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Polarization properties of ion-excitation mechanisms in high-voltage gaps
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We investigate the excitation of atomic levels in a high-voltage discharge gap by studying the spectrum of
the 2p-3d transitions of LiI atoms flowing in the gap. The Stark splitting of this transition, due to the gap
electric field, enables resolving the lines originating from different magnetic sublevels of the 3d level. We
show that the atomic level populations are dominated by excitations due to ions accelerated in the gap. The
directionality of the ion beam induces magnetic sublevel populations that are remarkably different from the
statistical distribution, where the major role is played by the relatively low-energy ions accelerated near the
ion-emitting surface. By accounting for the polarization properties of the beam-induced level excitations we
were able to obtain good agreement with observed populations of atomic levels with differentml values.
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I. INTRODUCTION

Experimental systems characterized by the acceleratio
charged particles, such as ion accelerators and plasm
odes, are employed in various areas of research. In such
vices, the energetic particles generally collide with oth
atomic species that are either present as an ambient g
are externally injected. The collisions affect the atomic le
populations of the excited atoms or ions, which then unde
the spontaneous emission that may serve for studying co
tions in such devices. In the area of plasma physics, ato
emission spectroscopy in ion-accelerating gaps provide
tool for investigating various atomic-physics phenomena
der high electric fields, such as the Stark effect@1–3#,
electric-field induced tunneling@4#, and the reduction of tran
sition probabilities@5,6#. Evidently, the spectra obtained i
such experiments also provide diagnostics of the non-neu
plasma in the high-field acceleration gap.

The intensity of the spontaneous emissionP between lev-
els i and j is proportional toniAi j , whereni is the excited-
state population density andAi j is the Einstein coefficient
Therefore, accurate interpretations of line intensity meas
ments require knowledge of the population densities. F
thermore, the understanding of the level population mec
nisms is a requirement for extracting information
transition probability ‘‘quenching’’ at higher fields@6#.

Plasma polarization spectroscopy~PPS! @7# has recently
become of an increasing interest. The idea behind PPS is
polarized light emitted by plasma may be used to infer
presence of an anisotropy in the electric or magnetic field
in the particle velocity distributions. Provided that the und
lying processes are sufficiently well understood, the light
larization can thus be used to infer the fields and/or the
rectionality of the particle trajectories in the plasma.

Spectral line emission originating from atoms or ions e
cited by particles whose velocity distribution is anisotrop
is, in general, polarized, as has been known for almos
century@8#. The theory of such polarization phenomena w
further developed and improved later on@9,10#. It has been
1050-2947/2002/65~5!/052726~11!/$20.00 65 0527
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realized @11–16# that under conditions present in variou
plasma devices or environments, collision-induced le
alignment by electron beams may be a source of obse
polarization of the light emission. However, to the best
our knowledge, the role of ions in formation of orientatio
dependent level populations in high-voltage gap devices
not yet been addressed.

In this paper, we describe an analysis that provides m
ods to interpret the polarized spectrum that was observe
one such experiment. A motivation for this work was t
results of the high-electric-field measurements perform
with the ion-beam diode SABRE@17#, in experiments inves-
tigating the generation of lithium ion beams as a part of
ion-beam-fusion program. In these experiments, the cha
exchange of LiII accelerated from the anode surface w
neutral atoms in the immediate vicinity of the surface form
a stream of LiI moving from the anode toward the cathode
the accelerating gap@18#. Time- and space-resolved spect
from the LiI 2p-3d transition from the gap were measure
Near the end of the pulse the average field in the gap is a
0.5 MV/cm, low enough to ensure negligible quenching
the radiative-decay rates of the LiI 2p-3d transition and no
field ionization of the 3d levels. However, such a field is sti
large enough for the blue-shifted and the red-shifted~those
originating from the 3d ml50,1 andml52 sublevels, re-
spectively! Stark components of this transition to be r
solved. The ratio of the intensities measured with the ob
vation direction perpendicular to the electric field axis w
I 0,1/I 254.4860.22, whereI 0,1 and I 2 are, respectively, the
intensities of the blue- and red-shifted components of theI
2p-3d transition. This is a significant deviation from th
theoretical value of 7/3 calculated for conditions where
sublevels are statistically populated.

Here, we demonstrate that this observation can be
plained by accounting for the polarization of the sublev
populations produced by the excitation conditions in the g
An examination of plasma parameters in the diode show
that, for the specific conditions, theion-beam collisional ex-
citation is responsible for the formation of such polarizati
©2002 The American Physical Society26-1
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properties. The dominant role of ions and, correspondin
the negligible contribution of electrons in the level popu
tion formation, is due to the nature of high-power diodes.
these devices the typical electric fields are so strong
electrons are accelerated to energies very far in the cr
section asymptotic region corresponding to extremely l
excitation rates, while the ions move with relatively low v
locities, that lead to correspondingly high excitation rat
Differences between the ion-excitation rates for differe
sublevels produce sublevel populations that are consis
with the measured intensity ratio.

The experimental setup is described in Sec. II, a deta
description of the model is given in Sec. III, and the nume
cal calculations and results are presented in Sec. IV.
results are then discussed in Sec. V, including considerat
of other effects that could cause the anomalous subl
populations.

II. EXPERIMENT

The experiments were performed with an appli
magnetic-field extraction-geometry ion diode powered by
SABRE accelerator@17#. The cylindrically symmetric diode
configuration is shown in Fig. 1. In the extraction geome
ions born at the annular ring anode are accelerated along
direction of the cylindrical axis by an applied voltage puls
The SABRE diode in these experiments used an 11.3-
anode-cathode~AK ! gap and inner and outer anode radii
44 mm and 64 mm, respectively. The voltage pulse dura
is typically 40 nsec and it peaks at'4 MV. A 2 T magnetic
field in the radial direction~roughly parallel to the anode!
prevents electrons born at the physical cathode from cros
directly to the anode. The electronsE3B drift in the annular
direction, forming a cloud that fills the cathode side of t
diode. This electron cloud is known as a virtual cathode. I
are accelerated between the anode and the virtual cath
passing through the virtual cathode as they exit the diod

The results reported here were obtained during studie
laser-initiated lithium ion sources@19#. A 10-nsec full-width
at half-maximum, 1.06mm wavelength Nd:YAG~yttrium
aluminum garnet! laser pulse was injected along the cylind
axis and directed onto the anode using a conical mirror.
laser illuminates the anode with an'107–108 W/cm2 irra-
diance, forming a plasma that can supply ions to the ac
eration gap. The anode surface is a LiAg alloy, specia
formulated to promote the ability to control the adsorption
contaminants.

The focus of the present paper is on the atomic phy
information obtained during the ion diode experiments. T
behavior of the diode with this ion source is complex and
measurements of the diode performance will be repo
elsewhere. However, a qualitative description of the phys
governing the diode operation is needed in order to exp
the unique atomic physics opportunities that are presen
schematic diagram of the important physical processe
shown in the Fig. 1 inset.

Optimum diode performance is believed to require a la
fluence adequate to fully ionize the anode plasma. Ot
wise, as ions are accelerated through the remaining neu
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they undergo charge exchange@20#. The charge-exchang
neutral atoms retain the energy of the ions at the instan
the charge exchange, typically 10–50 keV@18#, which is
sufficient for the charge-exchange neutral atoms to fill
diode gap on the time scale of the diode pulse. Subseq
ionization of the charge-exchange neutrals atoms can di
the diode current away from the desired ion beam or it c
even lead to an AK gap breakdown, if the charge-excha
neutral atom density is large enough.

The neutral LiI atoms injected into the gap begin with
population distribution that depends on the details of
charge-exchange process that creates them. They then
counter both the relativistic electrons and the beam i
flowing in the gap. The collisions cause excitations and
excitations of the LiI levels. Another mechanism contribu
ing to the level population dynamics is radiative decay. T
emitted light is collected by the optical system.

Spectra were acquired using two separate time-reso
optical spectrographs@21,22#. A lens-coupled fiber-optic ar-

FIG. 1. ~Color! Schematic diagram of the cylindrically symme
ric SABRE ion diode. The inset illustrates the physical proces
near the anode that launch lithium atoms into the acceleration
LOS1 and LOS2 are spectroscopy lines of sight at 0.5 and 3.0
from the anode surface, respectively.
6-2
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ray collected light from an array of 1-mm-diameter spo
with the optical line-of-sight axis oriented parallel to the a
ode surface along a chord positioned at a 54 mm radius.
fiber diameter was 100mm and the 50-mm-focal-length len
provided a magnification of 0.1. The collection numeric
aperture was 0.011. One spectrograph system collected
from a spot centered at 0.5 mm from the anode surface
the other collected light from a spot centered at 3.0 mm~see
Fig. 1!. The light was transported from the diode region to
remote screen room using a 39.6-m-long fiber-optic link. T
spectra are insensitive to the polarization of the light gen
ated in the diode due to mixing of the polarizations as
light propagates through the fiber. The end of each fibe
coupled to a 1-m-focal-length Czerny-Turner spectrogra
equipped with a 300 l/mm grating that provided a recipro
dispersion of 33 Å/mm. A streak camera with a 40-mm-lo
photocathode spanning a 1300 Å range recorded the s
trum with a 1-nsec time resolution and 5.5 Å spectral re
lution. As in previous measurements@2#, the precision of
wavelength shift measurements was about ten times b
than the spectral resolution.

The spectroscopic data reported here were obtained i
experiment that used a relatively low laser power, such
the Li I density in the gap due to charge exchange was la
than desired for optimum diode performance. However,
enabled measurements of the LiI 2p-3d transition with ex-
cellent signal-to-noise ratio. Thus, data suitable for expa
ing knowledge of atomic physics can be extracted even fr
experiments with below-optimum ion-beam production.
this experiment, measurements of the Li velocities were
performed. The detailed study@18# of the lithium atom ve-
locities in the anode-cathode gap, performed on a differ
diode with a LiF anode for which no laser was used to p
duce the anode plasma, showed that the Li atoms are es
tially monoenergetic, moving with'50–70 cm/ms veloci-
ties, corresponding to'10 keV. For our case, the numbe
may need to be scaled down according to the lower fields
deal with here, resulting in neutral LiI energies of the orde
of a few keV. A lower bound for the atomic Li velocity ca
be derived based on the fact that it should be high enoug
cross the gap~at least, to the second line of sight! during the
pulse duration, giving'10 cm/ms. For these calculation
we, therefore, use velocities of 20 cm/ms, and then examine
the sensitivity of our solutions to a twofold variation in th
parameter.

A qualitative description of the LiI 2p-3d spectra ob-
tained in high-power diode experiments has been previo
reported@5,6#. In the present experiment the spectra from
fiber positioned nearest the anode exhibited continuum
unshifted spectral lines that indicate the formation of ano
plasma. While interesting for diode physics, this informati
is not used for the atomic physics studies reported here
portion of the time-resolved spectrum obtained from the fi
positioned at 3.0 mm from the anode in the present exp
ment is shown in Fig. 2. Early in the diode pulse the elec
field is 5–10 MV/cm, the 3d level is field ionized, and
2p-3d emission is not observed. This initial phase, des
nateddt1 in Fig. 2, is the period when an intense ion beam
generated. In the middle of the diode pulse the electric fi
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is 1–4 MV/cm and the 2p-3d is observed with a Stark-spli
pattern spanning up to 100 Å (dt2 in Fig. 2!. During this
phase, the details of the observed pattern may provide in
mation regarding both field-ionization rates and transit
probability quenching@4–6#. These data will be published
elsewhere. The focus of the present paper is the third ph
of the diode pulse when the electric field is below 1 MV/c
(dt3 in Fig. 2!. During the third phase the 2p-3d line is still
split into two resolvable components corresponding to
ml50,1 andml52 upper levels. A lineout averaging over
4-nsec interval during the third phase is shown in Fig. 3. A
obtained with theROBFIT @23# line fitting code is superim-
posed on the data. The relative intensity of the two com
nents was measured to be 4.4860.22 by computing a
weighted mean of theROBFIT results from a sequence o
lineouts taken over the 28 nsec duration of phase three.

III. THEORETICAL MODEL

We first consider the relative importance of electrons a
ions in populating the sub-levels of the LiI 3d level. Based
on the dominance of the ion excitations shown, the rate eq
tions for processes populating the various sublevels by
ion beam are constructed, the solution of which gives
population densities as a function of the time and space
the gap. The rate equations are initially formulated assum
monoenergetic lithium atoms flowing in the gap, excited b
singly ionized lithium beam accelerated in the diode g
Further, considerations will be presented discussing a ge
alization of this scheme.

A. Relative importance of electrons and ions

We first demonstrate the negligible role ofe-Li collisions
in the lithium atom excitations. Since collision losses in t

FIG. 2. A portion of the time-resolved spectrum measured at
mm from the anode in SABRE experiment no. 1892. The init
high-field diode phase, when the Li 3d is field ionized, is denoted
by dt1. The phase of 1–4 MV/cm field is denoted bydt2. The
0.2–1.0 MV/cm phase, addressed in this paper, is denoted bydt3.
As the diode electric field vanishes (dt4), the Li I 2p-3d compo-
nents merge into one unshifted line. The times given are with
spect to an arbitrary reference.
6-3
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diode gap are negligible, the energies of the ions and e
trons at a distancex from the anode are

EI5U~x! ~1!

and

Ee5Uo2U~x!, ~2!

respectively, whereU(x) is the self-consistent potential i
the diode gap, assuming zero potential at the anode. S
the energy of the electrons sufficiently far from the catho
is very high, thee-Li I cross section for a given transition
very small, approximated by the well-known; ln(E)/E or
;1/E asymptotes for dipole-allowed or dipole-forbidde
transitions, respectively. The Li1-Li cross-section behavior
since the ion energy is much closer to the threshold for
citation, can be estimated by scaling thee-Li cross-section:

sLi1-Li~E!.se-LiS m

M
ED , ~3!

wherem and M are the electron and the ion mass, resp
tively. The equivalent~scaled! energy of the Li ions is thus
&100 eV, even when the ions reach the cathode.

Comparing the collision raten, given bynsv for ions and
electrons, and neglecting the unimportant ln(E) factor, one
finds that

n i

ne
.AEe

EI
AM

m
. ~4!

In the middle of the gap, where energies of the ions a
electrons are comparable, the ionic contribution is thus ab
100 times larger than the electronic one. Closer to the c
ode, the ratio decreases, but only very close to the cath
does the electron collision rate become comparable to the
collision rate. This cathode region has not been studied in
experiments addressed here.

FIG. 3. Lineout averaging over a 4-nsec interval during thedt3

phase shown in Fig. 2. The experimental data are shown as
monds, the fits to the individual line components are dot-dash li
the background is a dashed line, and the composite fit is shown
solid line.
05272
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Formula~4! assumes the cross sections are far beyond
threshold. However, since the ion and neutral beams or
nate at the anode surface and propagate in the same d
tion, a noticeable part of the drift path of the neutral lithiu
~near the anode! corresponds to collisions with relativel
slow ions. Further, we will show that the populations of t
Li I 3d sublevels are mainly established during this pha
while during the rest of the LiI flight ~as the colliding ions
become more energetic and, therefore, the collisional c
sections drop sharply! the level populations become dom
nated by the 3d-2p radiative decay process. Narrowin
down our attention to the near-anode region, where
equivalent scaled ion beam energy is of the order of
transition thresholdEo , we can assume an approximate
constant cross sectionso for the Li1-Li collisions. The elec-
trons in the same region reach almost the entireeUo energy,
therefore, the ion to electron collisional excitation rate ra
near the anode surface is

n i

ne
.AeUo

Eo
Am

M
, ~5!

giving '103.1 Thus, we here only consider the Li1-Li colli-
sions for calculations of the LiI excited-level populations.

B. Rate equations

To calculate the LiI level populations we account for co
lisional excitations, collisional deexcitations, and radiati
decays. The populationNi of the Li I i th state is given by

dNi

dt
5(

j Þ i
~2Nin i j 1Njn j i 2NiAi j 1NjAji !, ~6!

where n i j stands for a collisional transition rate from th
statei to the statej ( i , j and i . j correspond to excitation
and deexcitation processes, respectively!. To account for po-
larization effects, one has to distinguish between the m
netic sublevels, therefore,i is characterized by theunlml& set
of quantum numbers~we neglect the fine structure, since th
Stark splitting of the LiI 3d level caused by an electric fiel
as low as 100 kV/cm considerably exceeds the spin-o
interaction effects — see, e.g.,@3#!.

The n i j rates are functions of time, since the ion-bea
energy varies along the ion-beam path. Using the neu
beam of a velocityvo as the reference frame, one obtains

n i j 5nIs i j ~EI8!v I8 , ~7!

wherenI is the ion-beam density, andv I8 andEI8 stand for the
ion velocity and energy in this reference frame, i.e.,v I85v I

2vo , and EI85Mv I8
2/2. The accelerated ions in the bea

are much faster than the LiI atoms, therefore,v I8'v I and

1Strictly speaking, the electrons near the anode are already
tivistic, and the cross sections deviate from the Born asymptote
some numeric factor. Therefore, the above ratio is probably a
times smaller.

ia-
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EI8'EI[U(vot). In addition, thenIv I product is JD /e,
whereJD is the diode current, carried by the~singly charged!
Li1 ions. Using Eq.~6!, we thus obtain

dNi

dt
5(

j Þ i
S JD

e
@2Nis i j „U~vot !…1Njs j i „U~vot !…#

2NiAi j 1NjAji D . ~8!

In the present system, the atoms~the level populations of
which are described by the rate equations! move with the
velocity vo from the anode to the cathode. The populati
densitiesNi(t) determine the emission spectra of the lithiu
atoms as a function of the distance from the anode surfac
these atoms move from the anode to the cathode. In ord
track the populations as the atoms travel across the gap
differential equations should be re-written to describeNi as
functions of the space coordinatex5vot rather than of time.
For the case of monoenergetic atoms~moving with a velocity
vo) this transformation is made by substitutingx for vot, i.e.,

dNi

dx
5

1

vo
(
j Þ i

S JD

e
@2Nis i j „U~x!…1Njs j i „U~x!…#

2NiAi j 1NjAji D . ~9!

C. Possible extensions

Let us consider some generalizations of the solution p
sented in the preceding section. First, the neutral LiI beam is
not necessarily monoenergetic. Instead, one can assume
the velocity distribution in the beam is governed by a pro
ability distribution functionP(v), such that*dvP(v)51.
Then, the correct level populations can be expressed as

Ni~x!5E dvP~v !Ni~v,x!, ~10!

whereNi(v,x) denotes thei th solution~i.e., the population
of the i th level as a function of the distance from the anod!
of the set of equations~9! solved forvo5v.

Similarly, the ion beam may consist of several species
differ by charge states and masses. The set of equations~9!,
generalized for this case, is given below:

dNi

dx
5

1

vo
(
j Þ i

S (
s

Js

Zse
@2Nis i j

s
„U~x!…1Njs j i

s
„U~x!…#

2NiAi j 1NjAji D . ~11!

Here,s stands for a component of the ion beam produced
a species with a chargeZs , yielding the full diode current
JD5(sJs , and s i j

s denotes the cross section relevant
collisions with this species.

A more interesting class of phenomena relates to
‘‘ A-quenching’’ effects. It is known~e.g.,@24#!, and has been
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observed@5,6#, that the matrix elements, and hence, the
cillator strengths, change when a sufficiently strong elec
field is applied. Consequently, the values of the Einstein
efficients Aji are altered by the applied electric field. A
equally important effect that also stems from the change
the matrix elements under the electric field is that, since
cross sections directly depend on the matrix elements, t
should experience a similar ‘‘quenching.’’ Thus, both t
Einstein coefficients and the cross sections should be m
eled as dependent on the electric fieldF(x) at any given
point x:

dNi

dx
5

1

vo
(
j Þ i

S JD

e
@2Nis i j „F~x!,U~x!…

1Njs j i „F~x!,U~x!…#2NiAi j „F~x!…1NjAji „F~x!…D ,

~12!

whereF(x)52dU/dx. For yet higher electric fields, whe
tunneling to continuum states start to play an important r
@25#, one has to take into account the field ionization too

IV. RESULTS

The set of the differential equations~8! was solved nu-
merically. In the numerical calculations, we used the follo
ing set of LiI states: 2s, 2p, 3s, 3p, 3d, and 4f , all includ-
ing their magnetic sublevels. The 4f level ~the only level
beyond then52 andn53 levels! was also included becaus
of its strong collisional~de!excitation rates with 3d. The
Einstein coefficientsAi j were taken from@26#. To the best of
our knowledge, there are no data, either theoretical or exp
mental, available for the collisional Li1-Li ml-resolved cross
sections. We thus used the respective electron-Li cross
tions, scaled according to Eq.~3!, and for energies below the
respective~scaled! e-Li threshold we used a simple,}E ex-
trapolation~the validity of such a substitution will be dis
cussed in the following section!. The e-Li cross sections in
the unlml& basis were calculated with a computer code@27#
that utilizes the convergent close-coupling~CCC! method.

For brevity, we here present only a few of the calculat
cross sections. The most important mechanisms popula
the 3d level are the direct excitation from the ground sta
and the 2p-3d excitation. In the latter case, the polarizatio
of the 3d level also depends on the polarization of the 2p
level, and, therefore, on the polarization properties of
2s-2p excitation process. The 2s-2p cross sections as
function of energy are given in Fig. 4. The total cross sect
is given in Fig. 4~a!, and the relative weights of the collision
between specificml are plotted in Fig. 4~b!. In the latter, the
dashed line corresponds to the absence of a polarization,
when all three possible collisional transitions (2s0-2p0 ,
2s0-2p11, and 2s0-2p21) are equally possible. The cross
section data obtained for the 2s-3d and 2p-3d transitions
are presented in a similar manner in Figs. 5 and 6, resp
tively, ~in the case of the 2p-3d transitions we summed ove
6-5
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FIG. 4. Li I 2s-2p electron excitation cross
sections:~a! total cross section;~b! relative cross
sections between sublevels.
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the differentml of the initial states, for the clarity of the
graph!. All the cross sections exhibit pronounced polariz
tion features. It is seen that in the region of the lower en
gies, the preferred channels of excitations are those w
Dml50, while cross sections at the higher energies tend
favor transitions with the highestDml possible.

We use the space-charge-limited potentialU(x)
5Uo(x/d)3/2 ~whered is the diode gap width andUo is the
diode voltage! since this is a satisfactory approximation f
the diode region near the anode. The values ofd andUo have
no importance as long as their combination provides an e
tric field strength, given byF(x)5 3

2 Uo /d(x/d)1/2, in agree-
ment with the measured value~of '1 MV/cm). We use the
neutral Li velocityvo523107 cm/sec~value that was dis-
cussed in Sec. II! and the ion-beam fluxJD51.3
31021 cm22 sec21.

The results of the calculations depend on the initial po
lations of the LiI atoms produced by the charge-exchan
processes. These initial populations are not known exp
mentally. Since the energy of the neutral Li atoms is believ
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to be low, it is quite possible that the mechanism respons
for the neutral beam production is a resonant char
exchange process. Although the resonant charge-exch
cross section peaks at as low energy as'100 eV, it could
produce enough'1 keV Li I, provided that the neutral atom
layer in which the charge exchange occurs is sufficien
wide. Alternatively, the dominant mechanism for the LiI pro-
duction might be the nonresonant charge exchange. It
pears that resonant and nonresonant processes may both
tribute to the initial LiI population.

If the resonant charge-exchange process plays a m
role in the LiI formation, one should expect the initia
2s:2p:3d level population ratio to be 1:0.06:0.004@28# ~as
mentioned above, the major mechanisms of the 3d sublevel
population dynamics are the 2s-3d and 2p-3d collisional
excitations, therefore, the initial populations of other lev
play a negligible role!. The energies of interest here are at
slightly below the lower bound of the energy region used
the Ref.@28#, therefore, we used a simple extrapolation~jus-
tified by the smooth energy dependence in this region!. On
FIG. 5. Li I 2s-3d electron excitation cross
sections:~a! total cross section;~b! relative cross
sections between sublevels.
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FIG. 6. Li I 2p-3d electron excitation cross
sections:~a! total cross section;~b! relative cross
sections between sublevels.
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the other hand, if the neutral atoms are produced largely
the nonresonant charge exchange, the initial 2s:2p:3d level
population ratio is expected to be'1:0.3:0.03@29,30#.

With these uncertainties in the initial level densities of t
Li I streaming in the gap, we examine our solution un
several assumptions on the initial level populations. Bel
we give a few examples that cover a range of initial popu
tion values.

In Figs. 7–9 the populations of the LiI 3d sublevels are
presented as functions of the distance from the anode.
these runs, we assumed that the 2s:2p:3d initial level popu-
lations are in the 1:0.06:0.004, 1:0.3:0.03, and 1:0.1:0.01
tios, respectively. The initial populations in Figs. 7 and
correspond to the resonant and nonresonant charge-exch
processes, respectively, in keeping with the estimates m
tioned above, and Fig. 9 corresponds to an intermediate c
From the figures, one can see a remarkable polarizatio
the 3d level over almost the entire diode gap. The polariz
tion dynamics of the LiI 3d level can be roughly split into
three phases. The first, near the anode~up to ;1 mm), is
characterized by very low energies of the ions with the c
responding excitation and deexcitation cross sections b
almost zero, therefore, the dominant mechanism of the s
level populations is the radiative decay. Over the followi
several millimeters, ions gain enough energy for the co
sional ~de!excitation rates to become comparable to or
ceed the radiative decay rates. Since, as we showed e
~Figs. 4–6!, the cross sections for this energy region exhi
a strong preference for the transitions withDm50, the popu-
lations of the 3d0 and 3d1 sublevels start to dominate th
3d2 population, mainly due to the 2s-3d0 , 2p0-3d0, and
2p1-3d1 excitation channels. It is the second phase~at the
distance*1 mm from the anode!, in which the polarization
of the 3d level reaches its maximum. In the third phas
further towards the cathode, the ions are fast enough to c
the cross sections to drop, making the role of collisio
~compared to the radiative decay! less important. In fact, a
these ion energies also the preference becomes for excit
transitions withDmÞ0, altogether causing the polarizatio
of the 3d level to disappear in the third phase.
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In the present experiment, the value measured is the
tensity ratio of the blue-shifted to the red-shifted LiI 2p-3d
components, i.e.,I 0,1/I 2, observed in the direction perpen
dicular to the quantization axis. This value is readily e
pressed via the sublevel populations and 3-j kinematic fac-
tors,

I 0,1

I 2
[

I 2p23d0,61

I 2p23d62

5

1

4
N3d0

1
9

20
N3d1

3

10
N3d2

. ~13!

The blue to red intensity ratio, calculated for the thr
different sets of initial conditions, is presented in Fig. 10. O
the same graph, the dashed line denotes the case of th
sence of polarization, i.e., 7/3, according to Eq.~13!. The
weighted average of the experimental data~measured at 3

FIG. 7. The populations~relative to 1! of the Li I 3d sublevels
assuming the initial 2s:2p:3d level population ratio is
1:0.06:0.004, corresponding to the resonant charge-excha
mechanism.
6-7
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mm from the anode! with its error bars is also given. Base
on these results, we believe that the initial LiI 3d level popu-
lation ratio is close to 1:0.1:0.01.

V. DISCUSSION

A. Insensitivity of the qualitative picture
to the parameters used

It should be emphasized that the qualitative picture of
results here presented is insensitive to the parameters
within a reasonable range of values. To illustrate this,
present several examples showing the dependence of the
level populations on the various parameters.

As shown above, the parameter values that appear t
the most probable are as follows: the space-charge-lim
potential law with 1 MV/cm at 3 mm from the anode, th

FIG. 8. The populations~relative to 1! of the Li I 3d sublevels
assuming the initial 2s:2p:3d level population ratio is 1:0.3:0.03
corresponding to the nonresonant charge-exchange mechanism

FIG. 9. The populations~relative to 1! of the Li I 3d sublevels
assuming the initial 2s:2p:3d level population ratio is 1:0.1:0.01.
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neutral Li velocity vo523107 cm/sec, the ion-beam flux
JD51.331021 cm22 sec21, and the 1:0.1:0.01 2s:2p:3d
initial population ratio. These are the parameters used to
duce Fig. 9 and the third curve in Fig. 10.

Calculations corresponding to twofold variations in t
following parameters were performed: the electric fie
strength ~0.5 MV/cm and 2 MV/cm!, the neutral beam
velocity vo (13107 cm/sec and 43107 cm/sec), and
the ion-beam flux JD (6.531020 cm22 sec21 and 2.6
31021 cm22 sec21). Finally, since the potential dependen
on the distance from the anode surface is not well known,
performed calculations assuming a linear dependence,Uox/d
@rather than theUo(x/d)3/2 dependence#. The blue to red
ratio curves corresponding to these calculations are prese
in Fig. 11.

FIG. 10. The blue to red intensity ratio, calculated for the thr
different sets of initial conditions. The dashed line denotes the c
of the absence of polarization. The experimental data are indica

FIG. 11. The blue to red intensity ratio, calculated for a twofo
variation of several parameters of the model.
6-8
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FIG. 12. Comparison of thee-Li and p-Li
2s-2p excitation cross sections, scaled to corr
spond to the Li1 velocity.
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From these examples, one can conclude that the qua
tive predictions of the model presented here are insensitiv
the various parameters of the experiment that are either
fully known or vary in time and/or are spatially inhomog
neous. Although the absolute values of the sublevel pop
tions, and hence, the intensity of the emitted light, depend
the diode voltage and the neutral beam velocity, the polar
tion effects remain prominent.

B. Accuracy of the results

As it was mentioned in Sec. IV, the main source of unc
tainties in the calculations is the use of the scalede-Li cross
sections for the Li1-Li cross sections. Such scaled cross s
tions are obviously valid in the region where the Born a
proximation is justified, i.e., in the region of high~well
above the peak cross section! energies. Moreover, the regio
around the peak cross section could generally be used w
fair confidence@31#. However, the region of low energie
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near the threshold@of the effective scaled energy as defin
in Eq. ~3!# should be examined critically. For the 2s-3d and
2s-2p transitions, it was possible for us to compare thee-Li
cross sections with thep-Li cross sections, calculated@32#
using an atomic orbital CCC-based code. While the t
Li1-Li cross sections may still, at low energies, deviate fro
the appropriately scaledp-Li cross sections due to the inte
nal structure of the Li1 projectile@31,32#, the comparison is
nonetheless valuable. In Figs. 12 and 13, thee-Li and p-Li
excitation cross sections of the 2s-2p and 2s-3d transitions
are compared, respectively. As is expected, both the total
the relative cross sections coincide in the limit of high en
gies, while in the low-energy region the behavior is qu
different in details. However, the tendency that the excitat
probability is significantly larger for magnetic sub-leve
with ml50 is the same for both thee-Li and p-Li excitation
processes. This raises our confidence in using the scalede-Li
~instead of the unavailable Li1-Li) cross sections in the dat
analysis given above.
e-

FIG. 13. Comparison of thee-Li and p-Li

2s-3d excitation cross sections, scaled to corr
spond to the Li1 velocity.
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C. Exclusions of other explanations

We have attempted to exclude other effects that co
possibly affect the analysis presented above. First, the po
ization properties of the optical detection system could
affect the data since the light collected from the plasma lo
any polarization in its propagation through the long opti
fiber.

As was mentioned above, the reduction of the oscilla
strengths under the electric fields could be concurrent to
described process. However, the role of such a reductio
this data analysis is negligible due to the relatively we
electric field. It can be argued, though, that the reduction
the oscillator strengths and the field ionization may influen
the level populations at earlier times~close to the beginning
of the pulse!, affecting the blue to red ratio at later time
However, since theml50 sublevel is ionized at a lower fiel
than theml51 and ml52 sublevels, as was shown bo
experimentally@5,6# and theoretically@4#, field ionization, if
any, would tend to lead to even lower blue to red ratios in
experiment.

We note that, in principle, it is possible that the charg
exchange process producing the fast Li atoms propagatin
the diode gap may result in the polarization of the 3d level at
the immediate vicinity of the anode surface. However,
lack of data available forml-resolved Li1-Li ~or Li1-H)
charge-exchange rates does not allow an analysis of this
sibility to be made.

VI. SUMMARY

We have shown the importance of ion-atom collisions
the dynamics of the level populations of atomic spec
present in high-voltage accelerating gaps. The directiona
of the ion beam in such devices induces a remarkable po
ization of the atomic level population densities.
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By analyzing such polarizing ion-atom excitations in
high-voltage ion diode, we were able to explain the obser
strong polarization properties of the plasmas produced in
diode. Numerous calculations performed show that the qu
tative picture of the polarization effect remains largely inse
sitive to such parameters as the diode voltage and the ve
ity of the neutral beam in the diode.

Due to the absence of them-resolved Li1-Li cross sec-
tions, we used the scaled electron-LiI cross sections. While
such a substitution is justified to give the correct qualitat
tendency, it may cause uncertainties in the quantitative
sults. Therefore, it is highly desirable to use measu
or calculated Li1-Li cross sections when these becom
available.
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