
VOLUME 42, +UMBER 25 PHYSICAL REVIEW LETTERS 18 JUNs 1979

sufficient numbers of particles to slip into accel-
eration phase and this terminates the growth of
the electromagnetic wave. In the varying ripple
case the pondermotive force becomes so strong
that more than half of the particles are pushed
into the bottom of the deep potential well. At this
instant the beam kinetic energy is a minimum
which, from conservation of energy, gives rise
to maximum radiation. However, the average
beam particles are in the accelerating phase rela-
tive to the EM wave and they gain energy from
the wave. This results in oscillation in the bulk
particle distribution and eventually the distribu-
tion becomes thermalized. In the end, the beam
gives up a lot more kinetic energy in comparison
with the constant ripple case. However, the de-
vice length should be terminated at the first peak
of the radiation to obtain the maximum efficiency
at the desired frequency.

In conclusion, we proposed that by properly
varying the ripple strength of a free-electron
laser, the efficiency can be substantially in-
creased along with some other benefits such as
narrow bandwidth and shortening of the length of
the device. The performance might be improved
further by optimizing the form of the varying
ripple strength.
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Ablative acceleration of thin-foil targets at low laser irradiance (10'2-10'~ W/cm~) is
studied experimentally and theoretically Ab1ative .acceleration of foils up to - 10 cm/sec
with good hydrodynamic efficiency {209o) has been achieved. These and other results are
in good agreement with a simple rocket model.

In the laser-fusion concept, the near-isentropic
implosion of the pellet fuel is driven by the rock-
etlike ablation of the pellet shell. Pellet-design
considerations suggest that acceleration of the
shell to a velocity of - 2 X 10' cm/sec is sufficient
to achieve thermonuclear ignition. ' We demon-

strate, here, ablative acceleration (10"cm/sec')
of thin-foil targets to velocities comparable to
those reiiuired (- 1&10' cm/sec) with good hydro-
dynamic efficiency (- 20%),

Thin planar foils, rather than spherical pellets,
are used in our experiments in order to have good
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FIG. 1. (a) Ablative acceleration of thin foils. The
ion ablation velocity u is defined in the accelerated foil
frame. (b) Schematic relationship between ablation
pressure and hydrodynamic efficiency. Targets can be
stably accelerated above the dashed line.
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access to the rear as well as the laser side of ac-
celerated foils. ' The laser intensity at 1.06 pm
is chosen below 10'~ W/cm' to maximize the abla-
tion efficiency and laser-light absorption. An ar-
ray of small calorimeters and time-of-Qight par-
ticle detectors surround the target to measure
ablation variables. Also, the structure and be-
havior of the rear target surface is studied with
several optical diagnostics to confirm the acceler-
ation and to provide information about spatial and
velocity distributions across the accelerating tar-
get. The hydrodynamic behavior is found to be
consistent with a simple analytical model.

In this paper, we compare our results to a sim-
ple model which treats the one-dimensional ab-
lative acceleration of the target analogously to
that of a rocket. During the acceleration phase,
the target (rocket) with mass M and velocity v is
accelerated by the steady-state blowoff (exhaust)
of the ablated plasma (propellant) at a constant
velocity u in the target reference frame [Fig.
1(a)], i.e., Mdv/dt = -udM/dt. This relation is
integrated to yield the well-known rocket equa-
tion, '

v/u =ln(M /M),

where Mo is the initial target mass. The hydro-
dynamic efficiency g„is defined as the directed
energy of the accelerated foil divided by the ab-
sorbed laser energy, i.e., q„=,Mv'/E, . U—sing

Eq. (1) and the fact that the rate of absorbed la-
ser energy must be balanced by the energy dissi-
pated in the ablation and acceleration of the tar-

get (neglecting radiative losses, as justified ex-
perimentally~), we obtain the hydrodynamic ef-
ficiency

g„=(v/u)'[exp(v/u) —1] '. (2)

For small fractional mass loss, these equations
reduce to

q„=-v/u —&M/M„ (3)

P, =2I, /B. (4)

For the laser-fusion application, an important
consideration is to optimize the hydrodynamic ef-
ficiency by varying the pressure or irradiance.
Since the function u(I, ) can be determined experi-
mentally, then both P, and g„arefunctions of the
laser intensity. Pellet-design considerations fix
the final pellet-implosion velocity v, and there-
fore define the relationship between g„and P, for
a given laser wavelength. Figure 1(b) shows a
hypothetical example. As the laser Qux decreas-
es, the ablation pressure decreases and the ef-
ficiency (and thus pellet gain) increases. How-
ever, since the hydrodynamic stability of an im-
ploding pellet shell decreases with larger shell
aspect ratio R/AA, and the required P, is in-

where ~M =M, -M. Note that the continuity equa-
tion allows us to use the asymptotic velocity u for
the ablation velocity in Eq. (2). In the asymptotic
velocity region, the thermal-energy density (and
pressure) is negligible with respect to the direct-
ed kinetic energy of expansion. Thermal-energy-
transport assumptions ' can therefore be avoided
in this model and only a knowledge of the asymp-
totic ablation velocity (experimentally determined)
is required. This approach is possible only in a
situation that approximates steady state, which
is experimentally observed as a single well-de-
fined asymptotic ablation velocity for Nd-laser
pulses over 1-nsec duration. '

Equations (1) and (2), which relate the ablation
variables, are plotted in Fig. 2(b) (solid lines).
When the target velocity becomes comparable to
the ablation velocity, the hydrodynamic efficiency
increases to a maximum of 65%, and 8(S of the
initial mass is ablated. ' However, the data pre-
sented below are obtained for cases where Eq. (3)
applies, i.e., for v/u&1.

The ablation pressure (thrust) P, exerted on
the target (rocket) by ablation, for one-dimen-
sional ablation, is given bymdv/dt, where m is
mass per unit area. Combining this with the en-
ergy equation, I, = —2u'dM/dt, where I, is the ab-
sorbed laser flux, yields the relation
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versely proportional to R/&R, there is a lower
limit to the pressure that can be applied to the
shell, given by the Rayleigh- Taylor instability
(dashed line). Our experiments are a first at-
tempt to find that optimal irradiance for 1.06-pm
radiation which maximizes efficiency with accep-
table stability.

Several diagnostics are used in these studies to
measure the ablation and acceleration properties
required for a comparison with the model. Thin-
foil targets are irradiated at (0.3-1)&10"W/cmm
through an aspheric f/10, 1-m lens by locating
the target several millimeters out of best focus

FIG. 2. (a) Typical sb1ative acceleration data. The
average ion ablation velocityu. , the final target velocity
v, the hydrodynamic efficiency pz, and the mass frac-
tion ablated ~/Mp are inferred from the ~~gular dis-
tributions of energy and velocity. Note the change of
scales on the rear versus the front. For this example
the Nd-laser parameters were 1x10'p W/cm2 over a
230-p, m spot diameter for 3 nsec (full width at half
mmdmum). (b) Ablative acceleration: comparison of
experiment and model. Filled and open data points
correspond, respectively, to ~ and AM/Mp, Experi-
ments were done with varyirg foil thickness and spot
diameters. The error bars are the larger of either a
standard deviation or estimated measurement uncer-
t~mties.

towards the lens, thereby increasing the area
and uniformity of illumination. Both the spatial
and temporal focal distributions are known over
four decades in intensity. ' Laser-light absorption
exceeds 8(Po as measured with a box calorimeter
and discrete minicalorimeters. ' Figure 2(a) is
a typical example of ablative acceleration data
for a 15-pm-thick CH foil at 10"W/cm2. The an-
gular distributions of the ion energy and velocity
for the ablation on the laser side, and for the ac-
celerated target material, are measured with the
minicalorimeters and time-of-flight detectors.
The time-of-flight detectors exhibit single nar-
row velocity distributions characteristic of abla-
tion' (on the laser side) and of the accelerated
target debris (on the rear side) ~ The observed
average ion ablation velocity u (3.3&10' cm/sec,
averaged over all angles on the laser side), and
the final average target velocity (5.1&10P cm/sec)
are consistent with results obtained using the op-
tical diagnostics discussed below. The hydrody-
namic efficiency q„(6.6%%un) is obtained directly
from the integration of the angular energy distri-
butions. Finally, the fraction of the mass ablated
(0.25) is inferred from the angular integration of
the energy divided by the square of the velocity.

Other experimental results for different target
thicknesses and irradiances are shown in Fig.
2(b), together with a comparison with the rocket
model. For a given irradiance, different values
for the final target velocities, the mass fractions
ablated, and hydrodynamic efficiencies are ob-
tained by varying only the initial foil thickness.
The ablated mass and ablation velocities are func-
tions only of irradiance and pulse duration since,
here, u/v &1. Experiments are done at 1&& 10"
W/cm' and 3 &&10" W/cm' with respective laser-
spot diameters of 230 and 450 pm. The corre-
sponding average ablation velocities are 3.3 ~10'
cm/sec and 2.5 &&10' cm/sec. The dashed line in
Fig. 2(b) is a correction introduced in the one-di-
mensional model to account for the experimental-
ly observed effective ion blowoff angle of 40' to
the target normal. Accordingly, only the ablation
and target velocities normal to the target surface
are compared in Fig. 2(b). The high absorption
fraction of the incident laser light (8(P/o) combined
with the efficient (- 2(Po) ablative acceleration to
high velocity ( 1&10' cm/sec) observed is en-
couraging for the ablative acceleration of a pellet
shell to fusion velocities. Moreover, the target
velocities achieved here already exceed the ve-
locities required for injection of pellet fuels into
a magnetic fusion power reactor. '
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Edge effects become important when thin tar-
gets are accelerated a distance comparable to the
laser-spot diameter. In this case, a significant
fraction of the laser energy flows toward the side
as well as towards the accelerated target. Edge
effects are experimentally observed as an in-
crease in the effective diameter of ablated mater-
ial exceeding the laser-spot size with a corre-
sponding decrease in the thickness of ablated ma-
terial. In Fig. 2(b), edge effects become impor-
tant when the target thickness is less than 15 and
3.5 pm for laser-spot diameters of 230 and 450
pm, respectively. It should be emphasized, how-
ever, that the scaling between the ablation vari-
ables [Eqs. (1) and (2)] is still valid even when the
thickness of ablated material becomes dependent
on target thickness. Measurements of edge ef-
fects, and lateral and axial heat transport are
described in Ref. 2.

The ablation pressures inferred from Eq. (4)
are, respectively, 1 and 3 Mbar, for the 450-
and 230-pm laser-spot-size cases (irradiances
of 3 X 10" and 1 &&10"W/cm') where edge effects
are negligible.

The structure and behavior of the rear surface
of the foil were. observed during the acceleration
phase with optical diagnostics. Figure 3(a) shows
three edge-view shadowgram frames, taken with
a short-duration probe beam (- 400 psec, 5320 A)
at different times with respect to the peak of the
main laser pulse. From a series of such shadow-
grams, the displacement and, consequently, the
velocity of the rear surface are obtained as a
function of time. Velocity measurements from
frame and streak shadowgraphy, as well as an
asymptotic velocity obtained from Fig. 2(a) are
compared in Fig. 3(b). The streak shadowgraphy
data are obtained using the nonshortened 5320-A
probing beam as a backlighting source. The
smooth and continuous acceleration of the rear
surface seen in Fig. 3(b) (-10"cm/sec') is con-
sistent with the applied pressure inferred from
Eq. (4), and cannot be easily explained by other
phenomena such as shock wave or spallation. The
Doppler shift, and thus velocity of the cold rear
surface of the target are measured by imaging
the short-duration probe light reflected from the
rear target surface onto the entrance slit of a
stigmatic spectrograph. Figure 3(c) shows the
Doppler inferred velocity profiles 0.8 nsec be-
fore and 0.2 nsec after the peak of the main laser
pulse for a 7-pm-thick Al target. At the later
time, a slug of material comparable to the laser-
spot size has apparently broken away from the
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rest of the target and is accelerated to a nearly
spatially uniform velocity of - 10' cm/sec, con-
sistent with the model and the other determina-
tions.

To conclude, it has been shown that in the long-
pulse, low-irradiance regime considered here,
thin-foil targets have been ablatively accelerated
up to —10' cm/sec, within a factor of 2 of what
is required for pellet ignition, with a good hydro-
dynamic efficiency (-2(Po) ~ These results are in
reasonable agreement with the simple analogy to
a rocket and are encouraging for the laser-fusion
application. Future experiments will deal more
fully with laser-beam uniformity requirements
and the stability of the accelerated foils.

FIG. 3. Dynamics of ablatively accelerated targets
(s) Frame shsdowgrams of irradiated CH foils at se-
lected times with respect to the peak of the laser pulse.
(b) Rear surface velocity vs time obtained with streak
(solid line) and frame (filled circles) shadowgraphy,
and an asymptotic time-of-flight velocity determination.
(c) Doppler-shift velocity profiles across the rear sur
face of a 7-pm Al target for the same laser parameters
as in (b) above and Fig. 2(a) . Note that the full width
at half maximum of the velocity profile at +0.2 nsec is
equal to the laser-spot size within experimental accura-
cy.
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Consistency of the n-Effect Turbulent Dynamo
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The paradox of the infinite-conductivity n-effect dynamo is resolved by properly treat-
ing the boundary layer. If the turbulence is not too intermittent the expansion of the mean
electromotive force in powers of the wave number of the mean magnetic field 8 is found
to converge, and the usual truncation gives little error. The o. effect is demonstrated. in
the strong-field limit where the turbulence consists of Alfven waves propagating along B.

( a
~
6 u, 'k, t„,g -v, 'f„. (2)

In mirror-symmetric turbulence, o. vanishes.
A more elaborate approximation' predicts that q
can be negative, its magnitude given by (2), in
mirror-symmetric turbulence with strong helicity

The amplification of large-scale magnetic fields
by helical turbulence in a conducting fluid (n ef-
fect) has been extensively investigated since the
physical mechanism was proposed by Parker. ' '
If Lorentz forces are neglected, the quasilinear
or first-order smoothing approximation (QLA)
yields the e-effect equation' '

BB/Bt =&V B —aV XB, (1)

where B is the ensemble-average (mean) induc-
tion field and, if conductivity cr is sufficiently
large, o. and g are related to the rms turbulent
velocity v„correlation length k, ', and correla-
tion time t~ ~ 1/vP, of a prescribed statistically
isotropic and homogeneous turbulence field by

fluctuations that persist over domains several
correlation lengths and times in extent.

In this note I discuss the following questions:
(i) Do (1) and (2) imply violation of flux conserva-
tion through a circuit moving with the fluid if o
=~? (ii) Can higher spatial derivatives of B,
omitted in (1), really be neglected? (iii) Does
the n effect survive when Lorentz forces are
strong&

Krause and Steenbeck' have described axially
symmetric solutions of (1) in which the total mag-
netic flux through a conducting fluid sphere in
vacuum increases exponentially with time under
the boundary condition of continuous B at the sur-
face of the sphere. Moffatt' points out that this
is paradoxical in the limit o = since the flux en-
closed by the equator of the sphere cannot then
change with time so that, according to Bondi and
Gold, ' the dipole moment is bounded. The para-
dox is already present if n =0 because in this
case also (1) gives a change of total flux even if
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