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Abstract

We present a theoretical formalism for calculating the anisotropy and polarization of photon emission
due to a spiraling beam of electrons in an electron beam ion trap (EBIT). We present measurements of
the polarization for the Fe XXIV 4p 2P3/2 2828, /2 X-ray transition due to electron impact excitation.
We discuss these results, together with previously reported EBIT polarization measurements, in the light
of electron spiraling. We find that spiraling effects cannot yet be discerned in these measurements. This
is important for many EBIT measurements concerned with X-ray line intensity measurements. While
the amount of spiraling is not accurately known, neglecting its effects introduces an error typically no

larger than that given by counting statistics.

1 Introduction

A unidirectional beam of electrons colliding with atomic or ionic targets may produce anisotropically emitted,
partially polarized line radiation [1, 2, 3]. The emitted intensity from the target system depends upon the
angle of observation relative to the axis defined by the beam. The measured intensity depends upon the
angle of observation and wheth;r or not the instrument used to analyze the emission is polarization sensitive.
In this paper we discuss anisotropy and polarization issues relating to electron-ion collision studies which
use an electron beam ion trap (EBIT) and detect the resulting photon emission. In particular we focus on
the effect on the observed polarization of electron motion perpendicular to the electron beam direction.
EBITs use a magnetically confined, directed beam of unpolarized electrons to produce and trap an
ensemble of unpolarized ions [4, 5, 6]. The theoretical formulae for calculating polarization of photon emission

from an EBIT has been presented by Beiersdorfer et al. [7] for a unidirectional beam. The electrons in an



EBIT, however, are not truly unidirectional {7, 8, 9]. They possess a velocity component v, which is
perpendicular to the confining magnetic field B: This produces spiraling along B. The pitch angle § is given
by sin? @ = E, /E where E, is the electron energy component due to v, and E is the total electron energy.

The average value of E; depends on the EBIT operating conditions, but we can estimate it for optimal
operating conditions. The electron beam in an EBIT is formed in a region of low magnetic field strength.

The B field in the trapping region is typically ~ 3 T. Using the principle of adiabatic invariants [10, 11} gives

E, =E,. (%)2 =E,. (-g:) ¢))

where F, . is the transverse energy of the electrons at the cathode, r, is the radius of the beam at the
cathode, ry is the radius of the beam in the trapping region, and B, is the magnetic field strength at the
cathode. E| . is roughly given by the cathode temperature kgT, where kg is the Boltzmann constant and T,
is the cathode temperature. For the Lawrence-Livermore EBIT, r, = 1.5 mm, r, ~ 30 um and kg7, ~ 0.1
eV [4, 5, 7] which yields E;, ~ 250 eV. E, has also been estimated for the NIST EBIT [12] using two
different techniques. The first technique used the electron cyclotron frequency as an upper limit on the rigid
rotation of the beam, from which an estimate of E, <700 eV was derived [9]. The second technique involved
a theoretical estimate of B.. Také4cs et al. [9] derived a value of B, ~ 225 pT. Their cathode temperature
was kT, ~ 0.13 eV and they find E; ~ 1700 eV.

In this paper we investigate the effects of a non-vanishing value of E, , i.e. of electron spiraling, on EBIT
measurements. In Section 2 we use the theoretical formalism given by Stefan and Alder {13} to describe the
photon emission from an EBIT taking spiraling into account. Section 3 discusses experiments to measure the
polarization of the Fe XXIV 4p 2Py/; — 2s 2S;, transition produced by electron impact excitation (EIE).
Section 4 discusses measurement uncertainties and presents our results. In Section 5 we discuss the results of
our new polarization measurements as well as several previously reported EBIT polarization measurements

[7, 8, 9] in the light of the effects of electron spiraling.

2 Theory

Here we develop theoretical expressions for the predicted angular distribution of photon emission from an
EBIT. We are interested in collision processes which form an excited ion of initial total angular momentum
J; which then radiatively decays to a final state of total angular momentum Jy. Our analysis follows the
prescription of Steffen and Alder [13] and is valid for initial and final states of definite angular momentum.

We begin by defining three reference frames: the laboratory frame, the photon frame, and the electron

frame. The relationship between the three is shown in Figures 1 and 2. In the laboratory frame S, B defines
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Figure 1: The relationship between the labora- Figure 2: The relationship between the labora-
tory frame S and the photon frame S... The pro- tory frame S and the electron frame S.. The pro-
jection of the z,-axis onto the zy-plane is shown jection of the z.-axis onto the zy-plane is shown
by the dashed lines. The z,-axis lies in the zy- by the dashed lines. The z.-axis lies in the zy-
plane. plane.

the +z-axis. In this frame, the directions of the electron velocity v, and of the emitted photon k are given,
respectively, by their polar angles 8 and O, and azimuthal angles ¢ and ®. The +z-axes of the photon frame
S, and the electron frame S, are determined by k and ve, respectively. The +z-axis of S, is defined by
B x k. To bring S to S, a rotation R(®, 0, /2) is performed, where R(a, 3,7) is the rotation operator
expressed in Euler angles [14, 15]. We define the +z-axis of S, by ve x B. A rotation R(—7/2,6,7 — ¢)
brings-S. to S.
For radiative decays i — f, the probability of detecting a photon emitted in the direction k using a
detector with an efficiency matrix € is given by [13]
Wk,e) =Y <tlpd(Jy)lr' ><7'lelr > (2J; + 1)*/2 (2)
7
where < 7|p3(Js)|™" > is the reduced matrix operator in the S frame for a single photon process, pd(Jy) is a
2 x 2 matrix, and 7 and 7' label photon helicity states. A label of 7 or 7' = +1(—1) corresponds to left(right)

circularly polarized light [14]. Re-expressing < 1|p§(Jy)|7" > in terms of the statistical tensor before photon



emission, p)(J;), gives

(L L ,\) y

i =\t -7 pu 2J; +1\'?
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Here L is the order of what Steffen and Alder call a pure 2 multipole decay; the quantities in the large
parenthesis denote Wigner 3-j symbols; and «y(rL) is the multipole transition amplitude with = = E(M) for

electric(magnetic) transitions. F\(LL'J;J;) is given by

F,\(LL’J;J.-)=(—1)"*"‘"1[(2)\+1)(2L+1)(2L’+1)(2J.~+1)]‘/2(11; L 3){5 ‘3 }f } (4)

where the quantity in the large braces denotes a Wigner 6-j symbol. The properties and values of the 3-5
and 6-j symbols are given by Cowan [16]. D{Y*(S — S,) = D{Y*(®,©,7/2) is the rotation matrix from S
to S,. The rotation matrices are described in detail in Refs. {14] and [15].

EBIT measurements commonly use detectors which are sensitive to linearly polarized radiation. For

these detectors, the efficiency matrix in the representation of helicity states is given by [13]

=5 g %) ®

where £ is the total efficiency of the detector; « is the angle between the polarization axis of the detector
and the z.,-axis; and Q is the linear polarization efficiency. We define the efficiency for radiation polarized
along the polarization axis of the detector as £, = %(1 + @) and perpendicular to the polarization axis as

Es = %(1 — Q). The efficiency matrix may now be written as

- l gg + gp (gp - gp)eh‘i2a
€=3 ( (Es — Ep)et? Eo+ & : (6)

A straightforward manipulation of Equation 3 gives

dQ [ 24; +1\/? (M)
< 7|3 > = e ( : ) P oMI)AED* (S = S,) (7
[[eA] o 27,71 ; 2 ()43 Dy :
et f2J;+1 1/2 "
<rdUpl-> = T(FET) LA DR - 5. ®
Agq

A}, ALy, and D5 (A3, A5 ,, and D) correspond to T = +1(~1) and

A5 = Y BEILIInELy L) / > hxL)? (9)
Lx
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A = z (—1)L+L'+A(")+M"')F,\(LL'JfJ;)'Y(WL)’Y.(""'L') / Zh’(n’L)P (10)
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where A(E) = 0 and A(M) = 1. It can be shown that AY* = AY and A3 = (~1)*AF,, which ensures
that pJ(J;) is hermitian. Symetry under time reversal implies the transition amplitudes y(nL) are all real
or all pure imaginary [14]. So Af’z is real and Ai, = (-—1)"Af’2. The angular distribution factor can now

be written
an 1/2 A
W(2,0,0,6,,6) = 1= D @+ 1)200()
Ag

1/2

(& - £)[ 41,05 (2,0,7/2 + )

+(-1)* 45,05 (8,0,7/2 + a)] } (13)
Here we have used [15]
DO*(8,0,7/2) = ( 2)\4: 1) v Yy, (©,) (14)
where Y, is the spherical harmonic and
- DY (2,0,1/2+0a) = D (®,0,1/2)e*?. (15)

The radiating system is formed by an electron colliding with a quasistationary ion. In this, the S, frame,
the system is axisymmetric along ve and the initial statistical tensor p;" is nonzero only for ¢ = 0. The

statistical tensors in S and S, are related by the rotation

P)(Jin6,0) = 3 pHI)DYN (~7/2,6,7 - ¢)
ql
= pMNI)DY* (~7/2,0,7 — ¢) (16)
where
R =T (% M (a7)



The factor g,, represents the population density of the magnetic sublevel m. The m values are quantized
along v.. The density matrix p’ is normalized so that Txp' = ) . gm = 1. It is convenient to introduce the

orientation parameters which are defined as
Ba(J:) = @J; + 1)Y2p50 (). (18)

The density matrix is normalized so that By=1.

The electrons in an EBIT can be described by a pitch angle distribution f{cos#), which we normalize
so that f_{l d(cos8) f(cos8) = 1. The electrons travel along the ~ 3 T magnetic field lines in the trapping
volume, spiraling incoherently with a cyclotron frequency of ~ 5.3 x 10! revolutions s~1. For kinetic energies
<100 keV, the electrons undergo 2 25 revolutions as they traverse the observed central 1 cm length of the
trap. This large number of revolutions allows us to calculate the initial statistical tensor of the radiating

system by averaging Equation 16 over § and ¢. This gives

1 2
AU = [ deostifieosd) [~ 5EA0,6)
1 2n d .
= R [ deost)fieosd) [ DG (/20,7 - 0)
= 6qgg,\p;)‘(J,') (19)
where
1
o= / d(eos ) f(cos 0)P cos) (20)

and Pj(cos8) is the Legendre polynomial. Using Equations 13, 18, and 19 yields the angular distribution

factor for radiation produced by a spiraling beam of electrons,

daf _
W(,0,0,6,8) = 30— ZgAB,\{(Sp + E)(AL + (=1)* A5)Pa(cos ©) — (£, ~ £,)
A

- x[41,D85(8,0,7/2+ 0) + (-1*45,D5"(@,6,7/2+ )] }. (21
Here we have used
an \V2_,
(2/\—_’_1) Y% (©,8) = Py(cos O). (22)

Parity is typically a good quantum number for atomic states. When this is true, the multipole transition

amplitudes y(wL) and «(n’'L’), which link the same initial and final states, vanish unless
mimy = (~1)FHA) = (—) LA (23)

where 7; and 7; are the parities of the initial and final states [14]. This ensures that {~1)F+E"+A(m+ A") = 1.

We can now define the angular distribution coefficients Ay and Ay 2 as

A,\ = A}' = A; (24)
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AA,g = A}:2 = A;,T (25)

Since Ax2 = (—1)*Ax 2, it vanishes for A = odd. A, is normalized so that Ag = 1. The rotation matrix

elements D[(,':\g; can be expressed [15, 17]

(A)e (’\ _ 2)! e (2) 20
Dyiy (2,0,7/2+a)=— m Py (cosB)eT (26)

where Pﬁz)(cos ©) is the associated Legendre polynomial. Using Equations 21, 24, 25, and 26 gives

an

W(®,0,a,8,8,) -

Z grBa [ (&p + E4)ArPr(cos B)

Az=even
A-2)!

(A +2)!

1/2
) P§2) (cos ©) cos 2a ] . (27)

The above derivation is valid for an admixture of multipole transitions. For atomic systems, the approxi-
mation of transitions as single multipole operators is accurate so long as (aZ.ss)? < 1, where a is the fine
structure constant and Z.z; is the effective nuclear charge of the ion [18]. In this approximation, L = L'

and the angular distribution coefficients become

Ay = F\(LLJ:Jy) (28)

(L L A )

1 1 -2

= (M™M= - * /7 4

Ana = (- L4, (29)
1 -1 0

The angular distribution factor can now be written

do
WO,06,8) = T 3 nMBi[(E +E)Pa(cos©)

A=even

—(&p — £)FA(L)P? (cos ©) cos 2a] (30)

where

(,\—2)!)1’2 ( f 11; —/\2 ) 31)

= —({—1YMm
iy =-(=1) ((,\+2)s L L Y
1 -1 0
Taking £,(&,) = 1(0) and £,(&,) = 0(1), the emitted angular distribution along the p and s axes of the
detector, is given, respectively, by

W,,(,,(e,a)=‘;—‘: Y aAB [Px(cosé)):F L) P (005 6) cos 20 (32)

A=even

where the —(+) corresponds to the p(s) polarization component of the radiation. The polarization factor
P(©,a) can be defined

W,(0,a) - W,(0,a)
W,(0,a) + W,(0,a)

P©,a) =

7



Y AE)PP (cos©)grBria

A=even

> Pr(cosO)gaBadr (33)

A=even

For a non-spiraling beam, © = n/2, and a = 0, this matches with the standard definition of the polarization

= cos2a

factor [1, 2, 3]. Equation 30 can now be expressed in terms of P(0, a) as

dQ
W(O,0,6,,E) = 5 €.+ &)+ (& - )P, a)] 3 Pu(cos®)grasBi (34)
A=even
For a polarization insensitive detector, &, = £, = £/2, and
£dQ
w(®) = o > 93ArBAPy(cos ©). (35)

A=even

The vast majority of EBIT measurements involve the detection of dipole radiation (L = 1) using photon

detectors placed so that © = 7/2 and a = 0. For this situation

_ F3g242B,
P_———_2-—92A232' (36)
Here we have used

Po(O) = +1
1
P(0) = -3
PP0) = +3
1
L) = ¥3

go=Ao=By = +1

where —(+) corresponds to electric(magnetic) dipole radiation. We define P = P for situations where the

pitch angle of the electrons 6 = 0, in which case gx = 1 and

- _ F34:B2
P_2—A2B2' 37
Re-writing equation 37 in terms of A2 Bs gives
2p
AsBy = ——. 38
=503 (38)
P can now expressed in terms of P as
392
P=P——. 39
37 0-wP 39)
If the electrons have an arbitrary fixed pitch angle 8y, i.e. f(cos8) = d(cos8 — cosfp), then
= 1.3 .
g2 = 2 + 3 cos” g
= 1- %e (40)



where € = sin? 8y = E /E. The polarization of photon emission from an EBIT is then given by

2 -3¢
=P BT (41)
and the angular distribution factor by
| 0 3
W&, &) = 8—‘"_ [(E. + Ep) + (& — gp)P] m. (42)

Thus we find for dipole radiation that if f(cos@) = d(cos@ — cos8y) accurately describes the electron pitch
angle distribution, then the effect of electron spiraling on the anisotropy and polarization of the emitted
radiation can be fully and easily accounted for using only the pitch angle 8y and the polarization P for a
non-spiraling electron beam.

The upper level in the i = f decay may sometimes be populated by cascades from a higher-lying excited
level. The effect of cascades on the predicted emission is calculated through the use of the de-orientation
factor as described by Stefan and Alder [13] and applied to atomic transitions by Beiersdorfer et al. [7]. This
factor is unaffected by electron spiraling.

3 Experimental Technique

The electron density in the Lawrence-Livermore EBITs [4, 5, 19] can be varied between ~ 10! - 10*2 cm—3.
The energy spread of the electron beam for typical operating parameters is AE ~ 50 eV [5, 20]. For typical
measurement energies AE/E << 1 and the beam energy can be approximated as monoenergetic. In this

approximation, the total line formation rate can be written

I = o(E)ve(E) / ne(t)ng(£)d°r (43)

where o is the total cross section for collisionally producing the line of interest and includes cascade contri-
butions; n.(r) is the electron density at r; n,(r) is the density at r of ions in charge state ¢ of the element of
interest; and [ d®r is over the volume of the trap. Excited ions are assumed to radiatively decay on a time
scale significantly shorter than either the trapping time of the ions or the timescale over which the charge
balance in the trap may change.

The diameter of the electron beam in EBIT is ~ 60 um [5). The attractive potential of the electron
beam and the applied magnetic field confine the ions in the radial direction. The temperature of the ions
is ~ 600 eV for operating parameters typically used for EBIT spectroscopy measurements {21, 22]. If the

radiative lifetime of the excited ions is <1079 s, then the excited ions will radiatively decay primarily within



the confines of the electron beam. Photon emission from EBIT is thus similar to that from an entrance slit
for a spectrometer.

We have used a flat crystal spectrometer (FCS) [23, 24], for the present measurements. Crystal spectrom-
eters are polarization sensitive instruments. The reflectivity of a crystal is different for photons polarized
perpendicular to the dispersion plane (s-polarized) and for photons polarized in the dispersion plane (p-
polarized) (25, 26]. The dispersion plane of the FCS on EBIT is perpendicular to the magnetic field that
confines the electrons (i.e., ® = n/2 and a = 0). The FCS views the central ~ 1 cm length of the trap.
Between EBIT and the FCS is a 4um thick polypropelene window. X-rays are detected using a flowing gas
proportional counter [27] with a 4um thick polypropelene window. There is a continuous flow of 90% Ar
and 10% CHj at a constant pressure of ~ 1 atmosphere. A series of vertical apertures collimate the ob-
served emission for a maximum divergence of < 18 milliradians in the vertical dimension. In the horizontal
dimension the angular width of the collected radiation overfills the angular acceptance angle of the crystals
used.

The intensity of a dipole transition as measured using a crystal spectrometer can be calculated by
multiplying Equations 42 and 43. W is essentially constant over the solid angle collected by the crystal
spectrometer (CS). So, setting £, = TDYR, and £, = TDyR,, we have

_ 3TDY|(Rs + Rp) + (R — Rp)P] (I
1% = 2(3F P) (41r) (44)

where T accounts for all window transmittances, D is the detection efficiency of the proportional counter, ¥
is the effective vertical angle collected by the spectrometer, and R, and R, are the integrated reflectivities of
the crystal for radiation polarized, respectively, perpendicular to and parallel to the dispersion plane. The
solid angle dQ? is implicitly accounted for in the terms ¥R, and ¥ R,.

Poiariz'ation measurements of dipole transitions are carried out using a crystal spectrometer and simul-
taneously observing two lines, a and b, with nearly identical Bragg angles. If the two line are emitted by the
same charge state, then the measured line ratio will be independent of [ nengd®r. Assuming that T, A, R,,
and R, are essentially constant over the range of Bragg angles spanned by the two lines, then we may use

Equations 43 and 44 to write
12 _[1+f+(1-f)Ploa
IS5 T 1+ 7+ (- NBo

where f = R,/R,. Polarization factors are determined by observing the same pair of lines with two different

(45)
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Figure 3: Iron spectrum recorded at an electron Figure 4: Iron spectrum recorded at an electron
beam energy of 4.6 keV. The spectrum was col- beam energy of 4.6 keV. The spectrum was col-
lected over ~ 26 hours using an ammonium di- lected over ~ 27 hours using an a-quartz (1010)
hydrogen phosphate (101) crystal in first order. crystal in first order. Lines are labeled using the
Lines are labeled using the notation of Table 1. notation of Table 1.
Label Fe Ion Transition A(A)
B1 XXII 822p 2P1/2 - 282p1/25p1/2 3/2 7.865
El XXII 252p 1P — 2s5d 1 D, 7.901
E2 XXIII 282p 1P, — 2555 15, 7.936
L1 XX1v 2s 251/2 - 4p P3/2 7.986
L2 XX 2s 251 2 — 4p P 7.996

B2 XXII 25%2p 2P1 12 — 2825d D3 /2 8.091

Table 1: Observed iron spectral lines. Line identifications and wavelengths come from Wargelin et al. [28].
The labeling convention is L for Li-like Fe XXIV, E for Be-like Fe XXIII, and B for B-like Fe XXII

crystals. Using Equation 45 for the two different crystals, 1 and 2, P, can be expressed in terms F; as

(#), (1) (e +1) - (B), (1 +1) (i5RA +1)

P, = (46)

T k), (- (RA+) - (5), (1) (ERA Y

where we have dropped the CS superscript for convenience. Equation 46 simplifies somewhat if the J; = 1/2

for line b. For this situation, B(1/2) is nonzero only for A < 1 so that P, = 0.

4 Measurement

Measurement of the Fe XXIV 4p 2P, 72—28 28, /2 polarization produced by EIE were carried out by measuring
its intensity relative to that of the 4p 2P, ;2 — 28 25; /, transition using two different crystals. Since J; = 1/2
for the 4p 2P,/ —28 25,5 transition, the line is unpolarized and thus provides an ideal polarization reference.

Representative iron spectra collected for the present results are shown in Figures 3 and 4. Figure 3

was obtained using an ammonium dihydrogen phosphate [ADP (101)] crystal and Figure 4 using an a-
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quartz (1010) crytsal. All spectra were collected in first order. Line ratios were determined using the fitted
integrated line intensities. Observed lines are listed in Table 1. Line identifications and wavelengths are
from Wargelin et al. [28]. The spectra consist ;:nt.irely of lines due to Fe XXII, XXIII, and XXIV. Spectra
collected when no iron ions were in the trap were devoid of any discernable spectral lines. Contamination of
the observed spectra from elements other than iron is thus believed to be insignificant.

Observed line intensities may be affected by recombination-cascade processes such as charge transfer (CT)
with background gas molecules or radiative recombination (RR) with either beam electrons or low energy
background electrons. The effects of CT and RR on Fe XXIV EIE produced (3p 2P3;,—238285, /,)/(3p 2Py 2~
25 28y/,) and (4p 2P3)3,1/2 — 28 2S1/2)/(3p 2Py 2 — 28 25, s5) line ratio measurements was investigated by
Savin et al. [29] and found to be insignificant. By inference, we assume that both CT and RR have an
insignificant effect on the measured (4p 2P/, — 28 25)2)/(4p 2Py 2 — 28 25, 3) line ratios.

Measured line ratios were reproducible to within 5 to 7 percent. This is slightly greater than predicted by
1o counting statistics and is attributed as to variations introduced when determining the background levels
of the collected spectra. The resulting uncertainties in the measured polarization factors were determined
by calculating the variance of Equation 46 [30].

The value used in Equation 46 for f depends on the Bragg angle, 6p, of the observed line. The Bragg
angle was calculated using the measured wavelengths of the Fe XXIV lines [28] and the measured 2d spacing
for a-quartz (1010) [31, 32] and ADP (101) crystals [33, 34]. Uncertainties in the measured wavelengths and
2d.., spacings have an insignificant effect on the present results.

The values of f used were determined from theoretical considerations and the reported measured proper-
ties of a-quartz and ADP. For a perfect crystal with negligible absorption, f = |cos(28p)|; but for a perfect
crystal with with non-negligible absorption, f may be significantly less. For a mosaic crystal f = cos?(20p)
[25, 26] ’I"he properties of a-quartz (1070) deviates from those of a perfect crystal at ~ 8 A (roughly the
wavelength of the Fe XXIV 4p — 2s lines) [35]. The value of fyuart: at ~ 8 A is bounded by the theoretical
values of 0.764 for a perfect crystal and 0.584 for a mosaic crystal. ADP is a crystal with a significant amount
of absorption [26]. The value of f4pp at ~ 8 A is bounded by the theoretical values of 0.046 for a perfect
crystal with absorption [26] and 0.016 for a mosaic crystal. We used the limits on the theoretical values of
fquartz and fapp to calculate average values which we then used in the Equation 46. Using the uncertainties
in f for the different crystals, we determined the resulting uncertainties in the measured polarization factors
by calculating the variance of Equation 46.

Table 2 lists the uncertainties associated with the 4p 2P; 72 — 28 28, /2 polarization measurement. Uncer-
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“Source 25 keV 4.6 keV
Line intensity measurements using:

a-quartz(1010) 0.089 0.147

ADP(101) 0.094 0.101
Theoretical f values:

a-quartz(1010) 0.008 0.050

ADP(101) 0.003 0.012
Quadrature Sum 0.130 0.186

Table 2: Summary of uncertainties for Fe XXIV 4p 2Py, — 23 2512 polarization measurements. All
uncertainties are quoted at a confidence level believed to be equivalent to a 1o confidence level.
tainties are quoted at a confidence level believed to be equivalent to a 1o statistical confidence level. The
uncertainties are treated as random sign errors and added in quadrature.

The measured polarization factors of Fe XXIV 4p 2P;;; — 28 25,/, line emission produced by EIE at
collision energies of 2.5 and 4.6 keV are shown in Figure 5. The error bars represent the estimated 1o

uncertainties.

5 Discussion

In order to estimate the effect of electron spiraling on the measured polarization of the Fe XXIV 4p 2P3/; —
28 25}, transition, we plot in Figure 5 the theoretical polarization factors as a function of collision energy
for E; = 0, 250, and 700 eV. We have assumed that f(cos®) = &(cos@ — cosfp). The collision energy
was above the ionization potential for Fe XXIV [36] and cascades contributed to the observed 4p — 2s lines
intensities. A relativistic distorted wave code was used to calculate the population of the magnetic sublevels
m due to electron impact excitation [37). Radiative rates and cascades branching ratios were calculated
using a malticonfiguration, relativisitic, parametric potential method in intermediate coupling [38]. Using
these theoretical atomic data, a collisional-radiative model was constructed to determine the g,,, values for
the initial statistical tensor p§* (¢f. Equation 17). Cascade contributions to the theoretical polarization were
account for as described in Beiersdorfer et al. [7].

As can be seen in Figure 5, the present results are in reasonable agreement with theory. The agreement
does not depend on whether or not spiraling has been taken into account. This is a result of three factors:
the relatively small value of E, /E for the energies at which the measurement were carried out, the moderate
polarization of the lines, and the large error bars.

Polarization measurements using the present technique involve subtraction (¢f. Equation 46). To produce

polarization measurements with small relative uncertainties requires that the uncertainties in the values being
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4p 2P3;, — 28 28,/ polarization factor. The
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lo uncertainties. The theoretical values are
shown for E; = 0 eV (solid line), 250 eV (dashed
line), and 700 eV (dotted line).

R e —
i I
os | s St w ]
-
-] P
o
3
g oo
& o
K4 el
& S~ T ]
-05 | T e e GG X
} 4
9
—I-OP.“‘I‘.. L r L bedadtaa a A o 4 2 o 1

6 10 15 30 a5 40

20 25
Atomic Number

Figure 6: Measured and theoretical polariza-
tion factors for 1s2p 1P, — 15?2 15; (w) and
1s2p 3P, — 152 15, (z) line emission in helium-
like ions produced by electron impact excitation
at threshold. The measured value for Sc XX (tri-
angle) is from Henderson et al. [8] and for Fe

XXV (circles) from Beiersdorfer et al. [7]. The
E, = 0eV theoretical values are from Beiersdor-
fer et al. Also shown are the theoretical polariza-
tion factors for E; = 250 eV (dashed line) and
700 eV (dotted line).

subtracted be extremely small. Meeting this requirement is often limited by counting statistics which only
improve as the square root of the data acquisition time. One quickly runs into the limits of diminishing
returns. This means that the effect of electron spiraling in many cases will not be significant. Uncertainties
determined by statistics will typically be larger than the effect of spiraling. This was also noted in Refs. [7],
[8] and [9] and now is confirmed by our rigorous analysis.

We have also reanalyzed the previous polarization measurements of transitions in heliumlike ions [7, 8]
in light of our analysis of electron spiraling. The polarization factors for 1s2p 'P, — 1s* 'S, (w) and
182p 3P, =» 1s? 15, (z) line emission produced by electron impact excitation at threshold are 2 0.6 and
< - 0.5, respectively. Figure 6 shows the theoretical polarization factors of w and z as a function of atomic
number Z for E, = 0, 250, and 700 eV. Note that as Z increases, the threshold excitation energy increases,
and E, /E decreases. In light of the 1o error bars of the measurements, we note again that the effects of
electron spiraling is unimportant in these measurements. However, the measured polarization factor of Fe
XXV z does strongly suggests that E; was significantly less than 700 eV for the Fe XXIV measurements.

Depolarization of the observed line emission can occur due to electron collision which redistribute the
population of the m levels of the excited state. We estimates these effects to be insignificant for the Sc XX, Fe

XXIV, and Fe XXV results. If we assume the m-changing cross section is ~ 1071 cm? (a large overestimate

14



for such highly charged ions), then the m-changing rate coefficient is ~ 3 x 10~7 em® s~1. For typical EBIT
electron densities, this yields an m-changing rate of ~ 4 x 10° s~ which is significantly smaller than the
radiative rates for the transitions of interest. However, m-changing electron collisions may be important for
forbidden transitions with radiative lifetimes of ~ 1 us.

Polarization measurements have also been carried out for a magnetic quadrupole transition in neonlike
barium at energies 2 5.0 keV [9]. The measured polarization ranged between ~ —0.25 and 0.05. We expect
that electron spiraling probably has an insignificant effect on the measured polarization. The polarization

factor is relatively small and the value of E, /E also relatively small.
6 Conclusions

We have presented a theoretical formalism for calculating the anisotropy and polarization of photon emission
due to a spiraling beam of electrons in an EBIT. We have presented polarization measurements of the Fe
XXIV 4p 2P, /2 — 28 28, /2 transition due to EIE and discussed previously reported measurements in an
attempt to determine the importance of electron spiraling. We showed that the effect of electron spiraling is
smaller or equal to the accuracy limits of the present measurements. Measurments at very low beam energy,
where E; /E approaches unity, may show a strong effect provided statistical uncertainties are kept small.
The insensitivity of most crystal spectrometer measurements to spiraling effects is the result of the fact that
polarization is in general only a relatively small correction to the observed line intensities. The bulk of this

correction can be carried out without knowledge of the exact value of E| .
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