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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 Li 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 ofdthev8l. 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 diffgrealues.
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I. INTRODUCTION realized[11-16 that under conditions present in various
plasma devices or environments, collision-induced level
Experimental systems characterized by the acceleration @flignment by electron beams may be a source of observed
charged particles, such as ion accelerators and plasma dielarization of the light emission. However, to the best of
odes, are employed in various areas of research. In such deur knowledge, the role of ions in formation of orientation-
vices, the energetic particles generally collide with otherdependent level populations in high-voltage gap devices has
atomic species that are either present as an ambient gas ot yet been addressed.
are externally injected. The collisions affect the atomic level In this paper, we describe an analysis that provides meth-
populations of the excited atoms or ions, which then underg@ds to interpret the polarized spectrum that was observed in
the spontaneous emission that may serve for studying conddne such experiment. A motivation for this work was the
tions in such devices. In the area of plasma physics, atomitesults of the high-electric-field measurements performed
emission spectroscopy in ion-accelerating gaps provides with the ion-beam diode SABREL7], in experiments inves-
tool for investigating various atomic-physics phenomena untigating the generation of lithium ion beams as a part of the
der high electric fields, such as the Stark eff¢tt3], ion-beam-fusion program. In these experiments, the charge
electric-field induced tunnelinigt], and the reduction of tran- exchange of Lil accelerated from the anode surface with
sition probabilities[5,6]. Evidently, the spectra obtained in neutral atoms in the immediate vicinity of the surface formed
such experiments also provide diagnostics of the non-neutra stream of Li moving from the anode toward the cathode of
plasma in the high-field acceleration gap. the accelerating gafil8]. Time- and space-resolved spectra
The intensity of the spontaneous emissibetween lev-  from the Lil 2p-3d transition from the gap were measured.
elsi andj is proportional ton;A;;, wheren; is the excited- Near the end of the pulse the average field in the gap is about
state population density and; is the Einstein coefficient. 0.5 MV/cm, low enough to ensure negligible quenching for
Therefore, accurate interpretations of line intensity measurethe radiative-decay rates of thell2p-3d transition and no
ments require knowledge of the population densities. Furfield ionization of the 8 levels. However, such a field is still
thermore, the understanding of the level population mechdarge enough for the blue-shifted and the red-shiftbdse
nisms is a requirement for extracting information onoriginating from the 8 m=0,1 andm,=2 sublevels, re-
transition probability “quenching” at higher fields]. spectively Stark components of this transition to be re-
Plasma polarization spectroscofP3 [7] has recently solved. The ratio of the intensities measured with the obser-
become of an increasing interest. The idea behind PPS is thaation direction perpendicular to the electric field axis was
polarized light emitted by plasma may be used to infer thdq,/1,=4.48=0.22, wherel,, and |, are, respectively, the
presence of an anisotropy in the electric or magnetic fields ointensities of the blue- and red-shifted components of the Li
in the particle velocity distributions. Provided that the under-2p-3d transition. This is a significant deviation from the
lying processes are sufficiently well understood, the light potheoretical value of 7/3 calculated for conditions where the
larization can thus be used to infer the fields and/or the disublevels are statistically populated.
rectionality of the particle trajectories in the plasma. Here, we demonstrate that this observation can be ex-
Spectral line emission originating from atoms or ions ex-plained by accounting for the polarization of the sublevel
cited by particles whose velocity distribution is anisotropic populations produced by the excitation conditions in the gap.
is, in general, polarized, as has been known for almost &n examination of plasma parameters in the diode showed
century[8]. The theory of such polarization phenomena wasthat, for the specific conditions, then-beam collisional ex-
further developed and improved later f10]. It has been citation is responsible for the formation of such polarization
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properties. The dominant role of ions and, correspondingly, specirascapy lines of sight

the negligible contribution of electrons in the level popula-

tion formation, is due to the nature of high-power diodes. In

these devices the typical electric fields are so strong that

electrons are accelerated to energies very far in the cross-

section asymptotic region corresponding to extremely low

excitation rates, while the ions move with relatively low ve- ><;°'

locities, that lead to correspondingly high excitation rates.

Differences between the ion-excitation rates for different &

sublevels produce sublevel populations that are consistent r

with the measured intensity ratio. Sl
The experimental setup is described in Sec. I, a detailed

description of the model is given in Sec. Ill, and the numeri- X

cal calculations and results are presented in Sec. IV. The

results are then discussed in Sec. V, including considerations

of other effects that could cause the anomalous sublevel laser

populations. !
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II. EXPERIMENT

nsel

The experiments were performed with an applied

magnetic-field extraction-geometry ion diode powered by the l/_ \.
SABRE acceleratof17]. The cylindrically symmetric diode LOSl  LOS?
configuration is shown in Fig. 1. In the extraction geometry, l l

ions born at the annular ring anode are accelerated along the
direction of the cylindrical axis by an applied voltage pulse.
The SABRE diode in these experiments used an 11.3-mm anode ST
anode-cathodéAK) gap and inner and outer anode radii of Wi iaatusatute
44 mm and 64 mm, respectively. The voltage pulse duration e
is typically 40 nsec and it peaks at4 MV. A 2 T magnetic Li ions
field in the radial directionroughly parallel to the anodle '\
prevents electrons born at the physical cathode from crossing el Ny Bl
directly to the anode. The electroBs< B drift in the annular plasma  neutrals J
direction, forming a cloud that fills the cathode side of the
diode. This electron cloud is known as a virtual cathode. lons  F|G. 1. (Color Schematic diagram of the cylindrically symmet-
are accelerated between the anode and the virtual cathod@ SABRE ion diode. The inset illustrates the physical processes
passing through the virtual cathode as they exit the diode. near the anode that launch lithium atoms into the acceleration gap.
The results reported here were obtained during studies af0S1 and LOS?2 are spectroscopy lines of sight at 0.5 and 3.0 mm
laser-initiated lithium ion sourcg49]. A 10-nsec full-width  from the anode surface, respectively.
at half-maximum, 1.06um wavelength Nd:YAG(yttrium
aluminum garnetlaser pulse was injected along the cylinderthey undergo charge exchan§0]. The charge-exchange
axis and directed onto the anode using a conical mirror. Theeutral atoms retain the energy of the ions at the instant of
laser illuminates the anode with an10'—10° Wi/cn? irra-  the charge exchange, typically 10-50 k&i8], which is
diance, forming a plasma that can supply ions to the accekufficient for the charge-exchange neutral atoms to fill the
eration gap. The anode surface is a LiAg alloy, speciallydiode gap on the time scale of the diode pulse. Subsequent
formulated to promote the ability to control the adsorption ofionization of the charge-exchange neutrals atoms can divert
contaminants. the diode current away from the desired ion beam or it can
The focus of the present paper is on the atomic physiceven lead to an AK gap breakdown, if the charge-exchange
information obtained during the ion diode experiments. Theneutral atom density is large enough.
behavior of the diode with this ion source is complex and the The neutral Li atoms injected into the gap begin with a
measurements of the diode performance will be reporteghopulation distribution that depends on the details of the
elsewhere. However, a qualitative description of the physicgharge-exchange process that creates them. They then en-
governing the diode operation is needed in order to exploitounter both the relativistic electrons and the beam ions
the unique atomic physics opportunities that are present. fowing in the gap. The collisions cause excitations and de-
schematic diagram of the important physical processes iexcitations of the Li levels. Another mechanism contribut-
shown in the Fig. 1 inset. ing to the level population dynamics is radiative decay. The
Optimum diode performance is believed to require a laseemitted light is collected by the optical system.
fluence adequate to fully ionize the anode plasma. Other- Spectra were acquired using two separate time-resolved
wise, as ions are accelerated through the remaining neutralsptical spectrographig21,22). A lens-coupled fiber-optic ar-
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ray collected light from an array of 1-mm-diameter spots, T I e
with the optical line-of-sight axis oriented parallel to the an- S R R
ode surface along a chord positioned at a 54 mm radius. The U
fiber diameter was 10Qum and the 50-mm-focal-length lens e AT
provided a magnification of 0.1. The collection numerical S T
aperture was 0.011. One spectrograph system collected light S B - '
from a spot centered at 0.5 mm from the anode surface and bl
the other collected light from a spot centered at 3.0 (see 150 e T sl T
Fig. 1). The light was transported from the diode region to a SRR ST :
remote screen room using a 39.6-m-long fiber-optic link. The o R
spectra are insensitive to the polarization of the light gener- 100 [ L Lo iy
ated in the diode due to mixing of the polarizations as the fom=01 . " m=2 Al
light propagates through the fiber. The end of each fiber is TT5050 6000 6050
coupled to a 1-m-focal-length Czerny-Turner spectrograph wavelength (angstroms)

equipped with a 300 I/mm grating that provided a reciprocal

dispersion of 33 A/mm. A streak camera with a 40-mm-long FIG. 2. Aportion of the time-resolve_d spectrum measured at _3.0
photocathode spanning a 1300 A range recorded the spef™ from the anode in SABRE ex.perlnjent.no.. 189?. The initial
trum with a 1-nsec time resolution and 5.5 A spectral re‘,so_hlgh-fleld diode phase, when the Ld3_s fle_ld ionized, is denoted
lution. As in previous measuremenitg], the precision of PY dti- The phase of 1-4 MVicm field is denoted B,. The

wavelength shift measurements was about ten times bett rsz;hle'o d'i\ggécgei':g;i;;g%?:fgﬁig(d;hitshzafi?r’z::g;l?rﬁfy
than the spectral resolution. ‘ ) )

The spectroscopic data reported here were obtained in annents merge into one unshifted line. The times given are with re-

experiment that used a relatively low laser power, such tha“?peCt to an arbitrary reference.
the LiI density in the gap due to charge exchange was larger
than desired for optimum diode performance. However, thids 1—4 MV/cm and the @-3d is observed with a Stark-split
enabled measurements of thel Zp-3d transition with ex-  pattern spanning up to 100 A5(, in Fig. 2). During this
cellent signal-to-noise ratio. Thus, data suitable for expandPhase, the details of the observed pattern may provide infor-
ing know]edge of atomic physics can be extracted even fronﬁnation regarding both field-ionization rates and transition
experiments with below-optimum ion-beam production. Inprobability quenching4—6]. These data will be published
this experiment, measurements of the Li velocities were noglsewhere. The focus of the present paper is the third phase
performed. The detailed study8] of the lithium atom ve- Of the diode pulse when the electric field is below 1 MV/cm
locities in the anode-cathode gap, performed on a differentdts in Fig. 2). During the third phase thep23d line is still
diode with a LiF anode for which no laser was used to pro-Split into two resolvable components corresponding to the
duce the anode plasma, showed that the Li atoms are esséhr=0,1 andm; =2 upper levels. A lineout averaging over a
tially monoenergetic, moving with=50—70 cmfs veloci- 4-nsec interval during the third phase is shown in Flg 3. Afit
ties, corresponding te-10 keV. For our case, the numbers obtained with theroBFIT [23] line fitting code is superim-
may need to be scaled down according to the lower fields wgosed on the data. The relative intensity of the two compo-
deal with here, resulting in neutral Lenergies of the order nents was measured to be 44822 by computing a
of a few keV. A lower bound for the atomic Li velocity can Weighted mean of th&oBFIT results from a sequence of
be derived based on the fact that it should be high enough téheouts taken over the 28 nsec duration of phase three.
cross the gapat least, to the second line of sigloluring the
pulse duration, giving=10 cm/us. For these calculations
we, therefore, use velocities of 20 cad, and then examine
the sensitivity of our solutions to a twofold variation in this  We first consider the relative importance of electrons and
parameter. ions in populating the sub-levels of theIL3d level. Based

A qualitative description of the Li2p-3d spectra ob- on the dominance of the ion excitations shown, the rate equa-
tained in high-power diode experiments has been previouslions for processes populating the various sublevels by the
reported 5,6]. In the present experiment the spectra from theion beam are constructed, the solution of which gives the
fiber positioned nearest the anode exhibited continuum angopulation densities as a function of the time and space in
unshifted spectral lines that indicate the formation of anodehe gap. The rate equations are initially formulated assuming
plasma. While interesting for diode physics, this informationmonoenergetic lithium atoms flowing in the gap, excited by a
is not used for the atomic physics studies reported here. Aingly ionized lithium beam accelerated in the diode gap.
portion of the time-resolved spectrum obtained from the fibeiFurther, considerations will be presented discussing a gener-
positioned at 3.0 mm from the anode in the present experialization of this scheme.
ment is shown in Fig. 2. Early in the diode pulse the electric
field is 5-10 MV/cm, the 8 level is field ionized, and
2p-3d emission is not observed. This initial phase, desig-
natedést, in Fig. 2, is the period when an intense ion beam is  We first demonstrate the negligible role L. collisions
generated. In the middle of the diode pulse the electric fieldn the lithium atom excitations. Since collision losses in the

[\
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Ill. THEORETICAL MODEL

A. Relative importance of electrons and ions

052726-3



STAMBULCHIK, MARON, BAILEY, AND CUNEO PHYSICAL REVIEW A 65 052726

500

Formula(4) assumes the cross sections are far beyond the
threshold. However, since the ion and neutral beams origi-
nate at the anode surface and propagate in the same direc-
tion, a noticeable part of the drift path of the neutral lithium
(near the anodecorresponds to collisions with relatively
slow ions. Further, we will show that the populations of the
Li1 3d sublevels are mainly established during this phase,
while during the rest of the Liflight (as the colliding ions
become more energetic and, therefore, the collisional cross
sections drop sharplythe level populations become domi-
nated by the @-2p radiative decay process. Narrowing
of down our attention to the near-anode region, where the
5950 6000 6050 6100 6150 6200 equivalent scaled ion beam energy is of the order of the

wavelength (angstroms) transition thresholdE,, we can assume an approximately
FIG. 3. Lineout averaging over a 4-nsec interval duringdhg ~ constant cross sectian, for the Li*-Li collisions. The elec-

phase shown in Fig. 2. The experimental data are shown as didfons in the same region reach almost the eretlg energy,
monds, the fits to the individual line components are dot-dash linegherefore, the ion to electron collisional excitation rate ratio

the background is a dashed line, and the composite fit is shown asr¥ear the anode surface is
solid line.

Vi eUO\/E
diode gap are negligible, the energies of the ions and elec- V_e: V E, M’ ®)
trons at a distance from the anode are

400

300

200

intensity (counts)

giving ~10°.1 Thus, we here only consider the'l-Li colli-

Ei=U(x) @) sions for calculations of the Liexcited-level populations.
and )
B. Rate equations
Ee=Uo—U(X), 2 To calculate the Li level populations we account for col-

lisional excitations, collisional deexcitations, and radiative

respectively, wherdJ(x) is the self-consistent potential in decays. The populatioN; of the Lii ith state is given by
the diode gap, assuming zero potential at the anode. Since

the energy of the electrons sufficiently far from the cathode dn;
is very high, thee-Li | cross section for a given transition is at
very small, approximated by the well-knownln(E)/E or

~1/E asymptotes for dipole-allowed or dipole-forbidden yhere 1, stands for a collisional transition rate from the
transitions, respectively. The LiLi cross-section behavior, giatei to the statg (i<j andi>] correspond to excitation
since the ion energy is much closer to the threshold for exang deexcitation processes, respectivelp account for po-
citation, can be estimated by scaling #i cross-section:  |arization effects, one has to distinguish between the mag-
netic sublevels, thereforéjs characterized by thimlm,) set
EE) 3) of quantum numberéve neglect the fine structure, since the
M) Stark splitting of the Li 3d level caused by an electric field
as low as 100 kV/cm considerably exceeds the spin-orbit
wherem and M are the electron and the ion mass, respecinteraction effects — see, e.q3]).
tively. The equivalentscaled energy of the Li ions is thus  The v;; rates are functions of time, since the ion-beam
=100 eV, even when the ions reach the cathode. energy varies along the ion-beam path. Using the neutral

Comparing the collision rate, given bynov forions and  peam of a velocity, as the reference frame, one obtains
electrons, and neglecting the unimportantEnfactor, one

; (_Niyij+NjVji_NiAij+NjAji)u (6)

oL+ L(E)=0ey

finds that vij=noij(E v/, @)
Vi /E\/@ 4 wheren, is the ion-beam density, and andE, stand for the
ve VE ' ) ion velocity and energy in this reference frame, iwd.=v,

—v,, andE/=Muv/?/2. The accelerated ions in the beam

In the middle of the gap, where energies of the ions ancire much faster than the Liatoms, thereforey| ~v, and
electrons are comparable, the ionic contribution is thus about
100 times larger than the electronic one. Closer to the cath————
ode, the ratio decreases, but only very close to the cathodé'strictly speaking, the electrons near the anode are already rela-
does the electron collision rate become comparable to the iofivistic, and the cross sections deviate from the Born asymptotes by
collision rate. This cathode region has not been studied in théome numeric factor. Therefore, the above ratio is probably a few
experiments addressed here. times smaller.
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E/~E ,=U(v,t). In addition, thenv, product isJy/e, observed5,6], that the matrix elements, and hence, the os-
whereJp, is the diode current, carried by tigingly chargel  cillator strengths, change when a sufficiently strong electric
Li* ions. Using Eq(6), we thus obtain field is applied. Consequently, the values of the Einstein co-
efficients Aj; are altered by the applied electric field. An
dn; Jb equally important effect that also stems from the changes in
W‘; (?[_Ni‘Tij(U(Uot))+Ni“ii(U(Uot))] the matrix elements under the electric field is that, since the
cross sections directly depend on the matrix elements, they
should experience a similar “quenching.” Thus, both the
Einstein coefficients and the cross sections should be mod-
eled as dependent on the electric fi€l{ix) at any given
In the present system, the atortthe level populations of pointx:
which are described by the rate equationsove with the
velocity v, from the anode to the cathode. The population 4., 1 J
densitiesN;(t) determine the emission spectra of the lithium — = — > ?D[— Nioij (F(x),U(x))

atoms as a function of the distance from the anode surface a8% Vo 7
these atoms move from the anode to the cathode. In order to

track the populations as the atoms travel across the gap, the  +N;a; (F(x),U(x))]— N;A; (F(x))+ N;A; (F(X)) |,
differential equations should be re-written to desciiheas

functions of the space coordinate=v,t rather than of time. (12
For the case of monoenergetic atofmoving with a velocity

v,) this transformation is made by substitutingpr v t, i.e., whereF(x) = —dU/dx. For yet higher electric fields, when

dNs 1 Jo tunneling to continuum states start to play an important role
d_xlz — Z ?[_ Njoij(U(x))+Njo;i (U(x))] [25], one has to take into account the field ionization too.
o j#i
_ NiAij + NjAji ) ] 9) IV. RESULTS

The set of the differential equatiorf8) was solved nu-
merically. In the numerical calculations, we used the follow-
ing set of Lil states: 3, 2p, 3s, 3p, 3d, and 4f, all includ-

Let us consider some generalizations of the solution preing their magnetic sublevels. Thef 4evel (the only level
sented in the preceding section. First, the neutrableiam is  beyond then=2 andn= 3 levelg was also included because
not necessarily monoenergetic. Instead, one can assume thudtits strong collisional(de)excitation rates with 8. The
the velocity distribution in the beam is governed by a prob-Einstein coefficientd\;; were taken fromi26]. To the best of
ability distribution functionP(v), such thatfdvP(v)=1. our knowledge, there are no data, either theoretical or experi-
Then, the correct level populations can be expressed as mental, available for the collisional LiLi m,-resolved cross

sections. We thus used the respective electron-Li cross sec-
vy — ) tions, scaled according to E(B), and for energies below the
Ni(x)= f dvP@)Niv.x). (10 respective(scaled e-Li threshold we used a simple;E ex-
) o . trapolation (the validity of such a substitution will be dis-
whereN;(v,x) denotes théth solution(i.e., the population  ¢yssed in the following sectionThe e-Li cross sections in
of theith level as a function of the distance from the anode e Inim;) basis were calculated with a computer c¢ge]
of the set of equationd) solved forv,=v. that utilizes the convergent close-couplif@CC) method.
_ Similarly, the ion beam may consist of several species that gy brevity, we here present only a few of the calculated
differ by charge states and masses. The set of equa®ns ¢ross sections. The most important mechanisms populating

C. Possible extensions

generalized for this case, is given below: the 3 level are the direct excitation from the ground state
and the -3d excitation. In the latter case, the polarization
ﬂ: i 2 i[—N-o»S- (U(x))+N;a% (U(x))] of the 3d level also depends on the polarization of the 2
dx v, {7 | § Zse s a level, and, therefore, on the polarization properties of the

2s-2p excitation process. Thes2p cross sections as a
—NiA;j+NA;; ) (11) func_:tion _of energy are givenin Eig. 4. The total cross §gction
is given in Fig. 4a), and the relative weights of the collisions
between specifie, are plotted in Fig. é). In the latter, the
Here,s stands for a component of the ion beam produced bylashed line corresponds to the absence of a polarization, i.e.,
a species with a charggg, yielding the full diode current when all three possible collisional transitions s{2p,,
Jp=24Js, and aisj denotes the cross section relevant for2s,-2p,,, and Xy-2p_;) are equally possible. The cross-
collisions with this species. section data obtained for thes:3d and 2p-3d transitions
A more interesting class of phenomena relates to thare presented in a similar manner in Figs. 5 and 6, respec-
“ A-quenching” effects. It is knowite.g.,[24]), and has been tively, (in the case of the 2-3d transitions we summed over
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100_ T UL T LR T T IIIIII_ 0.7 T U T ToTT T IIIIIII| T T TTrr
E a) E r b 0—0 23—2p, | ]
i i 0.6 oD—o 28 — 2p1 —
i i 05 -
g
3 0.4 — —
= 0 =4 & t 1 FIG. 4. Li1 2s-2p electron excitation cross
= [ ] 03k . sectionsi(a) total cross section(p) relative cross
© i i L ] sections between sublevels.
i ] 02 -
r 7 0.1+ -
1 1 1 IIIIII| 1 1 IIIIII| 1 L 0 L1 IIIIII| 1 IIIIIII| (NN
1 10 100 1000 1 10 100 1000
Energy (eV) Energy (eV)

the differentm, of the initial states, for the clarity of the to be low, it is quite possible that the mechanism responsible
graph. All the cross sections exhibit pronounced polariza-for the neutral beam production is a resonant charge-
tion features. It is seen that in the region of the lower enerexchange process. Although the resonant charge-exchange
gies, the preferred channels of excitations are those witBross section peaks at as low energy=ak00 eV, it could
Am;=0, while cross sections at the higher energies tend t@produce enougk-1 keV Lil, provided that the neutral atom
favor transitions with the highegtm, possible. layer in which the charge exchange occurs is sufficiently
We use the space-charge-limited potenti&l(x) wide. Alternatively, the dominant mechanism for the pio-
=U,(x/d)*? (whered is the diode gap width and, is the  duction might be the nonresonant charge exchange. It ap-
diode voltage since this is a satisfactory approximation for pears that resonant and nonresonant processes may both con-
the diode region near the anode. The values @fidU, have tribute to the initial Lii population.
no importance as long as their combination provides an elec- If the resonant charge-exchange process plays a major
tric field strength, given by (x)=2U,/d(x/d)? in agree- role in the Lii formation, one should expect the initial
ment with the measured valgef ~1 MV/cm). We use the 2s:2p:3d level population ratio to be 1:0.06:0.0028] (as
neutral Li velocityv,=2x 10" cm/sec(value that was dis- mentioned above, the major mechanisms of tdes@blevel
cussed in Sec. )l and the ion-beam fluxJp=1.3 population dynamics are thesBd and 2p-3d collisional
X107 cm 2sec L. excitations, therefore, the initial populations of other levels
The results of the calculations depend on the initial popuplay a negligible rolg The energies of interest here are at or
lations of the Li atoms produced by the charge-exchangeslightly below the lower bound of the energy region used in
processes. These initial populations are not known experithe Ref.[28], therefore, we used a simple extrapolatiqrs-
mentally. Since the energy of the neutral Li atoms is believedified by the smooth energy dependence in this regi@m

10 T LU T LU T T T It 0.8 T LELLLILLL T IIIIIIII T LN
a) b) o0—o 25— 3d,
B 7 r o—n 2s — 3(?]1 7
L ] o—0 28 — 3d2
0.6 — —
- .

D of 041 — FIG. 5. Li1 2s-3d electron excitation cross
ot 1 sections;(a) total cross section(b) relative cross
e T 1 S . sections between sublevels.

r 7 0.2
0.1 - L J
1 1 IIIIII| 1 1 IIIIII| 1 L1 111)) 0 1 IIIIIII| 1 IIIIIIII 1 |
1 10 100 1000 1 10 100 1000
Energy (eV) Energy (eV)
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LN L L AL e R 0.3 LIPS AL S ) AL
a) b) o-oZp—)Sdo
" |:|—|:|2p—>3d1 T
o—<>2p—>3d2
10 0251 -

FIG. 6. Li1 2p-3d electron excitation cross
sections;(a) total cross section(b) relative cross
L 4 L . sections between sublevels.

6 2
Glo[(IO cm’)
T
(o]
rel
o
(=]

0.15 —

1 vl uETm| [ ERIT 0 | v ol R

.1
1 10 100 1000 1 10 100 1000

Energy (eV) Energy (eV)

the other hand, if the neutral atoms are produced largely by In the present experiment, the value measured is the in-

the nonresonant charge exchange, the initaPp:3d level  tensity ratio of the blue-shifted to the red-shifted Rip-3d

population ratio is expected to bel1:0.3:0.03[29,30. components, i.e.lg,/1,, observed in the direction perpen-
With these uncertainties in the initial level densities of thedicular to the quantization axis. This value is readily ex-

Li 1 streaming in the gap, we examine our solution undempressed via the sublevel populations angl Binematic fac-

several assumptions on the initial level populations. Belowtors,

we give a few examples that cover a range of initial popula-

tion values. T+ 2y

In Figs. 7—9 the populations of the LBd sublevels are lox l2p-3dp., 4 % 20 3%
presented as functions of the distance from the anode. For EE Iop—aq = 3 : (13
these runs, we assumed that treeZp: 3d initial level popu- P32 ENMZ

lations are in the 1:0.06:0.004, 1:0.3:0.03, and 1:0.1:0.01 ra-

tios, respectively. The initial populations in Figs. 7.and 8  1ha piye to red intensity ratio, calculated for the three
correspond to the resonant and nonresonant charge-exchangga rent sets of initial conditions, is presented in Fig. 10. On
processes, respectively, in keeping with the estimates mefre same graph, the dashed line denotes the case of the ab-
tioned above, and Fig. 9 corresponds to an intermediate CaS&ance of polarization, i.e., 7/3, according to Ef3). The

From the figures, one can see a remarkable polarization Qf; ;
' o= X eighted average of the experimental dat@easured at 3
the 3 level over almost the entire diode gap. The polariza- g g P

tion dynamics of the Li 3d level can be roughly split into 2
three phases. The first, near the andde to ~1 mm), is
characterized by very low energies of the ions with the cor- a—a8d,
responding excitation and deexcitation cross sections being oo 3d,
almost zero, therefore, the dominant mechanism of the sub- °
level populations is the radiative decay. Over the following
several millimeters, ions gain enough energy for the colli-
sional (de)excitation rates to become comparable to or ex-
ceed the radiative decay rates. Since, as we showed earlier
(Figs. 4—6, the cross sections for this energy region exhibit
a strong preference for the transitions wkinm=0, the popu-
lations of the 8y and 3d; sublevels start to dominate the
3d, population, mainly due to thes23d,, 2py-3dy, and
2p;-3d; excitation channels. It is the second phéatthe
distance=1 mm from the anodein which the polarization
of the 3 level reaches its maximum. In the third phase,
further towards the cathode, the ions are fast enough to cause 0 2 4 6 8 10

. . .. Distance from the anode (mm)
the cross sections to drop, making the role of collisions
(compared to the radiative degagss important. In fact, at FIG. 7. The populationgrelative to 2 of the Lii 3d sublevels
these ion energies also the preference becomes for excitati@@suming the initial &2p:3d level population ratio is
transitions withAm=0, altogether causing the polarization 1:0.06:0.004, corresponding to the resonant charge-exchange
of the & level to disappear in the third phase. mechanism.

o—o 3d0

tot

1 03n/n
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S 6
---- No polarization
o—o 3d
0 S w106

oo 3d, o—o My, Ny, = 1:0.06:0.004

4 oo 3d2 o Ny N, Ny, = 1:0.3:0.03
1 5 oo Myny Ny = 1:0.1:0.01
® Experiment

Blue/red intensity ratio
S

Distance from the anode (mm) Biusosotmfissmnodsfinmd
1

FIG. 8. The populationgrelative to 2 of the Li1 3d sublevels
assuming the initial & 2p:3d level population ratio is 1:0.3:0.03,
corresponding to the nonresonant charge-exchange mechanism.

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

mm from the anodewith its error bars is also given. Based
on these results, we believe that the initial Bd level popu-
lation ratio is close to 1:0.1:0.01.

neutral Li velocityv,=2x10" cm/sec, the ion-beam flux
Jp=1.3x10"* cm 2sec?, and the 1:0.1:0.01 £2p:3d
initial population ratio. These are the parameters used to pro-
duce Fig. 9 and the third curve in Fig. 10.

V. DISCUSSION Calculations corresponding to twofold variations in the
A. Insensitivity of the qualitative picture following parameters were performed: the electric field
to the parameters used strength (0.5 MV/cm and 2 MV/cm, the neutral beam

_ o velocity v, (1x10° cm/sec and %10’ cm/sec), and
It should be emphasized that the qualitative picture of th@,» ion-beam fluxJp (6.5x10%° cm 2sec! and 2.6

results here presented is insensitive to the parameters usgd; 1 cm~2secY). Finally, since the potential dependence
within a reasonable range of values. To illustrate this, we,, the distance from the anode surface is not well known, we
present several examples showing the dependence of the ng?—irformed calculations assuming a linear dependenge/d
level populations on the various parameters. %ather than theU,(x/d)>? dependende The blue to r’ed

As shown above, the parameter values that appear tq tio curves corresponding to these calculations are presented
the most probable are as follows: the space-charge-limite Fig. 11

potential law with 1 MV/cm at 3 mm from the anode, the

2 ---- No polarization

3d 6 o — All defaults
o % SON e 0.5 MV/cm
o—a 3d, / v ---- 2MV/cm

1

," Vo e === 10 cm/s
1 _____ 4% 107 cm/s
1= 1=65% 10"

= J=26x 107
---- Linear potential
® Experiment

o—o 3d,

1.5

w

103 n’/ntot
N

Blue/red intensity ratio

0.5

Distance from the anode (mm) Distance from the anode (mm)

FIG. 9. The populationsrelative to 2 of the Lii 3d sublevels FIG. 11. The blue to red intensity ratio, calculated for a twofold
assuming the initial & 2p:3d level population ratio is 1:0.1:0.01. variation of several parameters of the model.
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100 T T IIIIII| T T IIIIIII T T IIIIII| T T IIIIII|
| a o—oeLi2s—>2p| | 0.7 b) o—o e-Li2s—=2p, | 7]
i e p-Li2s—2p| | = o—o eLi2s —2p | 7
L _ 0.6 e—e p-Li2s —2p | —
L w—a pLiZs—2p | |
I | 0.5 -
<’ 5 041 — ' . .
= | 1 e FIG. 12. Comparison of the-Li and p-Li
VS 2s-2p excitation cross sections, scaled to corre-
© 03 spond to the Li velocity.
i 1 o2b -
01 —
10 1 1 IIIIII| 1 1 IIIIIII 0 1 1 IIIIII| 1 1 IIIIII|
10 100 1000 10 100 1000
Energy (keV) Energy (keV)

From these examples, one can conclude that the qualitaear the thresholfof the effective scaled energy as defined
tive predictions of the model presented here are insensitive tm Eq. (3)] should be examined critically. For thes-3d and
the various parameters of the experiment that are either n@s-2p transitions, it was possible for us to compare ¢hki
fully known or vary in time and/or are spatially inhomoge- cross sections with thp-Li cross sections, calculatd@2]
neous. Although the absolute values of the sublevel populaising an atomic orbital CCC-based code. While the true
tions, and hence, the intensity of the emitted light, depend oki " -Li cross sections may still, at low energies, deviate from
the diode voltage and the neutral beam velocity, the polarizathe appropriately scalep-Li cross sections due to the inter-
tion effects remain prominent. nal structure Of the Iji projectile[3l,32, the Compal’ison iS
nonetheless valuable. In Figs. 12 and 13, ¢He and p-Li
excitation cross sections of thes-2p and %-3d transitions
are compared, respectively. As is expected, both the total and

As it was mentioned in Sec. 1V, the main source of uncerthe relative cross sections coincide in the limit of high ener-
tainties in the calculations is the use of the scadd cross  gies, while in the low-energy region the behavior is quite
sections for the Li-Li cross sections. Such scaled cross secdifferent in details. However, the tendency that the excitation
tions are obviously valid in the region where the Born ap-probability is significantly larger for magnetic sub-levels
proximation is justified, i.e., in the region of higtwell  with m;=0 is the same for both the-Li and p-Li excitation
above the peak cross secti@nergies. Moreover, the region processes. This raises our confidence in using the sedléd
around the peak cross section could generally be used with(@stead of the unavailable tiLi) cross sections in the data
fair confidence[31]. However, the region of low energies analysis given above.

B. Accuracy of the results

T T |||I|I| T T ||III|| l T T IIIIIII T T IIIIIII
Fa) o0—0e-Li2s — 3d| | b o—o e-Li2s—3d, | |
| o—eop-Li2s—3d | o—a e-Li2s - 34,
0.8 o—¢ e-Li2s — 3d2 —
Q| e—e p-Li2s—3d,
B n—a p-Li2zs— 3d1 T
—~ 0.6 +—o p-Li2s —3d, a
g
=]
= 1 = 2 F . FIG. 13. Comparison of the-Li and p-Li
% 2s-3d excitation cross sections, scaled to corre-
© 04= ] spond to the Li velocity.
i 1 0.2 2 -—
1 1 IIIIII| 1 1 IIIIII| O 1 1 IIIIIII 1 1 IIIIII|
10 100 1000 10 100 1000
Energy (keV) Energy (keV)
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C. Exclusions of other explanations By analyzing such polarizing ion-atom excitations in a

We have attempted to exclude other effects that couldnigh-voltage ion diode, we were able to explain the observed

possibly affect the analysis presented above. First, the polafi’oNgd Polarization properties of the plasmas produced in the
ization properties of the optical detection system could nofliode. Numerous calculations performed show that the quali-

affect the data since the light collected from the plasma loseive picture of the polarization effect remains largely insen-

any polarization in its propagation through the long opticaI_Sitive to such parameters as th(_e diode voltage and the veloc-
fiber. ity of the neutral beam in the diode.

As was mentioned above, the reduction of the oscillator, PU€ to the absence of the-resolved Li-Li cross sec-
strengths under the electric fields could be concurrent to thHonS, we used the scaled electron-icross sections. While
described process. However, the role of such a reduction igUC" @ substitution is justified to give the correct qualitative
this data analysis is negligible due to the relatively weak®ndency, it may cause uncertainties in the quantitative re-
electric field. It can be argued, though, that the reduction irpUlts: Therefore, it is highly desirable to use measured
the oscillator strengths and the field ionization may influence®’ Calculated Li-Li cross sections when these become

the level populations at earlier timéslose to the beginning available.

of the pulse, affecting the blue to red ratio at later times.
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