization

Very important for developing polarization diagnostics is characteristics of satellite lines and on the assumption of a

the good agreement between theoretical predictions and dah ussian d'ftgt;ﬁt'oln fqntctlont fodr. E[hg (ta_lectron bg?n:j, Wt?]
for lines that are sensitive markers for polarized line emis-'2ve COMputed fhe N Intensity distribution associated wi

sion. These include the pair of features labeled 1 and 2 an'atates of polarlz_atlon_ parallel and per_pe_ndlc_ular to the
electron-beam axis. With these spectral distributions we have

the pair labeled 5 and 6. The polarization sensitivity arises

. ) . modeled the complex dielectronic satellite line spectra of
from the fact that these pairs are made up of lines with nearly ., e Fe ions excited by an electron beam. We have com-

opposite polarization properties. Peak 2 is comprised of tWoy, e our synthetic spectra with experimental measurements.
I!nes with positive polarization, whlle peak 1 contal_ns_ five The experimental data were collected at the LLNL EBIT

lines that on average are negatively polarized. Similarlyysing two crystal spectrometers that simultaneously recorded
peak 5 consists of an unpolarized line, while peak 6 containgpectra over a range of electron-beam energy under identical
two lines that on average are strongly negatively polarizedexperimental conditions. One spectrometer recorded an
Looking at Figs. 4—6, a clear difference in the observed inaimost-pure polarization state spectrum, while the other one
tensity ratio of peaks 1 and 2 is seen when comparing theecorded a mixture of both components. The agreement be-
LiF(220 and LiF200) spectra. The same is seen when look-tween theoretical and experimental spectra is good at each
ing at the ratio of peaks 5 and 6 in Fig. 7. This behavior iselectron-beam energy. This agreement confirms the good re-
reproduced very well with our model calculations. The ratioproduction of the energy dependence of line emission and
of the two features in each pair can therefore be used as @olarization sensitivity of the satellite spectra. Polarization

clear marker for polarization. markers have been identified, which can be used to infer
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