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Competition between Ponderomotive and Thermal Forces in Short-Scale-Length Laser Plasmas
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Interactions of intense 400-fs laser pulses with a solid target are studied with time-integrated and
time-resolved measurements. The latter are accomplished by means of a pump and probe experiment, in
which the motion of the critical surface is measured with 250-fs resolution. It is found that when the
average electron quiver energy (mv~/2) becomes comparable to the electron thermal energy (kT, ), the
ponderomotive force of the high-intensity laser signi6cantly reduces the laser plasma thermal expansion.
This study is performed in an interesting regime not easily accessible with longer pulse lasers, in which
the electron density scale length during the laser pulse was much less than the laser wavelength.

PACS numbers: S2.40.Hf, 52.35.Mw, S2.40.Nk, 52.70.Kz

When an intense laser interacts with a solid target, a
thermal pressure gradient, inversely proportional to the
density scale length (tI), causes a rapid expansion of the
plasma into the vacuum. This force is opposed by the
pressure gradient of the laser light, known as the pon-
deromotive force. When the laser light is reflected from
the plasma, twice its momentum is imparted to the plas-
ma at the reflection point, near the critical surface z„ the
point along the density profile where the incident laser
frequency coo equals the plasma frequency co~. Reported
in this Letter are results indicating that the ponderomo-
tive force may significantly impede the thermal expansion
of even an extremely short density scale length plasma,
one in which d«k, the laser wavelength. As such they
have important implications for the deposition of laser en-

ergy at solid density with applications to compact
coherent or incoherent x-ray sources [1-3). This limit is
studied experimentally by using a short-pulse laser (400
fs)—since in this case relatively little expansion occurs
before the peak of the pulse —and numerically by solving
the wave equation. The effect was first studied in the
long-pulse regime (Xs d), experimentally by use of inter-
ferometry [4], and analytically by use of the WKB ap-
proximation [5].

In order to determine the velocity at which the critical
surface expands, v,„„,which is in a direction normal to
the surface of a planar target, the Doppler shift [hk/k
= —2(v,„gc)cose] of light reflected from z, was mea-
sured, where 8 is the angle of incidence. A simple model
that assumes the motion is governed only by thermal
pressure (i.e., free expansion) has previously been used to
determine the plasma temperature from measurements of
the Doppler shift of the pump light [6]. However, at
higher laser intensities, such as those used in our experi-
ment, this procedure is expected to yield misleading re-
sults [7,8]. In addition, the Doppler shift of the reflected

pump light yields only time-integrated information about
the motion of the critical surface [9]. In order to study
the dynamics of the laser-plasma interaction, tempora1
information is also required. Because of the Fourier
transform relationship (Avis. r —0.5), a streak camera
coupled to a spectrometer cannot simultaneously provide

both the required temporal and spectral resolution. Thus,
a synchronized probe beam [3] was used instead, allowing
the expansion to be measured with 250-fs time resolution
[10].

Before discussing the experiment, we now derive ap-
proximate conditions under which the ponderomotive
force becomes important. The dynamics of the laser-
plasma interaction may be described mathematically by
the two-Auid conservation equations of mass density,
momentum, and energy. A one-dimensional treatment is

sufficient since the gradients in the transverse direction
(determined by the laser focal spot size) are much less
than those in the parallel direction (determined by the
density scale length). These equations are coupled to a
collisional radiative model for the ionization stages, a
modified Spitzer-Harm model for heat conductivity, and
the Helmholtz wave equation for the electric field [11].
The momentum equation describing the motion of the
ions to first order is given by [7]

pr)vlt)t +p(v' V)v = VPe nqVpt .

The ion mass density is p =n; M, the ion Aow velocity is v,

and the thermal pressure equals the kinetic energy densi-

ty, P, =n, kT„where kT, is the electron temperature.
The laser pressure on a single electron is the time-
averaged quiver energy, pt =

2 m(vos), which, by using
v„=eE/mto, may be written as pt =(1 /16t)r( In/, ) E,2
where E is the electric field of the laser in the plasma,
and n, is the critical density.

Equation (1) may be solved analytically for the free
isothermal expansion of the plasma into the vacuum—neglecting for the moment the last term, the pondero-
motive force—yielding a density profile given by n,
=noe ', where d=~n, (8n, /Bz) ') =v,ht is the densi-
ty scale length, and v, =(ZkT, /M) 'l is the acoustic ve-
locity [7). The expansion velocity of z, is related to v„
and hence the temperature, by v,„v=v, ln(no/n, ). (If
a free adiabatic expansion is assumed, the relationship
becomes v„&=[2/(y —l))v„where y, the ratio of the
specific heats, is chosen to be 1.7 [6).) The amplitude of
the laser electric field E is determined by solving the
Helmholtz equation, which for normal incidence is given
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by [7]

$2E ~2
+ e(ro, z)E =0,

Bz e
(2)

where e= I —roz/ro(ro+iv„) is the complex index of re-
fraction of the plasma, v„~ lnAn, Z/kT, t is the elec-
tron-ion collision frequency, Z is the average ionization
state, and lnA is the Coulomb logarithm.

Figure 1 shows an exponential density profile, n,
=noe ', calculated assuming the simple free expansion
model discussed above. Here, no is equal to a few (3)
times solid density, and d =400 A, determined by using
ZkT, -2000 eV in u, and I)t =0.5 ps, corresponding to
the peak of a 1-ps pulse. Also shown is the square of the
amplitude of the electric field (E ) calculated from Eq.
(2). Near z„ it also has approximately an exponential
dependence on distance, E (z) cce 't'. Both quantities
are normalized to unity. Figure 1 also shows that l/d-1,
i.e., the scale length of pI ~E is approximately equal to
the scale length of P, ~ n, . Thus, since their scale lengths
are comparable, only the ratio of the pressures matters in

determining when the ponderomotive force n, Vpt equals
the thermal force VP, at z, . This condition is equivalent
to the quiver energy of the electrons equaling their
thermal energy, or

m( v „)/2k T, =—3.2 x 10 ' I;„,X(i/k T, —1 (3)

(I;„, is in W/cm, Xo is in pm, and kT, is in eV). The
electric field and thus the quiver velocity in the plasma
were related to the incident light intensity, I;„„in Eq. (3)
both by the fact that as the light wave approaches z„ the
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FIG. l. An exponential density profile, n, =noe ', calcu-
lated assuming the simple free expansion model. Here, no is
equal to a few (3) times solid density, and d =400 A, deter-
mined by using ZkT, -2000 eV in v, and ht 0.5 ps, corre-
sponding to the peak of a 1-ps pulse. Also shown is the square
of the amplitude of the electric field (F') calculated from Eq.
(2). Near z„ it also has an exponential dependence on distance,
F. (z) ice 't. Both quantities are normalized to unity. The
fact that the ratio of their scale lengths is approximately unity
(d/i- 1) indicates that only the ratio of the pressures [Eq. (3)l
matters in determining when the ponderomotive force is compa-
rable to the thermal expansion force.

peak value of E is swelled by a factor of about 3.6
(shown in the numerical solution) over its vacuum value

[7], E;„„and by the relationship I;„,—= (c/Str)E;„,
We now discuss the experimental configuration. Laser

pulses of wavelength 1.05 pm were generated in a
Nd:glass laser system, which employed the technique of
chirped pulse amplification [12] in order to keep the in-

tensity in the amplifiers below the damage threshold of
the glass. Two sets of experiments were performed: (1)
a self-reAected Doppler shift measurement with 1-ps
pulses, and (2) a pump-probe Doppler shift measurement
using 400-fs pulses obtained after the laser system was

upgraded to include a titanium:sapphire regenerative
amplifier [13]. Using a third-order autocorrelator, the in-

tensity peak-to-background contrast ratio of the laser
pulses was measured to be 103:I for the I-ps case, and
5x 10:1 for the 400-fs case. For either case, the contrast
ratio was further approximately squared by frequency
doubling (X=0.53 ium) the laser pulses using a KDP
crystal. The maximum energy of the 0.53-pm pulse was
about 80 mJ (Im»=1.6&&10' W/cm for 400-fs pulses
and Im»=6&&10' W/cm for I-ps pulses). The laser
was then focused at normal incidence (0=0') in a vacu-
um chamber onto various solid targets, which were
rastered between shots. The focused spot size was mea-
sured at full po~er in vacuum with a 20X magnifying im-

aging system and a digital charge-coupled-device (CCD)
camera. With this peak intensity and contrast ratio, the
intensity of light prior to the main pulse was well below
the ionization threshold of the target.

We first discuss the results obtained from the spectra
of the self-rejected 1-ps pump incident on aluminum.
Here the spectra of the incident and refiected light were
recorded separately with a spectrometer. A Doppler shift
to the blue and a broadening —characteristic of an ex-
panding plasma [6]—were observed and are shown in

Fig. 2, curve b, for an intensity I;„,-2 xl
'05W/cmz.

The measured Doppler shift agrees quite well with a

Doppler shift predicted by the simulation with the laser
parameters used in the experiment and ponderomotive
force included, as shown in Fig. 2, curve c, given the mea-
sured incident light spectrum shown in Fig. 2, curve a.
That the free expansion model is inadequate is dramati-
cally demonstrated in Fig. 2, curve d, which shows the
Doppler shift calculated in the simulation without includ-
ing the ponderomotive force in Eq. (1); it is 3 times
greater than the measured shift (Fig. 2, curve b) This.
translates into a diAerence in ZkT, of a factor of approx-
imately 10. Conversely, if the measured t),X/1 were used
to estimate ZkT, using the simple analytical model that
assumes either isothermal, or adiabatic, free expansion,
an underestimate (ZkT, (150 eV) by the same amount
~ould be obtained. This disagreement comes as no
surprise, since from Eq. (3), using our laser parameters
and the temperature obtained from the simulation,
kT, —200 eV, we would expect the free expansion model
to be inaccurate.

l936



VOLUME 69, NUMBER 13 PH YSICAL REVIEW LETTERS 28 SEPTEMBER 1992

rrrr ~ rrr ~ lr ~ rrrrr ~ rl ~ ~ ~ r[ ~ ~ rrlrrrr ~ ~ ~ ~ r

CP'a

pal

C4

~ pal

o ' (c)

0

bD

92

C4
C4
0a 0

-2000
I

0
Delay (fs)

2000

(b)
I l

' () t , , I ~ ~ 1 ~ , I ~ ~ ~ . rr. ~i

524 525 526 527 528
Wavelength (nm)

FIG. 2. Spectrum of pump light: Curve a, incident on the
target; curve b, reflected from the moving critical surface, mea-
sured experimentally, 1=2&10'~ W/cm~; curve c, calculated
numerically with the ponderomotive force included; and curve
d, calculated numerically without the ponderomotive force. If
the measured AX/A, from curve b were used to estimate ZkT, us-
ing the simple analytical model that assumes either isothermal
or adiabatic free expansion, an underestimate of v,„l, by a factor
of 3, and ZkT„by a factor of 10, would be obtained.

Further evidence that the laser pressure balances the
thermal pressure is found in the observed constancy of
the Doppler shift with variation of the laser intensity. As
the laser intensity was increased —by increasing the laser
energy, keeping the pulse width constant —from I;„,
=5x10' W/cm to I;„,=2x10' W/cm, a factor of 4,
the Doppler shift was observed to remain constant within
the experimental uncertainty, = 10%. However, a
bandpass-filtered soft-x-ray diode array indicated that the
temperature increased over the same range of laser ener-

gy. Neglecting the fact that the absorption may change
slightly with intensity over this range, it is expected that a
linear increase in intensity, and thus absorbed laser ener-

gy, should result in roughly a linear increase in tempera-
ture. Thus, if the ponderomotive pressure played no role,
the resulting linear increase in thermal pressure should
have resulted in an increase in the Doppler shift by at
least the square root of this change, or a factor of 2. In
fact, an even greater increase is expected because of the
expected increase of Z with T, . The fact that this was
not observed is consistent with the interpretation that the
increase in thermal pressure was compensated by a corre-
sponding increase in ponderomotive pressure, a trend
which was also confirmed in the simulation.

We now discuss a pump-probe experiment using 400-fs
pulses incident on a molybdenum target [14]. In this case
a two-dimensional CCD was used as the multichannel
analyzer with the spectrometer, so that the spectra of the
incident and specularly reflected probe beam could be

FIG. 3. The Doppler shift of the reflected probe beam, due
to motion of the critical surface [n, (probe) 0.8n, (pump)], as
a function of delay between the pump and probe (solid line). A
dip at t 0 indicates that the ponderomotive force impedes the
thermal expansion of the plasma. The normalized Gaussian
temporal profile of the laser is superimposed for clarity (dotted
line).

simultaneously recorded by focusing the two beams to
different locations along the spectrometer's entrance slit.
The target was also rastered between shots. The 0.5-pm
probe pulse, beam split from the pump, with final intensi-
ty less by a factor of 10 ", was incident at 25' to the tar-
get normal. It may be seen from the relation n =n, cos 0
that the probe will be rellected at 0.8n, . Given the steep
density gradient, this is very close to the pump's critical
surface (» 60 A). In order to assure that the probe only
sampled the hot central region of the plasma that was
created by the pump, it was focused with a faster lens to
a focal spot that was only about one-half of the pump's.
The centers of their focal spots were aligned by use of a
5&-magnification imaging lens and displayed on a digi-
tizing CCD camera. Additionally, only about the central
10% of the reflected probe beam was sampled by the
spectrometer by the use of an aperture. The delay be-
tween the pump and probe could be varied to within an
accuracy of about 100 fs. Spectra were recorded as the
time delay was varied. The time when they overlapped,
t =0, was determined to within approximately half a
pulse width (-200 fs) accuracy by observing interfer-
ence fringes formed by beating the probe and scattered
pump light. For this purpose the laser operated in the
10-Hz alignment mode (much weaker intensity), and the
target was not moved between shots. Thus the scattered
pump light intensity from the already-damaged spot was
on the same order of magnitude as the probe beam in the
latter's specular reflection direction.

Figure 3 sho~s hA, as a function of delay at pump laser
intensity I-10' W/cm . For clarity, the Gaussian tem-
poral profile of the pump laser is also shown on a normal-
ized linear scale. Five shots were fired at each time de-
lay, and Fig. 3 sho~s the average of spectral-intensity
weighted shift of these shots:
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and C. Y. Chien for the development of the laser, and G.
Mourou for many encouraging discussions.

Beginning with negative delay times, corresponding to the
probe preceding the pump, as the delay time in Fig. 3 is

increased, or as the delay between the pump and probe is

decreased, the Doppler shift is observed to increase. This
is attributed to an expected increase in the plasma tem-
perature as the pump laser intensity increases. Evidence
of a Doppler shift several pulse widths (2 ps) before the
peak of the pump may be explained by the fact that a
plasma is produced at an intensity that is several orders
of magnitude (-4) below the pump's peak intensity, and
the foot of the pulse at this intensity is 2 ps before the
peak. A local minimum is observed in the Doppler shift
centered near t =0, when the pump and probe beam over-

lap in time. This is consistent with the expected effect of
the ponderomotive force, which also maximizes at t =0,
when the pump intensity maximizes. Finally, when the
probe follows the pump by a time equal to approximately
a pulse width, the shift begins to decrease. This is expect-
ed since after the peak of the pump intensity, plasma
heating decreases and both expansion and diAusion lead
to rapid cooling. At later times, t. ,„~ reaches a plateau
within the limits of the uncertainty given by the error
bars in Fig. 3, and even increases slightly. This indicates
that the cooling rate decreases, possibly becoming less
than the heating rate. This is also expected since the
thermal pressure gradient, which drives the expansion
and thus the cooling, decreases with time as the plasma
expands.

In conclusion, the ponderomotive force will affect those
processes that depend strongly on the evolution of the
density profile if the conditions given by Eq. (3) are met.
Specifically, the simple relation between the Doppler shift
of the reflected pump laser light and the electron temper-
ature, as given by the free expansion model, does not

apply in this case. Resonance absorption of the laser
light —because it depends strongly on the density scale
length near the critical surface —and expansion cooling of
the plasma are important processes that are affected. Fi-
nally, an intriguing implication of this study is that at
higher intensities the ponderomotive force of an intense
short pulse laser might be used to significantly compress
and thus ignite a laser-fusion target.
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