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tation are not yet complete, they clearly show
spectrally shifted peaks away from the ruby-laser
wavelength. The fact that the scattered radiation
is shifted, in addition to the large enhanced sig-
nal levels detected, precludes Rayleigh scattering
from excited hydrogen atoms as being responsi-
ble. Observed signals are at least two orders of
magnitude greater than near-resonant Bayleigh
scattering from hydrogen could ever provide for
our experimental conditions.

Significantly, the scattering was sufficiently en-
hanced that it was necessary to use 10' attenua-
tion in detection to obtain counts within the dy-
namic range of the analyzer (800 counts). As
further evidence of the highly nonthermal nature,
a search for the electron feature (several hun-
dred angstroms in width) made by removing the
10' attenuation yieMed no scattered signal. Since
for thermal scattering the peak ion to electron
ratio is 10, the detection sensitivity sets a low-
er bound of 10' enhancement over thermal.

In fact, a direct calibration using Hayleigh
scattering showed typical enhancements of 10'-
10' with occasional shots up to 10'. Now for the
probed 0 =2m/h, =9&10' cm ', thermal fluctua-
tions would imply density fluctuations (&n/n), h

(nX') ~' 10 '. Thus since the Thomson-scat-
tered signal - lan& ~', an enhancement of 104 im-
plies &n„/n 0.1 with correspondingly higher val-
ues for greater enhanced scattering. Clearly,
very large levels of low-frequency ion (and elec-
tron) fluctuations have been induced by Co,-laser
heating of the gas-target plasma.

The presence of such fluctuations levels for

RED-0.5 andk-Lk, of the CO, laser, as well as
the experimentally observed &n/n ~ 0.1 for HD.

0.065 with k =2K» clearly shows significant ion
turbulence over a broad geometry and spectral
range. Potentially efficient absorption of laser
radiation can result from these fluctuations.

Since we have directly measured the fluctua-
tion level for k&D 0.5, it is interesting to calcu-
late the anomalous heating rate v* for our plasma
assuming &n, /n-0. 1 to be true for a broad spec-
trum of k as indicated from our experimental re-
sults. Taking (cos'&;)=z and (Im&/ t&~')=1
where brackets denote averages over k, we find
v*- v,q/3. Evidently fluctuation levels of 20Fo

would make &* ) &,q. Thus for short periods dur-
ing the relatively long-pulse CO, -laser heating of
the underdense plasma, anomalous absorption
may very well be contributing to beating.
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Plasma was generated by focusing a 35-psec, 1.06-pm laser onto Perspex. Ion expan-
sion characteristics were measured relative to laser polarization and incidence angle.
Thermal and "fast" ions were always seen. For optimum resonance absorption condi-
tions the thermal ion energy increased, and a second faster-ion group appeared. Compar-
ison with a computer code showed that the faster ions originated from electron accerlera-
tion by an intense electrostatic field.

The investigation of "fast ions" emitted from a
laser-generated plasma is an active research
topic' of particular importance for laser fusion.
The energy carried by these ions (greater than

the thermal expansion energy of the plasma) is
generally considered to be the result of ion ac-
celeration by fast electrons. Examples of pos-
sible fast-electron sources are resonantly driv-
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en electric fields, ' "flux limitation, "pondero-
motive force in the coronal plasma, "and para-
metric instabilities. " Resonantly excited local-
ized electric fields have been demonstrated to
accelerate ions in microwave experiments";
similar effects are predicted theoretically and by
computer simulations"'" to occur under favor-
able plasma conditions.

In this Letter we report the observation of fast-
ion acceleration due to resonantly driven electro-
static fields. In contrast to the results of other
workers' additional fast ions are seen and these
are unconnected with resonance effects. Good
agreement is obtained between the experimental
results and a computer code which models reso-
nance absorption, with electron density profile
steepening by electrostatic field pressure.

The experimental configuration is shown in Fig.
l. A 1.06-pm, 35-ps laser pulse was focused
by an f/3. 75 aspheric lens onto the surface of a
massive Perspex (C,O,H, )„slabtarget, located
in vacuum. The focal depth was +225 p.m and the
focal-spot diameter was 80 pm. Discrimination
against any noise preceding the main laser pulse
was better than 10 '. Experiments were made
with low laser intensities, I~ -2 ~ 10"W cm ', to
ensure that parametric instability thresholds were
not exceeded, at least for the vacuum field val-
ues, thus avoiding unnecessary interference with
a clear interpretation of the experimental results.
The target surface finish was better than A/4,
and the target was set at an angle, 0, between its
normal and the laser beam axis.

By passing the incident laser beam through a
half -wave plate its E-vector polarization was con-
tinuously variable through an angle, y, relative
to the plane of incidence. Ion emission was de-
tected by Faraday cups. For known ion mass, it
was possible to derive ion energy from time of
flight. The Faraday cup which viewed plasma
along the target normal (0 ) was combined with
an electrostatic analyzer for energy discrimina-
tion.

Ion currents were monitored by oscilloscopes

XUV F„Ff Thermal

n(Ej (c)
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and measurements were made, using the 0' de-
tector, for a range of laser incidence angles, 6I,

and for a range of polarization angles, cp, with
the target set at 0= 20, close to the optimum
resonance absorption angle of 15' a 5 ." For
each 0 and y, up to ten current traces were re-
corded, with the laser intensity, I„varying sta-
tistically between 1.5 & 10" and 2.5&10"W cm '.
To illustrate the differept ion peaks, a trace,
taken on the 0 detector, for 8=20', y=0' (P po-
larization), without the electrostatic analyzer,
is shown in Fig. 2(a). The broad low-energy
peak is due to the arrival of thermal plasma. In
addition to the thermal peak, two high-energy
(fast peaks) can be seen: "fast" and "ultrafast. "
These show completely different behavior. For-
example, for a precisely focused target, E and
k vectors are well defined, and the ultrafast ions,
shown to be due to resonance effects, are dis-
tinctly seen. In contrast, the fast ions, indepen-
dent of resonance, are not visible. Their disap-
pearance is unlikely to be due to masking by the
ultrafast component because they also disappear
for 8 polarization. As the target is moved out of
focus, the ultrafast-ion flux diminishes while the
fast-ion flux is enhanced.

For the measurements of the ultrafast energy
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FIG. 1. Experimental configuration.

FIG. 2. Ion emission traces and distribution func-
tion. (a) Ion trace showing extreme-ultraviolet, non-
thermal and thermal ion peaks, (b) ultrafast-ion peak,
(c} proton distribution function, (d) the points are the
integrated proton distribution function obtained from
the electrostatic analyzer measurement. The solid
line is the integral of the distribution function in (c).
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distribution function, the thermal ions were sup-
pressed by a biased grid (150 V), placed over the
electrostatic analyzer entrance. Figure 2(b)
shows an example of the ultrafast-ion peak isolat-
ed in this way, obtainte with the target precisely
in focus so that the fast ions are not visible.
Time-of-flight measurements on such a trace
yielded the energy distribution function for the ul-
trafast ions, in arbitrary units [Fig. 2(c)]. The
analyzer deflection voltage, V, determines a cut-
off energy, ~„which is defined as the maximum
energy of the ions deflected by more than one de-
tector aperture, a. It is related to the voltage by
e, = (zx'/4a) V/d, where z is ion charge, ~ is de-
flection length and d is deflection-plate separa-
tion. The integral of the distribution function
from e, to ~, was measured by varying V, Fig.
2(d). Comparison with the measured distribution
yielded the distribution function calibration in ab-
solute energy units. The large peak in Fig. 2(b)
consisted of protons and the barely visible peak
to the right consisted of C'+ and/or 0'+. The ul-
trafast ions were unambiguously shown to be pre-
dominantly protons, and so the ultrafast-ion en-
ergy, e„f,was taken to be the energy correspond-
ing to the proton distribution peak.

Using an array of five Faraday cups, the ther-
mal ion emission flux for both s and P polariza-
tions was found to be confined to the target normal
direction, within an angle of +15'. The emission
cone for the fast and ultrafast ions was narrower
(+5'). Thus meaningful measurements of the fast-
and ultrafast-ion parameters were only obtained
by viewing emission along the target normal. All
subsequent measurements were therefore made
using the 0' detector.

Figure 3(a) shows, as a. function of the polariza-
tion angle, cp, a plot of the total thermal energy,
f,
"

n( ~ r) mr d e ~ normalized to 1, for I, = 2 x 10"
W cm ' and 8=20 . This was derived from the
thermal ion peak, assuming an average ion charge
of 3.5, and is a measure of the original thermal
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electron energy in the plasma, transferred to the
ions by adiabatic expansion. The enhancement
towards P polarization follows a cos'y law, con-
sistent with resonance absorption of the laser ra-
diation, since I, Ep cos p where Ep is the vac-
uum laser electric field. The same functional de-
pendence was found for the directly measured en-
hancement of the "cold"-electron temperature,
from 150 to 235 eV, under the same plasma con-
ditions (Ref. 18). It can be seen from the work of
Donaldson, Hutcheon, and Key" that the average
ion charge changes by no more than a factor of
1.15 over this temperature range. Energy gained
by resonance is damped in the plasma and en-
hances the cold-electron temperature. The ob-
served enhancement [Fig. 3(a)] is consistent with
a calculated inverse bremsstrahlung absorption
of 25% and a maximum resonance absorption of
half the remaining energy which reaches the criti-
cal surface. This result was also obtained from
the direct measurement of the cold-electron-tem-
perature enhancement in Ref. 18.

Using the electrostatic analyzer, the energy per
charge of the fast ions was found to be 8-10 keV/

By comparison with time of flight they were
identified as C". In Figs. 3(b) and 3(c), the ener-
gy of the fast peak, e &, is shown. Measurements
were made with the target =150 Ij,m out of focus.
of can be seen to be independent of both the po-
larization and incidence angles. This implies that
the electrons which accelerate these ions do not
originate from the resonance region. ef was
found to increase with laser intensity, as Ip' ',
so that, although e ~ is insensitive to the direction
of the E vector, it is sensitive to its absolute
magnitude.

Different behavior can be seen for the ultrafast-
ion energy, e„f,plotted as a function of y in Fig.
4(a), for 8=20'. Figure 4(b) shows the variation

30 60 90 10 20 30 40
FIG. 3. Thermal- and fast-ion emission behavior,

(a) total thermal energy, normalized to 1, obtained
from the thermal peak, (b) fast-ion energy y depen-
dence, (c) fast-ion energy 0 dependence.

FIG. 4. Ultrafast-ion behavior: (a) dependence of
ultrafast-ion energy on polarization angle, y; (b) de-
pendence of ultrafast-ion energy on incidence angle, 0.

877



VOLUME 40, +UMBER 1$ PHVsrCAr, RZVIZW I.XTTZRS 27 MARcH 1978

with 8 of e« for P-polarized radiation. It can be
seen that e„fincreases from zero, at 8=0 to a
peak value of 14.5 keV, at 8= 20, and falls to 6.5

keV at 8= 40'. (Cf. the resonance absorption peak
at 15 found from direct measurement of T„Ref.
18.) Since the ultrafast ions are protons, the
source electrons will have the same average en-
ergy. The source electrons can only be acceler-
ated to these energies if an electric field much

greater than the driver electromagnetic field ex-
ists. An intense localized spike of electrostatic
field can be driven by the electromagnetic field
in the critical region, where it is resonant with

plasma waves. "'" If collisional damping is low

in this localized region, the maximum possible
electrostatic field is limited by plasma wave con-
vection to E,„=E„(L/A~)'~',"where A~ is the
Debye length in the resonance region.

These results were compared with the predic-
tions of the computer code, ZWERG, which mod-
els resonance absorption and resonance field gen-
eration. This code, described in more detail
elsewhere, "so1ves a self-consistent set of equa-
tions for energy and momentum balance. Absorp-
tion is by inverse bremsstrahlung and plasma
resonance, while energy is lost through thermal
and nonthermal ion convection. The resonance
field is limited by plasma wave convection, and
self-consistent steepening of the electron density
gradient is described by the inclusion of electro-
static field pressure in the momentum balance.
The code predictions for e„fas a function of 8

and cp are represented in Fig. 4 by continuous
curves. They are in good agreement with the
measured values, in contrast to the code predic-
tions when steepening is not included (dashed
curves).

It can be seen, Fig. 4(b), that the main effect
of profile steepening by the electrostatic field is
to reduce the maximum ultrafast-ion energy.
This is due mainly to the shortening of the accel-
eration length. At high incidence angles the steep-
ening shows a tendency to maintain the resonance
and keep ~„ffinite.

At I~ =2 x 10"W cm ', P polarization and 6=20',
the code predicts a value of E „=10'V cm ', a
field extent of 10 ' cm and e„f=14.5 keV. Note
that intense electric field spikes have also been
inferred in CO, -laser experiments, where reso-
nance absorption was thought to play a significant
role in the absorption of the laser radiation. ""
The total energy carried by the ultrafast ions, at
a laser irradiance of 2 & 10"W cm ', was meas-
ured to be 15/~ of the energy carried by the ther-

mal ions. The trend was towards a higher frac-
tion of energy transport by fast-ion convection at
higher laser intensities.

In conclusion, it has been demonstrated that the
thermal ion peak is enhanced on resonance, a re-
sult consistent with resonance absorption. Two
fast-ion peaks occur for P polarization, while
only one occurs for s polarization. Their behav-
ior is sufficiently different to allow them to be
distinguishable. The ultrafast-ion peak appears
only when the conditions for resonance absorp-
tion are favorable, and its acceleration source is
a localized spike of resonantly generated electro-
static field, as predicted by computer simulations.
Protons were seen to be preferentially accelerat-
ed." Evidence was obtained for steepening of the
electron density profile by the electrostatic field
pressure.

The authors would like to thank Professor H. P.
Weber for the provision of research facilities
and his interest in the work, the Swiss National
Science Foundation for their funding of the work,
J. E. Balmer and P. LNdrach for assistance with
the experiment, and M. Colomb and M. Fuhrer
for assistance with the laser system.

'P. Koch and J. Albritton, Phys. Rev. Lett. 32, 1420
(1974).

2V. P. Silin, Pis'ma Zh. Eksp. Teor. Fiz. 21, 333
(1975) [JETP Lett. 21, 152 (1975)1.

3G. H. McGall, F. Young, A. W. Ehler, J. F. Kep-
hart, and R. P. Godwin, Phys. Rev, Lett. 30, 1116
(1973).

4A. %. Ehler, J. Appl. Phys. 46, 2464 (1975).
5J. Martineau, P. Paranthoen, M. Babeau, and

C. Patou, Opt. Commun. 15, 404 (1975).
B. A. Haas, W. C. Mead, W. L. Kruer, D. W. Phil-

lion, H. ¹Kornblum, J. D. Lindl, D. Mac Quigg,
V. C. Rupert, and K. G. Tirsell, Phys. Fluids 20, 322
(1977).

~J. S. Pearlman, J. J. Thomson, and C. E. Max,
Phys. Bev. Lett. 38, 1397 (1977).

J. Nuckolls, L. Wood, A. Thiessen, and G. Zim-
merman, Nature (London) 239, 139 (1972).

~J. P. Freidberg, R. W. Mitchell, R. L. Morse, and
L, I. Budsinski, Phys, Bev. Lett. 28, 795 (1972).

~OD. W. Forslund, J. M. Kindel, K. Lee, E. L. Lind-
man, and B. L. Morse, Phys. Bev. A 11, 679 (1975).
"K. G. Estabrook, E, J. Valeo, and W. L. Kruer,

Phys. Fluids 18, 1151 (1975}.
' J. S. DeQroot and J. E. Tull, Phys. Fluids 18, 672

(1975).
'3P. Kolodner and E. Yablonovitch, Phys. Rev. Lett.

37, 1754 (1976).
' R. C. Malone, B. L. McCrory, and R. L. Morse,

878



VOLUME 40) NUMBER 13 PHYSICAL REVIEW LETTERS 27 MWRCH 1978

Phys. Rev. Lett. 34, 721 (1975).
~ H. Hora, in Laser lnteyaction and Related Plasma

Phenomena, edited by H. J. Schwarz and H. Hora
(Plenum, New York, 1971), Vol. 1, p. 383.
'6J. J. Thomson, B. J. Faehl, Vf. L. Kruer, and

S. Bodner, Phys. Fluids 17, 973 (1974).
'~A. Y. %ong and B. L. Stenzel, Phys. Rev. Lett. 34,

727 (1975).
' J. E. Balmer and T. P. DonaMson, Phys. Bev. Lett.

39, 1084 {1977).
'BT. P. Donaldson, R. J, Hutcheon, and M. H. Key,

J. Phys. B 6, 1525 (1973).
P. Vfagli, T. P. Donaldson, and P. Ladrach, to be

published.
'T. P. Donaldson and I. J. Spalding, Phys. Bev. Lett.

36, 467 (1976).
T. P. Donaldson, M. Hubbard, and I. J. Spaldimg,

Phys. Rev. Lett. 37, 1348 (1976).
T. P, Donaldson, I. J. Spalding, and R, A. Woolley,

Opt. Commun. 22, 207 (1977).
~4B. Decoste and B. H. Ripin, Phys. Bev. Lett. 40, 34

(1978).

Anomalous Absorption in Amorphous Solids at Low Temperature

M. A. Bosch'
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, ¹~ Fork 14858

(Received 9 December 1977)

Highly absorbing silica-based glasses exhibit a distinct minimum in the temperature
dependence of the very-far-infrared absorption coefficient near 10 K. The associated
anomalous absorption at lower temperature can be understood by the two-level tunneling

model. Different amorphous materials manifest a considerable diversity in the anoma-

lous behavior.

Amorphous solids exhibit thermal and elastic
properties at low temperatures very different
from those of pure crystalline solids. The spe-
cific heat is anomalously high and dominated by
a term with a linear temperature dependence, '
indicating the existence of low-energy excitations.
Such universal feature —like the almost quadrat-
ic temperature dependence of the thermal conduc-
tivity —independent of structural details have led
to the assumption of an universal origin inherent
in the disordered state. A statistical distribution
of localized two-level tunneling systems' (TLS)
can describe phenomenologically these anomalous
properties at low temperatures. The TLS are
viewed as structural or electronic' "centers"
with two equilibrium configurations, where transi-
tions between the two sites are possible by quan-
tum mechanical tunneling at low temperature and

by thermally activated processes at higher temp-
erature. Saturation of the ultrasonic absorption
and coherent resonance phenomena' have been ob-
served, supporting the tunneling model.

In contrast to the above features the interaction
of the electromagnetic field with the TLS is ex-
pected to be quite sensitive to the chemical com-
position of the amorphous material. An anoma-
lous dielectric dispersion' as well as a tempera-
ture-dependent far-infrared absorption difference'
has been reported but these measurements dealt

with systems which have small intrinsic dipole
moments so that intrinsic effects associated with
the TLS were masked by the OH absorption proc-
esses.

For the first time I directly observe an anoma-
lous absorption with an associated minimum in
the temperature dependence of the absorption co-
efficient. Furthermore, highly absorbing glasses
have allowed me to observe an anomalous absorp-
tion also below 1 K, in contrast to previous re-
sults. ' This Letter is intended (1) to present the
experimental data showing the anomalous behavior
and the applicability of the two-level tunneling
model; (2) to show that several absorption proc-
esses contribute to the overall dielectric absorp-
tion; (3) to point out the considerable diversity
in the anomalous properties of amorphous solids.

A spectrometer system, including a lamellar
interferometer, liquid-He'-cooled detector and
a separate He'-cooled sample section permitted
to measure the transmissivity for temperature
between 0.4 and 300 K in the frequency interval
from 2 to 20 cm ' (VFIB). Three main classes of
amorphous substances have been investigated:
oxide glasses, polymers, and amorphous semi-
conductor s.

The VFIB frequency dependence of the absorp-
tion coefficient n of a soda-lime-silica glass
(SLS) is shown in Fig. 1 for various tempera-

1978 The American Physical Society 879




