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I. INTRODUCTION

Laser radiation focused on solid targets produces dense hot

plasmas in very high ionization states. These plasmas expand and cool

rapidly, and are thus highly non-uniform. If an axial magnetic field

is aligned perpendicular to the solid surface, the ablated plasma will

be collimated into a well defined axial plume. By proper choice of

the target geometry, this plume can be made extremely uniform and is

thus an ideal medium for basic atomic physics studies as well as other

applications.

The mechanisms involved in the plume formation depend on the

laser intensity, focal spot size, and laser wavelength. Long wavelength

lasers can provide the best plasma uniformity because they interact with

the plasma in both the critical density region, and in the underdense

magnetically confined plume. The 10.6p wavelength of carbon dioxide

lasers is ideally suited to heating multiply ionized plasmas to several

100 eV temperatures at densities which can be magnetically confined.

Long pulse (100 nsec to 5 usec) CO. lasers have previously been used to

heat preexisting hydrogen gas ' and plasma ' columns in solenoidsl

magnetic fields. The formation of an on-axis electron density minimum

to trap and channel the laser beam was an important aspect of these

experiments. Beam trapping and propagation have been demonstrated over

distances as long as 3 m. CO lasers have also been used to heat

higher atomic number plasma columns, such as a neon theta pinch, and

numerical magnetohydrodynamic-atomic physics models have been developed
6

to describe this process.

The heating of underdense, magnetically confined plasma columns

has been extensively studied and the basic analytical description involves

the propagation of a bleaching wave at speeds determined by the laser

intensity and confinement field. The irradiation of solid targets is

more complex since heating can occur both near the critical density and

in the magnetically confined underdense column. The first experimental
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study of this process was performed with a tightly focused CO,

laser beam and was aimed at investigating the influence of magnetic fields
Q

on the basic laser-solid interaction. The present work utilizes higher

f number optics and is directed primarily at controlling the conditions

in the magnetically confined plume. Typically, fully ionized carbon

plasmas have been produced with 101* cm"3 electron densities and 100-150 eV

electron temperatures. These carbon plasmas have been doped with high Z

atoms in order to study ionization and emission rates at the above

condition?.

II. ANALYTICAL MODEL

Very simple analytical models can be derived for describing

the laser heating process in the plume generation region near the critical

surface, and in the magnetic confinement region. Only inverse

bremsstrahlung absorption of the simplified form

Kn(cm"
1) - 500 Z* ne(10

18 cm~3)(ne/nec)T~
/6 (eV) (1)

9
is assumed, where the critical electron density for a laser wavelength

\ is

n e - 10 2 1 \-2(v) cm"3 (2)
c

The effective ionic charge is Z* - <Z2>/<Z> for Coulomb collisions.

A. Absorption Near Critical Density. If the plasma dimension

is sufficiently large that the laser radiation is fully absorbed, and if

the absorbed energy resides primarily with the plasma plume emanating

from the critical surface region, then the temperature near the

critical density surface can be calculated from a simple power balance

- I . (3)
• \ /

x 10s cm/sec is the acoustic velocity for a high Z

plasma of atomic number A., and e is the non thermal energy per

electron. £ includes ionization energy, kinetic energy, and radiated

energy. For this simple model, and based on detailed calculations in the

region of interest for the 10.6u C experiments, we will assume

e n t « 4(3kTe/2). Using Eq. (2), the electron temperature is



e ± W/cm2)X2(u)} . (4)

This scaling assumes full laser absorption in the critical density region.

Using the above temperature scaling and the absorption length dependence

given by Eq. (1), an approximate criterion for full absorption becones

R (mm) > 1.3 x 10** *I (W/cm2) X" (u)/Z* . (5)

c

with R being a characteristic plasma dimension in the critical density

region. Except for the numerical coefficient, this scaling is identical

to that derived from assuming an energy balance at the critical surface

governed by the flux limited electron thermal conduction generally

assumed at higher intensities.

B. absorption in Magnetically Confined Plume. If the axial

velocity in the plasma plume does not change greatly fron that near the

critical surface, then the electron line density N is approximately

equal to ne A^ where A^ is the focal spot area. Plasma heating in

the plume will then take the form

V * - Pr <6>

where P. * IA. is the laser power and P is the radiated power per unit

length. If pressure balance n k T - B2/2yQ is assumed and radiation is

ignored, Eq. (6) can be integrated to yield the temperature

dependence on total laser energy £„.

Te(eV) •= 10[z* X
2(p) eA(kJ)/Ne(10

18 cm"1)]'4 BA (T) (7)

C. Radiative Losses. Radiation will reduce the plasma

temperature from that given by Eq. (7). A convenient expression

for the radiated power can be written in the coronal limit as

Pr(W/cm) - 5 x 10
1 2 fne(10

18 cm"3) N^

where x is the characteristic radiation temperature and f is an effective

total f number assuming a Gaunt factor of 0.2,10 Equation (6) can



then be written in terms of the above units as

£ (0.24 TJ - -r*- I IXZ - 10J3f -̂  e = J . (9)

Since coronal excitation and inverse brensstrahlung absorption are

collisional processes/ both terms have similar scaling. Plasmas with

incompletely stripped~iolfi5"will-be_jjifficult to heat since f is about

equal to the number of bound electrons. Helium-like plasmas can be more

easily heated since f is small and x/T will tend to be large.

III. EXPERIMENTAL APPARATUS

The experiments were performed using a large e-beam sustained,

200-liter CO. laser described in Kef. 5. A nitrogen free mix and rapid

electrical switching were employed to limit the output to a single

gain-switched 100-nsec long, 500-J maximum energy, Gaussian-shaped pulse.

An unstable oscillator provided good optical quality and the output

beam could be focused to a 3-mra diameter (50 percent energy point) with

f25 optics. This provided an average laser intensity of about

7 x 1O10 W/cm2.

The experimental arrangement is sketched on Fig. 1. A 7.5 kG

axial magnetic field was provided by a quasi-steady (3 ysec half cycle

time) solenoidal magnet. A 3 mm diameter carbon rod was chosen as a

target in order to match the laser focal spot size, and prevent ablated

material from forming a dense, cold layer at the outer edge of the plume.

Vacuum access was provided for filtered x-ray diode arrays and grazing

incidence spectroscopy. Optical access was also available for holographic

interferometry and Thomson scattering. The x-ray pinhole photograph

in Fig. 1 shows the approximate size of the plasma plume.



Figure 1. Experimental
Geometry Showing
X-Ray Finhole
Photograph of the
Plasma Flume Taken
from Behind a
Beryllium Foil
Supported on a Fine
Mesh Screen
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XV. EXPERIMENTAL RESULTS

The temperatures measured 6 am in front of the target surface for

450 J laser irradiations are shown in Fig. 2. Both the x-ray diode

(XRD) measurement (based on differential transmission through two

thicknesses of beryllium foil) and the Thomson scattering data are radially

unresolved. The measurements indicate a peak electron temperature of

between 130 and 150 eV, which is somewhat lower than the 230 eV scaling

predictions of either Eqs. (4) or (7). The lower plasma temperatures

are probably due to a decrease in the actual laser intensity striking

the target due to unfavorable refraction in the plasma plume. Beam

focusing rather than defocusing was produced by irradiating larger

diameter targets. Although this produced a hotter central temperature,

it resulted in a dense, cold outer annulus.

In order to estimate the effective intensity reduction, a series

of detailed numerical calculations were performed using the one-

dimensional axial magnetohydrodynamic code, CORK. CORK includes single

zone radial expansion and a detailed, time-dependent, collisional-

radiative, atomic physics package. The results of CORK calculations

for three different assumed average laser irradiation intensities are

also shown on Fig. 2. The measurements agree best with numerical

calculations assuming a factor of three reduction in incident intensity.
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Figure 2. Measured Electron Temperature 6 ran from Target Face, and
Comparison with Numerical Calculations for Various Incident
Average Laser Intensities.

Axial temperature, density, and plume radius profiles are shown

on Fig. 3 for the 21 GW/cm2 irradiation calculation. The laser beam

radius just exceeds the critical value specified in Eq. (5) and about

75 percent of the incident power is absorbed. The calculated temperature

agrees with the scaling value given by Eq. (4) based on the peak intensity

of 42 GW/cm2 at 50 nsec. The plume expands freely for about 1.5 mm

until its pressure reaches a value which can be magnetically confined.

The subsequent variations in radius are due to radial and axial dynamics.

The main plume velocity reaches a quasi-steady velocity of

1.6 x 107 cm/sec. Based on a plume diameter of 5 mm, the effective

laser intensity in the plume is 7 GW/cm2. The laser absorption length

is 10 cm, and the power absorption rate exceeds the calculated

2.5 x 10s W/cm3 radiation rate. Thus, the plasma continues to increase

in temperature as it flows from the target. Host of the heating,

however, occurs near the critical surface for the experimental conditions.



Figure 3. Axial Calculation of
Laser Heated Carbon
Plasma Plume in
7.5 1 Magnetic Field
at 50 nsec into
100 nsec Wide
Triangular Shaped
Laser Pulse
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The radial uniformity of the plasma plume was measured with

temporally and spatially resolved interferometry and Thomson scattering.

A series of interferograms taken at various times during the laser pulse

is shown on Fig. 4. The flat fringes near the target at early times

indicate an on-axis density minimum, which is due in part to the dynamic

expansion of the plasma. Once the plume reaches pressure equilibration

with the confining magnetic field, this minimum disappears and Abel

inversions of the interferograms show rather flat topped density profiles.

A typical measured density profile is shown on Fig. 5 for a time near

the end of the laser pulse. The measured electron line density is

2.3 x 10 1 7 cm"1, which is a factor 2-3 less than the ne A. value

estimated assuming a 3 mm diameter laser spot size. It appears that

unfavorable laser refraction also reduces the effective spot size. The

calculation shown on Fig. 3 was performed assuming a 2 am spot size, and

the resulting line density of 2 x 10 1 7 cm"1 agrees with the measured

value.

Also shown on Fig. 5 are radially resolved (1 mn resolution)

Thomson scattering electron temperature measurements, and the results

of a numerical calculation using the one-dimensional radial

magnetohydrodynamics code, DXNASOR. DYNASOR includes classical

radial flux diffusion and the same atomic physics information as CORK.

The calculations were performed assuming an initial column diameter of

2 mm and an ion line density equal to the measured value. A radial
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Thomson Scat-
tering Measure-
ments and
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Numerical Code
Calculations
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Gaussian laser intensity profile was amsumea. Due to the very weak

temperature dependence of a high-f} magnetically confined plasma on laser

fluence [indicated by Eq. (7)}, and rapid radial thenaal diffusion,

the temperature profile is only weakly influenced by the laser intensity

profile. This weak dependence is apparent in the DYNASOR calculations

shown on Fig. 6 for widely different laser intensity profiles.
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Figure 6. Radial Code
Calculations of plasma
Profiles for Widely
Different Assumed Laser
Intensity Profiles at
Low Power Level.
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The calculations predict low flux diffusion and formation of

a high-beta central region about 4 mo in diameter with very good

temperature uniformity. The slightly higher edge temperatures arise from

joule heating by the induced jg current. The Thomson scattering

measurements confirm this temperature uniformity. The measured

temperature and density confirm a 0«1 value in the central region. The

electron temperature inferred from the measured density and &-1 is also



indicated on Fig. 5. The high-(3 nature of the column thus allows

temperatures to be inferred from density measurements, rather than from

difficult Thomson scattering measurements.

V. SUMMARY AND CONCLUSIONS

We have demonstrated the technique of creating uniform plasma

conditions using laser irradiation and magnetic confinement. This method

is sufficient to produce several centimeters long plasma columns before

refraction becomes severe. Specifically, plume formation is achieved by

laser heating near the critical density and in a magnetically confined

region. Simple scaling laws have been derived to describe both processes.

For the experiments performed using 10 GW/cm2, millimeter sized 10.6.U

laser beams, the primary heating occurs near the critical density, but

the plume heating is also significant. The strong temperature dependence

of the laser absorption coefficient in this Magnetically confined region

results in very good radial uniformity. The temperature scaling, however,

does not obey the simple I B relationship derived for heating preformed

gas or plasma columns. Detailed numerical calculations shew a temperature

scaling somehwere between the critical density heating and magnetically

confined relationships. For parameters relevant to the current

experiments, this scaling takes the form T - I^'B .

We have doped the carbon target with small fractions of high-Z

impurities in order to obtain emission spectra. As long as the iaipurity

fraction was kept below 1 percent by atom, the peak plume temperatures

were now lowered significantly near the target. The cooling and radiation

rates, however, were increased to several times their original levels.

Future plans for the laser-generated plume are to add a weak adiabatic

z-pinch compression in order to triple the temperature and produce a

well-behaved keV line x-ray source in a material such as aluminum for

lithographic applications.
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