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The present investigations consider the case of a low-density laser-produced plasma expanding
into a vacuum in the presence of an axial magnetic field. The time-integrated line intensities of neu-
tral and singly ionized barium have been measured for magnetic fields up to 300 G. These measure-
ments reveal three prominent changes in the intensities of individual lines as a function of increas-
ing magnetic field: extinction, growth, and severe attenuation followed by enhancement. Measure-
ments support a model that predicts the quenching of higher-lying transitions and the enhancement
of lower-lying transitions for increasing magnetic fields.

INTRODUCTION

The effect of a magnetic field on an expanding laser-
produced plasma has been the subject of many theoretical
and experimental investigations.! ”> An understanding of
the effects of a magnetic field on a streaming plasma is
useful in many areas of laboratory and astrophysical plas-
ma physics. Important examples include the study of
sunspots, supernova, and geomagnetic effects in the at-
mosphere.

This paper reports detailed quantitative measurements
of the changing fluorescence of a low-density, streaming
barium plasma in an axial magnetic field. An example of
the dramatic changes in the fluorescence that can occur
when a magnetic field is applied to a flowing plasma is
given in Fig. 1. Changes in the fluorescence of low-
density laser and discharge plasmas in applied magnetic
fields have been previously reported.* % Some reports in-
dicate only radiative enhancement due to the magnetic
field, while others measure an initial dip in the plasma
luminosity for low magnetic fields.® Enhancing the lumi-
nosity of low-density discharge plasmas by applying a
magnetic field has possible applications in the lamp in-
dustry. To date, changes in lamp discharge luminosities
with magnetic field are poorly understood.’

A detailed quantitative investigation of the line radia-
tion emitted by a streaming plasma in a low magnetic
field has not been previously reported. Such an investiga-
tion provides evidence which must be explained by the
fundamental mechanisms which produce the changes in
fluorescence of the plasma in the magnetic field. These
mechanisms might explain the previously reported at-
tenuation and enhancements in other low-density plas-
mas.

The plasma was highly reproducible throughout all the
experiments, and simple diagnostics were used to mea-
sure the important characteristics of the plasma 10 cm
downstream from the source: electron density and tem-
perature; ground-state neutral atom density and timing;
and ion density and timing. Barium was chosen to be the
target metal because its principal neutral and ion lines
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conveniently occur in the visible region of the optical
spectrum. A charge-coupled-device (CCD) camera, a
Langmuir probe, a tunable diode laser, and a line fluores-
cence detection system were used to investigate the flow-
ing plasma-field interaction.

No Magnet
Field Lines
Horseshoe
Magnet

FIG. 1. Images taken with a CCD camera reveal the spatial
variations of fluorescence in the central region of the chamber
when (a) no magnetic field was applied and (b) when a 1-kG
horseshoe magnet was placed next to the chamber as indicated.
The laser-produced plasma flows up in these images. The view-
ing region is 10 cm from the barium target. The spatial distri-
bution of the enhanced fluorescence shows that the radiation is
highly localized.
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EXPERIMENT

The streaming plasma was generated by irradiating a
barium target with unfocused light at a wavelength
A=532 nm from a doubled Nd:YAG (yttrium aluminum
garnet) laser operating at 10 Hz. The barium target was
a disk 2.5 cm in diameter and 1.5 cm thick. Each laser
pulse had a temporal pulsewidth of 10 ns, an energy of
380 mJ, and an area of 0.2 cm® The vacuum chamber
consisted of a six-way glass cross mounted to an alumi-
num stand (Fig. 2). A grounded aluminum tube was in-
serted into the arm of the cross containing the target.
The barium target, which was also electrically grounded,
could be rotated in the vacuum using a rotary feed-
through located at the bottom arm. An aluminum wedge
at the top arm held a pyrex window at Brewster’s angle
to provide maximum transmission of laser power. A tur-
bomolecular pump maintained the vacuum chamber at a
typical operating pressure of $2X 107 torr, as mea-
sured by a nude ion gauge.

Magnetic fields from O to 300 G were generated using
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water-cooled Helmholtz coils. The field was constant to
better than 1% over the length of the chamber viewing
region along the magnetic-field axis. A high-current
power supply provided the current to drive the coils. A
digital voltmeter measured the voltage drop across a 0.01
Q resistor and thus monitored the current to the coils.
The voltage-field characteristic of the Helmholtz coils
was determined using a commercial Hall probe.

Plasma radiation was detected by focusing light from
the central viewing region of the six-way cross onto the
entrance slit of a 0.5 m scanning monochromator. The
focusing lens, located about 15 cm from the central re-
gion, collected all the light exiting one of the side viewing
arms. The circular viewing arm was 5 cm in diameter
and was located about 10 cm downstream of the plasma
production region at the target. The monochromator
slits were 75 um wide to improve light collection at a cost
of resolution, which was limited to about 1.5 A. The sig-
nal from a photomultiplier tube (PMT) mounted at the
exit slit of the monochromator was sent to a strip-chart
recorder or to a gated integrator. The PMT bias was ad-
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FIG. 2. This diagram shows the experimental setup as viewed
duced a magnetic field oriented perpendicular to the plane of the p
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from the top. A pair of Helmholtz coils that are not shown pro-
aper.
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justed according to the strength of the particular line be-
ing investigated. However, for a scan over a large spec-
tral range, the PMT bias was held fixed and its output
signal was sent to a strip-chart recorder. The photomul-
tiplier tube was biased between 400 and 1000 V and was
magnetically shielded to ensure its proper operation at all
accessible fields. The effectiveness of the magnetic shield-
ing was verified to better than 1% by comparing the
response of the PMT with a mercury line produced by a
room light in zero applied field with its response in max-
imum applied field.

Photomultiplier signals were temporally integrated by
a fast gated integrator. Both the integrated signal and
the magnetic-field voltage were sent to an analog-to-
digital converter (ADC). The ADC outputs were record-
ed by a microcomputer. Gate widths ranging from 5 to
100 us were used. The delay and width of the integration
gate were adjusted so that the gate overlapped the entire
fluorescence peak of the specified line. The data for a
typical line were taken by sweeping the magnetic field
from O to 300 G and recording the integrated fluores-
cence and magnetic-field voltages. The intensity-field
data for each line consisted of 1000 points and took
roughly 2 min to collect.

Electron density and temperature were measured by in-
serting a Langmuir probe into the vacuum chamber close
to the center of the viewing region. The exposed probe
tip was a copper wire of diameter 100 um and length 1.9
cm. The probe was not present when the fluorescence
measurements were performed. It was oriented normal
to the streaming velocity and the magnetic field.

The use of a Langmuir probe as a diagnostic in a flow-
ing plasma at zero magnetic field has been carefully inves-
tigated.” From these studies it is clear that the signal
from the Langmuir probe in a flowing plasma can be
properly interpreted provided several conditions are
satisfied.

(1) The potential difference (V, — V), where V, is the
probe bias and V|, is the plasma potential, must be kept
small enough so that the net electrostatic energy does not
exceed the mean kinetic energy of the ions in the flow
direction, i.e., e|V, —V,| <<1M,U? where the quantity
M, is the ion mass and U represents the mean longitudi-
nal or flow speed of the ions.

(2) The electron thermal velocity ¢, must greatly
exceed the mean speed of the ions in the flow direction,
ie., ¢, >U.

(3) The collisional mean free path A, must be large
compared with the probe radius 7, and the electron De-
bye length Ap, ie., A, >>7,, A, >>Ap. All of these condi-
tions were met by the flowing barium plasma discussed
here. The Langmuir probe was connected to a gated in-
tegrator which sampled the signal at 4.6 us after the laser
pulse using a 250-ns wide gate. The integrated signal and
the bias voltage were recorded by the computer. The
probe bias potential was swept from —25 to +25 V. A
typical scan consisted of 500 data points.

A continuous-wave, tunable diode laser was used to
determine the timing and density of the ground-state
barium neutrals. These characteristics were measured by
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considering the absorption of light resonant with the Ba
6s21S,—>6s6p *P, line at 7913 A (see Fig. 3). The laser
had a linewidth of less than 10 MHz and a beam area in
the central region of about 0.5 cm?. The absorption mea-
surements were performed with an attenuated laser
power of about 0.1 mW. The transmitted light passed
through interference and neutral density filters and was
then detected using a PMT.

In the final measurement, spatial variations in the
fluorescence from the central region of the vacuum
chamber were detected using a CCD camera. Images
were stored on a computer using a framegrabber. Images
of the total fluorescence at wavelengths greater than 5900
A were taken at various magnetic-field strengths. This
was accomplished by placing appropriate color glass
filters in front of the camera lens. A 532-nm rejection
filter and neutral density filters were also simultaneously
used. These images were taken to record spatial varia-
tions in intensity that occurred in the viewing region un-
der different magnetic-field conditions. Images of the
central region were also recorded while a horseshoe mag-
net (B, S1kG) was held next to the chamber walls (see
Fig. 1).

EXPERIMENTAL RESULTS

Visual observations of the plasma fluorescence using
RG595 (Schott Glass) protective goggles (Fred Reed Op-
tical) indicated the minimum in total luminosity above
6000 A occurred for magnetic fields of approximately 75
G. The overall luminosity appeared at least several times
greater for maximum applied field than for zero applied
field.

Visual observations and camera images of the plasma
intensity indicated spatial variations in plasma density
within the central observation region of the chamber for
a uniform magnetic field of 190 G. The fluorescence
emanating from the region halfway between the wall and
center of the chamber was more intense than the fluores-
cence emanating from the center of the chamber and near
the walls. When an inhomogeneous magnetic field was
applied to the viewing region, significant spatial varia-
tions in the fluorescence were also observed. The fluores-
cence emitted near the poles of the horseshoe magnet was
greatly enhanced. A few centimeters away from the poles
there was a dark region, and even farther away from the
poles the fluorescence was bright again (see Fig. 1). The
enhancement in the emitted fluorescence was dramatic
and highly localized.

A demonstration of the extreme changes in the plasma
spectrum is shown in Fig. 4. The monochromator was
scanned over a large range of wavelengths for two
different fields: Fig. 4(a) shows the spectrum from 4000
to 5200 A at B=0 G; Fig. 4(b) shows the same spectrum
at B=190 G. These plots are reliable tracings of strip-
chart recordings. Absolute and, to a lesser extent, rela-
tive intensity information is difficult to deduce from these
plots due to collection geometry factors, the variation in
PMT quantum efficiency with wavelength, the variation
of the grating efficiency with wavelength, and shot-to-
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shot variations in plasma conditions. The intensity ratio
of the fluorescence produced by the same line at two
different magnetic-field strengths is the most reliable and
useful quantitative information that can be deduced from
these plots. For reference, the peak intensity of the
4935-A line was 14 times larger for B=190 G than for
B=0 G fields. The intensity of this line was 70 times
larger than its zero-field value at B=300 G. Overall,
these plots emphasize the dramatic nature of the changes
in the fluorescence due to the magnetic field.

Eight Ba lines and six Ba™ lines were selected for study
because of their noticeable intensity changes in the pres-
ence of the magnetic field. The observed lines can be
categorized according to the shape of their fluorescent in-
tensity (I) versus magnetic field (B) curves (see Fig. 5).
Three qualitatively different intensity-field curves were
observed: extinction—curves in which higher-lying ion
and neutral transitions exhibited a sharp decrease in in-
tensity with increasing magnetic field; growth—curves in
which the low-lying ion lines show a large increase in in-
tensity with increasing magnetic field; minima—curves in
which low-lying neutral lines first decrease in intensity,
reach a minimum, and then grow in intensity for larger

(a)
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magnetic fields. A summary of the I-B curves for the 14
lines examined in the experiment is given in Table I. The
table is sorted according to the dominant feature of the
I-B curves. All of the I-B curves except two exhibit a
minimum that is above the noise. The two exceptions are
the I-B curves for the neutral 5160-A line and the ion
4132-A line; these have no resolvable minima due to
noise.

Fives lines have the typical qualitative behavior of the
rest, and the I-B characteristic curves for these lines are
presented in Fig. 5. Each of these lines is identified in the
last column of Table I. These five curves are representa-
tive samples of the qualitative features observed in the en-
tire set I-B curves, although each line has its own particu-
lar features. The I-B characteristic curves were produced
using a computer program to normalize the integrated in-
tensity and calculate the magnetic field for all digitized
data. At the highest field strength the absolute intensity
of the 6143-A ion line was about five times greater than
that of the 5537-A primary neutral line.

Oscilloscope photographs of the unintegrated fluores-
cence pulse indicated that the time difference between the
arrival of the fluorescence peak and the laser trigger was

(b)

FIG. 3. Energy-level diagrams for (a) neutral barium and (b) singly ionized barium. Only those levels releovant to the data dis-
cussed in this paper are shown. The energies are given in eV and the wavelengths of the transitions are given in A.
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FIG. 4. Fluorescent intensities over a large spectral region: (a) scan from 4000 to 5200 A with B=0 G, (b) scan from 4000 to 5200
A with B=190 G. The low-lying Ba™ lines clearly dominate the spectrum at high-field values, whereas the many high-lying ion and
neutral lines that were present at B=0 G are entirely absent at B=190 G. The scale in (a) is five times more sensitive than that for
(b). The 4935-A Ba* line increased a factor of 14 when the field was raised to 190 G. The lines are labeled according to the measure-
ments made from the strip-chart recordings and the discrepancy between these labels and the actual wavelengths of the lines is due to

measurement error.

TABLE I. Summary of fluorescence versus magnetic-field data for Ba and Ba™.

I-B characteristic Line (A) Source Transition E, (eV) Figure
Minimum 7913.5 Ba 6s6p 3P, — 65215, 1.57
Deep minimum 5537.0 Ba 6s6p p,—6s%1S, 2.24 5(a)
Deep minimum 6597.2 Ba 5d6p 3D, —5d6s D, 3.00
Deep minimum 6500.6 Ba 5d6p *D;—5d6s 3D, 3.10 5(b)
Minimum 6484.7 Ba 5d6p 'Fy—5d6s 'D, 3.33
Large increase 6143.4 Ba® 6p *Py,,—5d *Ds 2.51 5(c)
4935.5 Ba* 6p 2P ,—65 7S, 2 2.51
6498.7 Ba* 6p 2P, ,,—5d 2Ds > 2.72
4555.3 Ba*t 6p 2P, ,,—6s2S, ) 2.72
Extinction 4284.3 Ba 6s4f 'F;—6s5d 'D, 4.31
5160.0 Ba 6s7d 'D,—6s6p 'P, 4.64
4879.0 Ba 6s8d 'D,—»6s6p 'P, 478 5(d)
3892.9 Ba* 6d 2D ,—6p 2P, 5.70 5(e)
4131.8 Ba* 6d 2Dy /—>6p 2P s 5.72

2The quantity E, is the energy of the upper level of the fluorescent transition with respect to the ground

state of its source, either neutral or ion. Note that the ionization potential of barium is Ip =5.21 eV.
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about 9 us for excited ions and 12 us for excited neutrals
at zero field [see Fig. 6(a)]. For ground-state neutrals the
peak in the diode laser absorption signal occurred at
roughly 23 us for zero field. According to a time-of-flight
analysis, the longitudinal streaming velocities of the vari-
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FIG. 5. Plots showing the fluorescent intensity of various ion and neutral barium lines 10 cm downstream from the laser-ablated
source as a function of the axial magnetic-field strength. The different curves illustrate the three different types of behavior: (a) the
Ba 6s6p 'P, —6s2'S,, line at 5537 A shows a large decrease in intensity to a minimum and a subsequent increase in fluorescence with
increasing magnetic field, (b) the Ba 5d6p *D;— 5d6s *D; line at 6500 A exhibits a curve similar to the previous line, (c) the Ba*
6p *P+,,—5d *Ds , line at 6143 A shows a large increase in fluorescence with increasing magnetic field (note the small dip at low field
values), (d) the Ba 6s8d 'D,—6s6p 'P, line at 4879 A shows extinction of a high-lying neutral line with increasing magnetic field, and
(e) the Ba* 6d 2D;,, —6p 2P, ,, line at 3893 A shows the extinction of a high-lying ion line with increasing magnetic field.
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peratures. These temperatures are related to the collision
frequencies of the various possible scattering partners.
The electron temperature 7, and number density n, were
determined from a measurement of the Langmuir probe
current versus bias potential.>!® From the probe mea-
surements, the following values for these quantities at
zero magnetic field were deduced: 7T,=0.84+0.30 eV
and n,=(2.5+1.2)X10'° cm ™3 From the relation be-
tween the temperature and the most probable velocity for
a Maxwellian velocity distribution

172

8KT,
) (1

Tm,

V=

the most probable transverse velocity of the electrons in
the plasma is v, =6.1X10" cm/s. The quantity
k=1.38X1071¢ erg/K is Boltzmann’s constant. The
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maximum transverse velocity of the neutral barium
atoms in the central region can be estimated using
geometry. The inner diameter of a chamber wall was 5.0
cm and the atoms traveled 10 cm from the source in 23
us (peak) which gives the value v,,, =8.7X10* cm/s.
However, a measurement of the transmission of the diode
laser light at 7913 A versus wavelength indicates the
atoms have a Doppler width of Avp,=1 GHz. This
yields a more reliable value for the thermal velocity of the
atoms:

Avp

v, = c=8.0X10%m/s , )

v
where v is the frequency of the diode laser and c is the
speed of light. This latter value for v, gives a neutral
barium temperature of T, =0.36 eV at 23 us. The
neutral barium ground-state number density 10 cm from
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FIG. 6. A sketch of the timing of the different plasma species at zero magnetic field and at maximum magnetic field, reconstructed
from oscil}oscope photographs. The excited neutral and excited ion curves correspond to the fluorescence from the 6597-A line and
the 6143-A line, respectively. The ground-state neutral timing was measured from the absorption of a diode laser tuned to the Ba
7913-A line. (a) corresponds to the case where B=0 G and note that the peaks of all curves were arbitrarily scaled to unity. In (b),
where B=300 G, the curve for each species is drawn with the correct magnitude relative to the corresponding curve in (a). The
B=300 G curves for the excited neutral and excited ion lines have been scaled down by the factors indicated.
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the source was 7, =(3.0+0.5)X 10!! cm™3, as deter-
mined from the diode laser absorption measurements.
This number was constant within experimental uncer-
tainties as a function of magnetic-field strength. With a
fractional ionization of about 10%, the plasma can be
considered partially ionized.

Measurements of the electron density, temperature,
and timing under application of the B field would be most
helpful to the establishment of a particular model for the
fluorescence results. However, from theoretical and ex-
perimental investigations of the use of a cylindrical Lang-
muir probe in nonzero magnetic field,'">1? it is clear that
the interpretation of the resulting currents must be made
with great care. The interpretation is difficult because a
static electric field exists in the sheath surrounding a
biased probe and this causes a reduction in the electrons
in the sheath. Thus, the probe currents in magnetoplas-
mas are sensitive to collisional dynamics which makes the
measurement difficult to understand. For strong fields, in
which the probe radius r, is larger than the Larmor ra-
dius a;, r, R ay, observed electron currents decreased rel-
ative to their zero-field values. Additionally, in strong
fields the “knee” in the I,-V, curve became blurred.

Laframboise and Rubinstein!! derived expressions for
the electron current I, versus bias potential V', in the adi-
abatic limit (a; >>L, where L is the characteristic length
scale for changes in the sheath potential around the
probe), and they predicted the existence of a “negative
resistance”

dI

e

dv,

<0, (3)

which has only been observed for probes oriented parallel
to B. In the present experiment, the following values for
important plasma parameters were deduced from mea-
surements at zero magnetic field: Debye length A, =44
pum; probe radius r,=50 pm; L~1.5(eV, /kT,)"? in
units of Ap.

The delay and broadening of the ion arrival times in
the central region of the chamber were confirmed by both
the Langmuir probe ion current measurements and by
the ion fluorescence measurements.

A number of the measurements reported above were
repeated with the magnetic-field polarity reversed. There
were no observable differences in the data for the two
different magnetic-field polarities.

DISCUSSION

The enhanced fluorescence of the Ba* 4555-A line seen
by Jellison'? for a barium plasma flowing across a trans-
verse magnetic field was explained by an EXB effect.
According to his explanation, the plasma was polarized
due to separation of the electrons and ions during plasma
expansion. The resulting electric field, perpendicular to
the magnetic field, produced an EXB motion that ac-
celerated and heated the electrons. The final result was
an increase in ionization and ion excitation which pro-
duced an increase in ion fluorescence. In contrast, the
magnetic field in the present experiment was axial. Since
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]EXB] =0, motion similar to the case of Jellison was ab-
sent in these experiments. For this reason polarization
effects are ignored in the model discussed below.

The changes in the neutral and ionic fluorescence spec-
tra are speculated to be the result of field-varying
electron-neutral and electron-ion collisional dynamics.
In this model the electron and ion densities are assumed
to be sufficiently small to allow the magnetic field to per-
meate the bulk of the plasma even at the highest field
strengths. An estimate of the diffusion time 7 for the field
into the plasma at the peak density and at maximum
magnetic field gives 7==0.7 us. This time rapidly declines
with decreasing magnetic field (7 < B?).

Larmor gyrations describe the dynamics of charged
particles in magnetic fields. The Larmor radius a; of a
particle in a magnetic field B depends on its velocity com-
ponent perpendicular to the direction of B,

v
a=—, @)

where w,=¢gB /mc is the cyclotron frequency of a parti-
cle of mass m and charge ¢ moving in a magnetic field B.
The quantity c is the speed of light. The electron and ion
cyclotron frequencies at maximum magnetic field
(B=300 G) are w,=5.28X10° rad/s, o,=2.10X10*
rad/s. An estimate for the electron Larmor radius, using
v, =6.1X 107 cm/s, is a;, =110 um. For ions, a similar
estimate using v, =2.4X10° cm/s gives a;;=11.4 cm.
This velocity choice for the ions is based on the corre-
sponding velocity calculated from the experimental data
for neutrals at 23 us and the geometry of the ionic
fluorescence. Since the ion peak occurred at an earlier
time (8 us), the ion velocity was assumed to be a factor of
3 larger than the neutral velocity.

Many interactions between particles in the plasma are
possible. The high mean transverse velocity of the elec-
trons, ensuring high numbers of electron-ion and
electron-neutral collisions in the plasma, makes the elec-
trons likely candidates for the energy exchange process.

The primary physical effect that causes the changing
fluorescence is increasing confinement of the charged
plasma constituents due to an increasing magnetic field.
The magnetic field does not change the kinetic energy of
any of the plasma constituents under collisionless condi-
tions. However, magnetic-field confinement can indirect-
ly change the kinetic energy of different plasma species
by affecting the frequency and number of inelastic col-
lisions. In addition, magnetic-field confinement can
change the velocity distributions of the ions and elec-
trons. Consider electrons and ions in a field-free situa-
tion. Particles with high transverse velocities and corre-
spondingly lower longitudinal velocities strike the wall
and are lost before reaching the viewing area 10 cm
downstream from the source. When an axial magnetic
field is applied, the electrons will have the same longitudi-
nal speed as before but, instead of being lost, they will ex-
ecute gyro orbits and collide with neutral atoms and ions.
The increase in collisions due to such confinement will
cause fluorescence changes.

Except at the very lowest magnetic fields, the plasma
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has a very low magnetic f3, i.e.,

_ mkTi+nkT,

) (5)
B*/8m

where the numerator corresponds to the plasma pressure
and the denominator is the magnetic pressure. In this ex-
pression n, ; are the electron (ion) densities. At the densi-
ties and temperatures in these experiments the plasma
beta has the value =1 at a magnetic field of about 2 G.
Thus, for most of the magnetic-field range used in these
experiments the plasma beta was less than 1.

In zero magnetic field, the electrons undergo few in-
teractions with each other and with other particles of the
plasma. The observed fluorescence at zero magnetic field
is due to cascades from higher-lying levels that are still
decaying 10 us after the laser pulse. When the magnetic
field is applied, the number of electron-neutral and
electron-ion interactions increases, resulting in quenching
of cascade radiation from all levels (high and low) in both
heavy species (atoms and ions). The quenching mecha-
nism for excited ions is superelastic-electronic collisions.
For excited neutrals two mechanisms are possible: su-
perelastic collisions with electrons and, for higher-lying
levels, electron impact ionization. The electron tempera-
ture rises due to superelastic collisions with excited neu-
trals and ions.

As the plasma confinement becomes more effective
with increasing magnetic field, the number of electron-
neutral and electron-ion interactions rises and the elec-
trons begin returning energy to the ions and neutral
atoms, since the electrons have quenched most excited
states and now encounter ground-state ions and neutrals.
The fluorescence from low-lying neutral and ion lines will
start to increase, with the largest increase occurring in
ionic fluorescence due to better overlap of the electron-
ion spatial distributions and also due to higher electron-
ion inelastic cross sections. This is demonstrated by the
large rate of increase in the intensity of the four observed
transitions from the two low-lying ionic P levels when the
magnetic field rose; the corresponding lines are those at
6143, 4935, 6499, and 4555 A [see Figs. 3(b) and 4 and
Table I]. In contrast, the radiation from transitions out
of the low-lying P levels in neutral Ba, such as the 7913-
and 5537-A lines, exhibited a much smaller rate of in-
crease with increasing magnetic field. At the maximum
magnetic field the strong 5537-A line of neutral barium
has roughly a fifth the intensity present in any one of the
low-lying ion lines. Both neutral and ionic barium have
metastable D states at about 1 eV (see Fig. 3). Since the
energy gap between these levels and the low-lying P levels
is on the order of the mean electron energy, electronic ex-
citation from the D to the P levels causes a rapid increase
in the low-lying P level populations as the magnetic field
rises.

The rising populations of low-lying excited states in the
ions and neutrals cause higher-lying levels to become
populated through collisions with electrons. The fluores-
cence from transitions out of these higher-lying levels
should increase with increasing magnetic field. The rate
dI /dB at which the higher-lying level fluorescence will
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increase with magnetic field depends on the relative ener-
gy gap between these higher-lying levels and the low-
lying levels. For example, since the high-lying ion levels,
e.g., 6d *D;,, and 6d ’Ds,,—see Fig. 3(b), lie far above
the low-lying P levels (E,, >3 eV), it is expected that the
transitions associated with these higher-lying levels will
increase very slowly as B is increased. This is clearly
demonstrated by Fig. 5(e), which shows the I-B charac-
teristic curve of the 3893-A line due to a transition out of
the high-lying 6d 2D, ,, ion level. In contrast, for the
neutrals the levels are more closely spaced and so the
neighboring levels to the 656p P, low-lying level rise in
population more rapidly with increasing B than in the ion
case. This can be seen from the I-B characteristic of the
5d6p D3 —5d6s 3D, line at 6500 A in neutral Ba—see
Fig. 5(b).

As the magnetic field is further increased, the electron-
ic excitation rate of higher-lying levels will increase,
thereby removing electrons from the low-lying excited
levels of the neutrals and ions. For example, in Ba™ ions
the 6p 2P, ,, level depopulation rate will increase with in-
creasing B because ions in this level will have a higher
probability for undergoing a collision with an electron
that excites the ion to a higher-lying level like the
6d 2D ,, level—see Fig. 3(b). Eventually, the production
and destruction rates of the low-lying excited states will
become equal and one would expect the I-B curves of
some of these states to start showing saturation behavior
at high-B field values. Such behavior was observed in
only one case, that of the 4555-A line in Bat. This result
is expected since the highest energy low-lying level of the
ion (the species most affected by electron collisions) is
closest in energy to the higher-lying D levels [see Fig.
3(b)].

Finally, radiation transport is an important considera-
tion in plasma-field interaction dynamics. In the experi-
ments discussed in this paper, the only line that was opti-
cally thick was the Ba 5537-A line. Optical thickness es-
timates were made using the following assumptions.

(1) Level populations followed Boltzmann distributions
with an ion temperature of kT;~0.8 eV and a neutral
temperature of kT'=~0.36 V.

(2) Both ion and neutral lines were Doppler broadened
to 1 GHz. All neutral and ion lines other than the 5537-
A line in neutral Ba were calculated to be optically thin.

CONCLUSIONS

The line radiation emitted by a streaming plasma was
observed to be strongly dependent on small magnetic
fields. Integrated fluorescence of individual lines passed
through minima, decayed, or grew rapidly as a function
of increasing magnetic field. Measurements support a
model in which the energy lost by the quenched higher-
lying levels excites lower-lying levels using electrons as an
intermediary. Further investigation is needed to verify
the assumptions of the model and to provide a calculated
fit of the measurements presented in this paper. Mea-
surements of I-B curves at magnetic fields higher than
300 G would clearly define the saturation of level popula-
tions. In addition, a reliable measurement of the electron
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density as a function of magnetic field would help eluci-
date the detailed causes of the changes in fluorescence
emitted by the Ba streaming plasma.
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FIG. 1. Images taken with a CCD camera reveal the spatial
variations of fluorescence in the central region of the chamber
when (a) no magnetic field was applied and (b) when a 1-kG
horseshoe magnet was placed next to the chamber as indicated.
The laser-produced plasma flows up in these images. The view-
ing region is 10 cm from the barium target. The spatial distri-
bution of the enhanced fluorescence shows that the radiation is
highly localized.



