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Laser-Produced Plasma Jets: Collimation and Instability in Strong Transverse Magnetic Fields
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Highly collimated plasmas jets are produced with laser irradiation of solid barium targets. The plas-
ma streams many Larmor radii across a strong transverse magnetic field (10 kG) with little inhibition.
The plasma jet is observed to narrow or “focus” in the plane perpendicular to the field, while in the plane
of the field the plasma expands along the field lines and displays flutelike striations. The narrowing of
the plasma jet is understood in terms of the configuration of the plasma polarization fields, while the
flute structure is identified as an electron-ion hybrid velocity-shear instability.

PACS numbers: 52.35.Py, 47.20.Ft, 47.25.Gk, 52.35.Qz

The physics of plasma flow across magnetic field lines
is important in many laboratory and space plasmas. The
collimation and stability properties of such flows is of
particular relevance to the propagation of charged parti-
cle beams, solar wind evolution, virtual anode formation,
astrophysical jets, magnetotail physics, beam plasma
heating, and cross-field injection fueling of tokamak
plasmas.

In this Letter we present direct observations of laser-
produced plasma flows which are collimated into two-
dimensional jets, focused, and driven unstable by strong
(5-10 kG) transverse magnetic fields. The jet instability
takes the form of flutelike structure in the plane of the
magnetic field, whereas focusing is observed in the plane
perpendicular to the field. The plasma flow is not imped-
ed by the field even though the background magnetic
pressure is much larger than the thermal or kinetic pres-
sure of the plasma, i.e., low 8. Unimpeded plasma flows
across B-field lines have been observed in some early
work with laser-produced plasmas,'™ plasma guns,* and
jon diodes;> however, the mechanism for collimation was
not well understood and the flows were not observed to
be unstable. By measuring the plasma density, density
scale lengths, temperature, and ion velocity distributions
we are able to isolate the mechanisms responsible for the
plasma collimation and focusing as well as identify the
most likely candidate for producing the flutelike struc-
ture we observe. This work agrees with recent predic-
tions® of electron-ion hybrid instabilities driven by veloc-
ity shear.

The plasma jets are created with a low-energy [few
mJ, I=10% W/cm?, 3-4-ns (FWHM)] Nd-glass laser
beam focused onto a solid planar barium target. The
laser-target interaction produces a plasma which ex-
pands into a vacuum with a uniform magnetic field
formed by a pair of Helmholtz coils, Fig. 1. The 0- to
10-kG field is in steady state on the time scale of the ex-
periment and the orientation of the field is adjustable by
rotation of the coil assembly. The primary diagnostics
for characterizing the plasma are resonant shadow-
graphy, resonant absorption, resonant scattering,’ and

ion time-of-flight detectors. Resonant diagnostics are
necessary because the plasma densities (n, < 5x% 10'
cm ~3) in these experiments are too low to be detected by
nonresonant optical techniques. For these measurements
a tunable-dye-laser beam serves as a probe. The probe
passes parallel to the target surface and perpendicular to
the main laser axis. By tuning the probe wavelength to
within 0.5 A of the 4554-A BalI resonance line the index
of refraction of the Ba plasma is enhanced by about 3 or-
ders of magnitude over the electron contribution, while
at line center the absorption by the barium ions is so
strong that complete absorption of the probe occurs for
ned =10 cm 2

The expansion of the plasma from the Ba target is
close to a simple 1D rarefaction caused by a sudden pla-
nar expansion of an isothermal gas.® In the experiment
the plasma has asymptotic flow velocities normal to the
target surface between 1x10° and 3x10° cm/sec. As
the plasma jet flows away from the target it expands
transversely with a velocity characteristic of its tempera-
ture. The B=0 transverse profiles of the plasma jet,
measured by 90° resonant laser scattering,’ are shown in
Fig. 2. The barium-ion density is peaked at about
5%10'* cm ~? and the plasma temperature is about 1 to
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FIG. 1. Schematic of experimental setup.
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FIG. 2. Radial density profiles of the expanding plasma as
measured by resonant Rayleigh scattering for the B=0 kG
case. Inset: Radial profile for the B=10 kG case; obtained
from a densitometer lineout of Fig. 3(b). Note the edge densi-
ty gradient length of = 30 um. Both profiles are for z=5 mm.

3 eV as inferred from the transverse expansion velocity.
A typical absorption image of the B=0 plasma jet is
shown in Fig. 3(a); the flow is well collimated normal to
the target surface and its tip moves away from the target
surface with a constant velocity. The tip position versus
time is plotted in Fig. 4 and a typical ion velocity distri-
bution as measured by ion time-of-flight detectors is
displayed in the inset. The ion velocity distribution is
very broad, consistent with the 1D expansion model.

With magnetic fields between 1 and 10 kG, the ion
Larmor radius (20-2 cm) is always larger than the
characteristic plasma dimensions, whereas for the elec-
trons the reverse is true (r, <0.01 mm). The plasma
ram pressure P, =nMV?*/2 is much larger than the
thermal pressure P, =nkT of the plasma, but is still
small compared to the magnetic pressure Pg =B?/8x.
The plasma g=(P,+ P,)/P3 is about 0.05 for B=10 kG;
thus the diamagnetic currents are weak and the back-
ground magnetic field is not strongly perturbed by the
flowing plasma, i.e., VXE=0 and B =const. The jet’s
tip velocity is not reduced by the field—even for fields as
large as 10 kG. On the other hand, the profile of the
plasma jet in the plane normal to the field is profoundly
modified, as can be seen in Fig. 3(b) and the inset in Fig.
2. The plasma jet becomes wedge shaped, develops re-
gions of higher density at the edges and lower density in
the center, and exhibits an asymptotically narrower and
denser tip. The steepness of the jet boundary, character-
ized by the density scale length L,, changes from a few
mm at B=0 kG to about 30 yum with B=10 kG. The
plasma retains its wedgelike character even after travers-
ing several ion Larmor radii.

A Lorentz transformation to the frame of the plasma
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FIG. 3. (a) Typical resonant absorption image of a laser-
produced Ba plasma expanding into a vacuum, B=0 kG. (b)
Absorption image of the same plasma as in (a) except expand-
ing into a 10-kG transverse B field (image in the plane perpen-
dicular to B). (c) Configuration of polarization fields believed
to be responsible for focusing of the plasma jet.

moving in a magnetic field shows that the moving plasma
experiences an induced electric field E=(VxB)/c.® If
the plasma geometry permits the accumulation of charge
at boundaries normal to E, such as in a directed expan-
sion, and the low-frequency plasma dielectric constant '°
is large, then the plasma polarizes readily to produce an
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FIG. 4. Tip position of the plasma jet as a function of time
for B=0 and 10 kG. The low density of the tip in the B=0 kG
case results in a high uncertainty in its position and gives the
impression of deceleration at late times. Inset: Typical ion
time-of-flight detector trace.
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equal and opposite electric field E inside the plasma.
The polarization charges produce an electric field
E=—(VxB)/c in the laboratory frame; thus, the bulk
of the plasma can cross the magnetic field unimpeded via
a V=c(ExB)/B? drift.

At the boundary of the jet the polarization electric
field loses strength due to the finite extent of the charge
layers. As a result, the charge layers at the jet boundary
are continuously left behind due to their lower drift ve-
locities and must be replenished by charges from within
the plasma. This mechanism'' predicts a jet that nar-
rows by attrition as it propagates. But, given our mea-
sured plasma density, the surface charge density
o=(1/4rc) VB, and a maximum relative charge layer ve-
locity of V, we find that the amount of plasma lost by
this process during the time of the experiment (r <2
usec) is negligibly small (AN/N < 10 ~9).

The mechanism responsible for the jet narrowing is
believed to be due to focusing caused by the curvature of
the polarization electric field. This occurs because the
flow velocity is not constant, but instead has a distribu-
tion as shown by the ion time-of-flight measurements.
For a plasma flow with a finite velocity distribution the
polarizing surface charge density and the polarization
electric field must increase in regions of higher flow ve-
locity. Since VXE =0 for small B, an axial gradient in
the transverse electric field implies that the polarization
field must also have an axial component with a trans-
verse gradient, i.e., V.E, =V, E,. This produces a polar-
ization field as depicted in Fig. 3(c). The ExB drift will
now have a velocity component pointing inward as well
as in the direction of the jet. This E,XxB drift focuses
the flow to produce an asymptotically narrow jet. Since
the ions are effectively unmagnetized, a positive space
charge will also develop at the front of the jet as the ions
shoot ahead of the electrons. The resultant axial electric
field should curve the jet in the electron gyrodirection
(—V xB direction). The observed curvature of the jet
tips at late times is consistent with this model. Reversal
of the B-field direction produces a corresponding reversal
of the jet curvature, as expected.

If the magnetic field is rotated by 90°, such that the
plane parallel to the field is under observation, we ob-
serve very different behavior. As the plasma expands ax-
ially it simultaneously expands out along the field lines
and is accelerated by the fringing polarization fields.
This expansion, Fig. 5(a), is highly structured, taking
the form of narrow flutelike striations aligned along the
magnetic field. The striations appear almost periodic
(L =0.015 to 0.03 cm) and have widths less than the
detection resolution ( Ax < 60 um). Observations of the
projection width of the striations as a function of angle
between the jet axis and the probing beam indicate that
the striations do not extend down into the interior of the
jet but instead appear to be localized in a very thin sheet
(=300 um), presumably on one or both surfaces of the

FIG. 5. Resonant absorption image in the plane of the B
field. The plasma expands along the field lines and is highly
structured. The periodicity of the striations is observed to re-
late to the density gradient along the field lines through
r=rnL, (a) V-B=0. (b) Instability is flutelike (k-B=0)
even for V- B=0.

jet. On the other hand, variations of the angle between
the jet axis and the direction of the ambient magnetic
field, Fig. 5(b), show that the instability is flutelike
(k- B=0) even for V-B=0. The B-field threshold for
observing the flutelike structure is about 3 kG. Above
threshold, the contrast of the structure increases with
field strength, but the characteristic periodicity of the
structure is approximately independent of the magnetic
field strength. To our knowledge this is the first observa-
tion of such structure in a low-8 laboratory plasma ex-
panding across a magnetic field. It may, however, be re-
lated to observations of similar striations in barium-
release space experiments'? or in tokamak cross-field
pellet-injection experiments. '?

The observed field-aligned nature (k-B=0) of the
striations is characteristic of instabilities such as the
Rayleigh-Taylor or interchange instabilities,'* velocity-
shear instabilities,® lower-hybrid drift-wave instability, '
as well as other electron-ion cross-field instabilities'® for
which 0 < © < (m./m;) %, where © is the angle between
k and normal to B in the k-B plane. In the early stages
of the jet formation, i.e., when the polarization fields are
set up, the jet could be Rayleigh-Taylor unstable as a re-
sult of the focusing forces on the jet. However, at times
later than this startup phase the jet is not likely to be
Rayleigh-Taylor unstable because the density gradient
and acceleration vectors are pointed in opposite direc-
tions. A necessary condition for cross-field streaming in-
stabilities is that there be a relative electron-ion drift, or,
in the case of ion instabilities, an ion-ion drift. In our
plasma relative ion-ion drifts are not present. But rela-
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tive electron-ion drifts are possible in the boundary lay-
ers of the jet where the polarization field falls sharply
and the electrons, unable to sustain an ExB drift, fall
behind as the unmagnetized ions stream ahead.

Even though, in principle, relative electron-ion drifts
are possible in the boundary layers, linear local cross-
field streaming instability theory'>'¢ cannot explain the
observed structure. Space-charge effects limit the rela-
tive drift, the nonuniformities of the boundary region
make the problem inherently nonlocal, and the observed
periodicity of the structure has a much longer wave-
length than that predicted [kr.(T;/T.)"?=11] by the
cross-field streaming instabilities. Wavelengths compa-
rable to experimental values would require unreasonably
high ion temperatures (= 100 eV).

A more likely explanation of the striations are instabil-
ities driven by the electron velocity shear in the boundary
layers of the jet. In recent work,® it is shown that ExB
drifts with localized polarization fields are unstable to
electrostatic electron-ion hybrid modes in regions of
transverse velocity shear. As in the experiment, this
theory applies to the r;, < L. < r.; range of the velocity-
shear scale length L. For the parameters of our experi-
ment, the lower-hybrid velocity-shear instability has
strong growth rates, on the order of the lower-hybrid fre-
quency y=0.3wi,. The most unstable wave number is
given by k,,L = 2 and is very weakly dependent on the B
field for wpe/w. = 1. Since the experiment is in the re-
gime where w,,e/w“, =1, the observed insensitivity of the
striation periodicity on the B field is in agreement with
this model. Assuming that the velocity-shear scale
length is of the same order as the density scale length
and using L,=30 um, obtained from densitometer
lineouts of the jet profile, kL =2 (A=100 um) is in
reasonable agreement with the experiment for
A=150-300 um. With o= 108 sec 7!, the time over
which the striations are observed allows for about one
hundred growth e foldings. Clearly, nonlinear effects are
important. More complete understanding of this insta-
bility will require extension of this theory into the non-
linear regime and/or numerical simulations.

In conclusion, resonance detection techniques were
used to observe and diagnose laser-produced barium
plasma jets. The jets focus in the plane perpendicular to
the B field due to curvature of the polarization fields,
while in the plane of the field the plasma is structured
into flutes along the B-field lines. The structuring is be-
lieved to be due to lower-hybrid velocity-shear instabili-
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ties® occurring in the boundary of the jet.
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FIG. 3. (a) Typical resonant absorption image of a laser-
produced Ba plasma expanding into a vacuum, B=0 kG. (b)
Absorption image of the same plasma as in (a) except expand-
ing into a 10-kG transverse B field (image in the plane perpen-
dicular to B). (c) Configuration of polarization fields believed
to be responsible for focusing of the plasma jet.



FIG. 5. Resonant absorption image in the plane of the B
field. The plasma expands along the field lines and is highly
structured. The periodicity of the striations is observed to re-
late to the density gradient along the field lines through
r==nrl, (a) V-B=0. (b) Instability is flutelike (k-B=0)

even for V- B=0.



