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Measurement of the electron cyclotron energy component of the electron beam
of an electron beam ion trap
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~Received 31 July 2001; published 26 November 2001!

The energy component associated with the cyclotron motion of the beam electrons in the Livermore EBIT-II
electron beam ion trap was inferred from measurements of the linear polarization of theK-shell x-ray lines
emitted from heliumlike Mg101 ions. The average line polarization was found to be reduced by about 20%
from its nominal value. From this it was inferred that the electron cyclotron motion accounted for 190
630 eV of the total electron beam energy. The measured value is in good agreement with the predictions of
optical electron beam propagation. It does not agree with the estimates derived from other model assumptions,
such as the rigid-rotator model, for determining the size of the energy stored in the electron motion perpen-
dicular to the beam propagation direction.
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m
tia

ee
t

am
s
c

n

ion
o
f
s
le
n
In
o

th
t

on
so
p
a

ne
in
m
u
c-
tic

g
-

is
ent

ion
n in
he
rs-

he

ted

sti-

n-
g

f

sti-
r to
ups

a
ved
ion
I. INTRODUCTION

The electron beam ion trap utilizes a magnetically co
pressed electron beam to produce, trap, and study essen
any ion from any element of choice@1–3#. Radial slots allow
direct, line-of-sight access to the interaction region betw
the trapped ions and the electron beam. By measuring
radiation produced by the ions excited by the electron be
cross section determinations for a variety of atomic proces
have been possible. Examples are measurements of ex
tion @4–7#, ionization @8,9#, and dielectronic recombinatio
@10–15# cross sections.

The use of an electron beam interacting with quasistat
ary ions means that the emitted radiation generally is b
anisotropic and polarized@16,17#. As a result, the intensity o
a given emission feature from a beam-excited ion depend
the observation angle relative to the axis defined by the e
tron beam. It also depends on whether or not the emissio
analyzed with polarization-sensitive instrumentation.
some regards, these phenomena are similar to those enc
tered in beam-foil spectroscopy@18#, where a beam of ions
traverses a cloud of electrons ‘‘trapped’’ in a foil. In bo
cases, adjustments to account for polarization effects mus
made lest wrong results are obtained.

Adjustments for polarization effects in electron beam i
trap experiments are not without complications. One rea
is that a given electron in the electron beam does not sim
travel in the direction of beam propagation. Its path inste
traces out a helix, as it spirals around the magnetic field li
aligned with the beam propagation axis. Ions, therefore,
teract with electrons with velocity vectors that deviate fro
that of the beam direction. The net result is that the amo
of polarization is reduced from what it would be, if all ele
trons were truly following a straight line along the magne
field direction.

The amount of depolarization depends on the pitch an
of the electron motion, i.e., on the angleg between the mag
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1063-651X/2001/64~6!/066408~6!/$20.00 64 0664
-
lly

n
he

,
es
ita-

-
th

on
c-
is

un-

be

n
ly
d
s
-

nt

le

netic field line and electron’s velocity vector. This angle
determined by the ratio of the electron’s velocity compon
along the magnetic field line and that perpendicular,

tang5
v'

v i
, ~1!

or

sing25
E'

Ebeam
, ~2!

whereEbeam is the beam energy andE' is the electron en-
ergy in the motion perpendicular to the beam propagat
direction. A simple expression that describes the reductio
the polarization of the emitted radiation as a function of t
pitch angle was recently derived by Gu, Savin, and Beie
dorfer@19#. For electric dipole radiation they showed that t
polarizationP is reduced to

P5P0

223 sing2

22sing2P0

. ~3!

HereP0 is the polarization for a zero pitch angle.
The perpendicular velocity component can be estima

from several considerations. Beiersdorferet al.used the Her-
rmann theory of optical electron beam propagation to e
mate 110 eV for the value ofE' in Livermore’s EBIT-II
electron beam ion trap@20#. Independently, Taka´cs et al. es-
timated a value of 700 eV for the National Institute of Sta
dards and Technology~NIST! electron beam ion trap usin
the theory of rigid beam rotation@21#. They estimated an
even higher value (<1000 eV) based on the principle o
adiabatic magnetic flux invariance.

The nearly one-order-of-magnitude difference in the e
mated energy stored in the electron motion perpendicula
the beam propagation direction estimated by the two gro
is disconcerting in the light of the fact that this estimate is
critical parameter used to adjust the values of the obser
radiation and thus, for example, of measured electron-
interaction cross sections.
©2001 The American Physical Society08-1



ti-
t

at
s
s

lt
a

te

b
ie

on
re

we

oi
.
r

ee

m
i

we
op
as
c

th
-
ic

o
d
ix
cu
th

di
ro
a

ta

ec
th
h
he
a-
, a
n
s

m
d

a-
ion

e
e

e
-

for
lar-
on
o-
e
-

za-

eri-

f

-II
long
are
gun

the
spec-

of
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Takács et al. supported their choice of methods for es
mating the perpendicular energy component by pointing
the fact that the NIST electron beam ion trap can be oper
only as low as 700 eV@21#. Their suggestion is that at thi
energy all electron energy is in the perpendicular motion
that beam propagation no longer takes place. This resu
surprising given that the NIST electron beam ion trap w
build according to the Livermore design@22#, — and both
Livermore devices, EBIT-II and SuperEBIT, can be opera
with a beam energy as low as 100 eV@23,24#. By the same
reasoning, the optical theory of beam propagation should
the correct model, as only it predicts perpendicular energ
as low as 100 eV. While it is true that the NIST electr
beam ion trap is not a complete copy of the Livermo
design—some small design changes were made that
intended to improve the performance of its operation@22#,
the design differences are not sufficient to mandate a ch
of model for estimatingE' that differs for the three devices
In fact, the design difference between the two Livermo
electron beam ion traps is by far much larger than betw
EBIT-II and the NIST electron beam ion trap.

The large spread in estimates clearly make a measure
of the perpendicular energy component highly desirable
order to discriminate among the models. In the following
employ the techniques of plasma polarization spectrosc
for determiningE' . Plasma polarization spectroscopy h
already been applied to tokamak, solar, and laser-produ
plasmas for determining nonequilibrium components of
electron distribution function@25–27#. Our measurement fa
vors the prediction based on the Herrmann theory of opt
electron beam propagation, giving a value of 190630 eV
for E' .

II. EXPERIMENT

The measurement is carried out on the EBIT-II electr
beam ion trap using the vacuum flat-crystal spectrometer
scribed in Ref.@28#. The instrument is mounted on one of s
ports viewing the ions in the trap in the direction perpendi
lar to the beam. The plane of dispersion is parallel to
plane perpendicular to the beam direction, as illustrated
Fig. 1. The opening angle of the detector in the vertical
rection is less than 0.8°. This is sufficiently small as to p
vide a reliable sample of radiation emitted at 90° to the be
propagation direction.

The spectrometer utilizes a thallium-acid-phtalate crys
~TlAP! with a lattice spacing 2d525.76 Å . This crystal is
well suited to record theK-shell x-ray lines of heliumlike
Mg101 and study the effect of polarization. The Mg101 spec-
trum is centered around 9.25 Å . In first order Bragg refl
tion, the observation angle is 21.4°. In second order,
observation angle is 45.2°. In the latter position, only t
emission component with electric field vector parallel to t
plane of the crystal~and parallel to the electron beam prop
gation! is reflected and counted. In the former position
mixture of both polarization components are reflected a
counted. The present measurement utilizes the difference
the crystal response at these two Bragg angles to deter
the polarization of the observed lines. The present metho
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similar to the two-crystal method employed in earlier me
surements on the EBIT-II and SuperEBIT electron beam
traps@20,29–32#.

The observed Mg101 spectrum is comprised of th
1s2p 1P1→1s2 1S0 resonance line, the blend of th
1s2p 3P1→1s2 1S0 intercombination line and the
1s2p 3P2→1s2 1S0 magnetic quadrupole line, and th
1s2s 3S1→1s2 1S0 forbidden line, which are commonly la
beledw, y, x, andz, respectively.

We have chosen the lines in heliumlike magnesium
determining the amount of depolarization because the po
ization P0 of these lines in the absence of depolarizati
effects is well known from theory and experiment. The p
larization of linesw andx is within a few percent the sam
for all low- and mid-Z heliumlike ions at similar electron
collision energies expressed in threshold units@33,34#.
Within a few percent above excitation threshold the polari
tion of w andx is P0(w)50.60 andP0(x)520.52, respec-
tively. The accuracy of these calculations have been exp
mentally verified for several heliumlike ions@20,32,35#.

The value of the polarization ofx determines the value o
the polarization ofz. In magnesium, the 1s2p 3P2 upper
level of x decays 93% of the time to the 1s2s 3S1 upper level
of z. Following the expression derived in Ref.@20#, the po-
larizationP0(z) of z in terms of the polarizationP0(x) of x
is

P0~z!51
3kP0~x!

3A5/72P0~x!~A5/71k!
. ~4!

FIG. 1. Layout of the flat-crystal spectrometer on the EBIT
electron beam in trap. Ions are produced and trapped in a 2-cm-
region between the superconducting Helmholtz coils. The ions
excited by an electron beam propagating between the electron
and the collector. X rays are monitored via the radial ports in
vacuum vessel and are analyzed and dispersed with the crystal
trometer in the plane perpendicular to the propagation direction
the electron beam.
8-2
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The factork is proportional to the fractional excitation ofz
by cascades from the 1s2p 3P2 level @20#. It was shown in
Ref. @32# to depend only on the branching ratiob r for radia-
tive decay of the 1s2p 3P2 level to the 1s2s 3S1 level. For
b r50.93 @36# we find k50.377.

Another reason to pick heliumlike magnesium for det
mining the amount of depolarization is that the atomic nu
ber of magnesium is low enough so thatLS coupling is valid.
This eliminates the uncertainty in ascertaining the polari
tion of line y, as the 1s2p 3P1 upper level ofy mixes only
negligibly with the 1s2p 1P1 upper lever ofw. The polariza-
tion of y, therefore, equals that ofx, and the unresolved blen
of y andx has the same polarization asx or y alone.

The spectrum of the magnesium Ka transitions recorded
with the TlAP crystal in first order is shown in Fig. 2~a!. The
spectrum recorded in second order is shown in Fig. 2~b!. The
second order spectrum has considerably higher resolu
than the first order spectrum. This is expected from
higher intrinsic resolving power of the crystal in second
der Bragg reflection and the fact that the resolving pow
increases with the tangent of the Bragg angle. The data w
accumulated at a beam energy that was about 50 eV a
threshold for direct excitation of the lines of interest, avo
ing the above-threshold KMM resonances.

III. ANALYSIS

The relative intensities of the heliumlike lines shown
Fig. 2 are clearly different in the two spectra. To obtain
quantitative measure of the intensity of each feature we u
least-squares fits of different trial functions to the line:
single Gaussian, a double Gaussian, a Lorenztian, and a
ture of a Lorentzian and a Gaussian trial function. T
double trial functions are used to fit the rather narrow pe
and the rather wide base of the observed lines. The inte
ties determined from the fits with these trial functions a
listed in Table I.

The fits with the double trial functions gave much bet
fits then those with a single function. The use of a Lorenzt
function ~either alone or in combination with a Gaussia!
was somewhat problematic, because the inherently br
he

nd
e
th
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tails are poorly constrained and may readily lead to spuri
results. This is true even if the residuals intimate an excel
fit. Because of their extensive tails, the fits involving
Lorentzian function result in considerably higher line inte
sities than using only Gaussian functions.

The intensities in Table I are used to infer the polarizat
of a given line relative to the polarization of second line. A
shown in Ref.@32#, we can express the polarizationPa of
line a in terms of the polarizationPb of line b,

FIG. 2. Crystal-spectrometer spectra of linesw, x, y, andz in
Mg101 excited by a 1400 eV electron beam.~a! spectrum obtained
with a TlAP crystal in first order reflection at a Bragg angle of 21
~b! spectrum obtained with the same crystal in second order re
tion at a Bragg angle of 45°.
Pa5

I a

I bU
1

S 11R1

12Pb

11Pb
D ~R211!2

I a

I bU
2

S 11R2

12Pb

11Pb
D ~R111!

I a

I bU
1

S 11R1

12Pb

11Pb
D ~R221!2

I a

I bU
2

S 11R2

12Pb

11Pb
D ~R121!

. ~5!
es

lts
Here I a/I b is the intensity ratio of linesa and b. The sub-
scripts refer to the order of Bragg reflection in which t
ratio is measured.R5R' /Ri is the ratio of the integrated
crystal reflectivities for x rays polarized perpendicular a
parallel to the electron beam directions, i.e., parallel and p
pendicular to the plane of dispersion, respectively. Again,
r-
e

subscripts refer to the order of Bragg reflection. The valu
of R are taken from@37#: R150.605 andR250.004.

Using the iterative procedure described in Ref.@32# and
the fact that the polarization ofz is completely determined by
the polarization ofx ~and thus ofy), we can determine the
polarizations of all lines from the data in Table I. The resu
8-3
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TABLE I. Intensities of the heliumlike linesw, x1y, andz measured in first and second order with
TlAP crystal obtained with different trail functions.

Single Gaussian Double Gaussian Lorentzian1Gaussian Single Lorenztian
Line 1st 2nd 1st 2nd 1st 2nd 1st 2nd

w 2750 7672 2820 7814 3137 8331 3168 8586
x1y 708 1066 707 991 679 1078 679 1168

z 1487 2724 1567 2830 1720 3069 1761 3230
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are given in Table II.
The polarization values inferred from the four differe

fitting procedures show interesting trends. The inferred
larization of w increases fromP50.46 to P50.64 when
considering the single and double Gaussian fits, the Ga
Lorentzian fit, and the single Lorentzian fit. The value
ferred from the Lorentzian fit is larger than that predicted
theory, and thus is unphysically large. Similarly, the inferr
polarizations of the blend of the intercombination linesx and
y steadily increase fromP520.40 inferred from the single
Gaussian fit toP520.13 inferred from the single Lorentz
ian fit. The inferred polarizations of the forbidden linez
steadily increase fromP520.15 toP520.055. The result
is that the fits involving a Lorentzian function show a stro
depolarization of linesx, y, andz, while they show that line
w experiences no depolarization or even an increase in
polarization value. The results inferred from fits involvin
Lorenztian functions are, thus, highly contradictory. By co
trast, the polarization values derived from fitting Gauss
functions to the data are self-consistent. All three line f
tures show similar amounts of depolarization.

By comparing the polarization values inferred from t
line intensities in Table I to those predicted by theory~listed
in the last column of Table II!, we can determine the amoun
of depolarization and thusE' . Solving Eq.~3! for E' , we
get

E'5
2~P02Pi !

P0~32Pi !
Ebeam, ~6!

wherei refers to linesw, x1y, andz. The resulting values
are listed in Table III.

The internal inconsistency of the data inferred from t
Lorentzian fits is even better seen in when looking at theE'

values listed in Table III: TheE' values derived forw range
from a nonphysical235 eV to 14 eV; those derived for
the other features range from1931 to 11920 eV. These

TABLE II. Polarization inferred from the data in Table I. Als
listed are the polarization values for an electron beam withou
perpendicular component of electron motion.

Line
Single

Gaussian
Double

Gaussian
Lorentzian
1Gaussian

Single
Lorenztian Theory

w 0.46 0.55 0.61 0.64 0.614
x1y 20.40 20.37 20.205 20.13 20.519

z 20.15 20.14 20.083 20.055 20.185
06640
-
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y

its
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-

inconsistencies arise from the poor constraint on the w
wings afforded by the Lorentzian trial function.

By contrast the Gaussian fits giveE' values that range
from 100 to 277 eV forw, and from 154 to 229 eV for the
three triplet lines. The results are plotted in Fig. 3. The
results are clearly consistent with each other. In fact,
results strongly suggest that a fitting function might exist
which all three features yield the same value ofE' . The
average value ofE' is 190630 eV.

IV. DISCUSSION

Our result ofE'5190630 eV is in agreement with the
predictions of the optical approach by Herrmann@38#.
Herrmann showed that cathode images are formed at var
locations along the beam axis, whereby the magnitude of
transverse velocity is inversely proportional to the radii
the images. This means that the product of beam area
tranverse electron energyE' is a constant.E' can thus be
estimated from the temperature of the cathode of the elec
gun and the areal compression ratio of the beam. The
temperature is about 1400 K~0.123 eV!, and the beam radius
at the cathode is about 1 mm. The beam is compresse
about 25mm in the trap. Using these values, we obtainE'

5194 eV, in full agreement with our measurements. Th
values, however, are only estimates; they are not w
known. But the answer shows that consistency with our m
surements can readily be achieved. The temperature of
filament may vary between 1000 to 1600 K, depending
the filament heating current. Similarly, the radius of the el
tron beam may vary between 25 to 35mm, depending on
such parameters as the beam current and bucking coil
ting. As a result, the value ofE' predicted by the Herrmann
theory may vary between 50 to 250 eV. The estimate of 1
eV provided in Ref.@20# falls well within this range.

Our measured value does not agree with the 700 eV
diction provided by the rigid rotator approach employed
Takács et al. to describe the electron beam ion trap at NIS

a TABLE III. Values of E' inferred from the data in Table II.

Single
Gaussian

Double
Gaussian

Lorentzian
1Gaussian

Single
Lorenztian

Line ~eV! ~eV! ~eV! ~eV!

w 277 100 4 235
x1y 165 229 956 1920

z 154 217 931 1880
8-4
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MEASUREMENT OF THE ELECTRON CYCLOTRON . . . PHYSICAL REVIEW E64 066408
@21#. The rigid rotator approach assumes a uniform elect
density within a cylindrical volume@39#. Such an idealized
situation is not realized in an electron beam ion trap. N
only are there gradients in the radial electron density, th
are strong gradients along the electron beam direction.
magnetic field of the Helmholtz coils is uniform onl

FIG. 3. Dependence of the linear x-ray polarization of lin
w, x, y, andz of Mg101 on the size of the electron energy com
ponent perpendicular to the beam propagation direction. The
beam energy is set to 1400 eV. Measured values are shown
spectral data analyzed with single Gaussian~solid symbols! and
double Gaussian~open symbols! trial function fits.
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throughout a relatively small length within the trap regio
~about 4 cm!. The magnetic field, and thus the beam rad
and electron density, are highly nonuniform for the rema
ing >95% of the beam path. There is no reason why
rigid rotor model should be applicable, and our measu
ments bear this out. The strong magnetic field gradie
~from essentially zero field at the gun to 30 000 gauss in
trap! that are traversed by fast moving electrons also inv
date the applicability of the principle of adiabatic magne
flux invariance.

Our measurements provide strong support for the opt
beam transport theory derived by Herrmann@38#. This is
comforting, as the Herrmann theory was used as one of
underlying principles in the design of the electron beam
trap @1#. The Herrmann theory yields a good upper bound
the energy in the electron cyclotron motion, and thus p
vides an upper bound on the amount of depolarization of
emitted radiation.
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