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Flash heating by a laser pulse has been used to desorb loosely bound species from a
spot on the tokamak wall. Spectral analysis of the suddenly increased impurity radiation
from the plasma in front of the laser-heated spot gives information on the species and
the amount of impurity atoms present on the surface at a specific point in time of the
tokamak discharge, Loosely bound chromium has been found on the stainless-steel sur-
face.

Since adequate plasma confinement and heating
seem possible, impurity evolution and control
are recognized now as being critical remaining
obstacles on the way to magnetic fusion energy.
Too high impurity concentrations adversely in-
fluence almost every aspect of plasma behavior
in tokamaks. Usually a large fraction of the Oh-
mic power input is lost from the plasma by im-
purity radiation. ' Oxygen and carbon are the
main low-Z impurities in present-day tokamaks.
Contamination of the plasma by these loosely
bound species can be reduced by proper methods
of discharge cleaning. ' High-Z impurities like
chromium, iron, nickel, etc. , are also of great
concern, particularly since they are present in
the plasma at much higher density than expected
from theory. No in. situ surface preparation tech-
niques exist today for their reduction.

In situ surface analysis of the impurities on
the walls just before and during the tokamak dis-
charge is most important for a better understand-
ing of processes related to plasma-wall interac-
tions, discharge cleaning, recycling, and impur-
ity transport. Laser-induced desorption of loose-
ly bound species' combined with time-resolved
spectral analysis of impurity radiation were used
in this experiment to demonstrate a new powerful
method for in situ surface analysis under realis-
tic conditions, i.e., at any time during the dis-
charge.

An unfocused "low-power" laser pulse of 2.5-3
J, - 25 ns full width at half-maximum, from a
E-1500 Korad ruby laser was directed through a
window towards the inner wall of the Macrotor
vacuum chamber, Fig. 1. A surface spot of about
10 cm' is flash heated by the absorbed laser radi-
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FIQ. 1. Schematic of the experimentaI arrangement.

ation. Only a thin surface layer is heated since
the skin depth for the high-frequency laser radia-

0
tion is very small, of the order of 100 &. After
the laser pulse, heat conduction into the metal
due to the initial steep temperature gradient re-
duces the surface temperature rapidly with a
time constant of about 50 nsec. The surface tern-
perature change of stainless steel as function of
time has been calculated4 for a 25-nsec rectangu-
lar laser pulse and a.n irradiance of 10 MW/cm'.
For a surface with a reflectance of 5GFo, the tem-
perature increases during the laser pulse by ap-
proximately &T= 600'K. No phase change and
vaporization of the metal occurs for a 25-nsec
laser pulse as long as the absorbed power den-
sity rema, ins ( 80 MW/cm'. The flash heating
leads to instantaneous thermal desorption of
loosely bound species from the laser-illuminated
spot. Atoms penetrating into the tokamak plasma
are excited and ionized. The locally increased
impurity radiation is easily detectable as the fol-
lowing discussion shows.

Typical impurity concentrations in tokamaks' '
are of the order of ~10"oxygen atoms/cm'. Be
proper discharge cleaning of Microtor and Mac-
rotor, the amount of oxygen in the plasma of
these tokamaks has been reduced to about 10"
atoms/cm3. By admitting controlled amounts of
oxygen it was found that the surface density of
oxygen corresponds then to about a fraction of
1/100 of a monolayer. A "typical" monolayer is
assumed to have a surface density of 2 & 10"
atoms/cm~. The impurity densities in the plasma,
and on the surface are linearly correlated as long
as the surface density is less than a monolayer.
For the surface conditions of Microtor and Mac-
rotor as given by wall temperature, roughness,
plasma temperature, hydrogen recycling, etc. ,
only about 1% of the loosely bound oxygen ava, il-
able on the surface is found in the plasma. Po-
tentially all the loosely bound oxygen, i.e. , 2
&&10" oxygen atoms/cm', can be released from

the surface of a tokamak into the plasma. Thus,
when a cloud of N =2&&10' atoms suddenly re-
leased from the 10-cm' laser-illuminated spot
has expanded to a volume of 1 liter, its density
of nl. = 2 && 10"oxygen atoms/cm' is well above
the background density of n, =10"oxygen atoms/
cm'. The impurity radiation from this cloud
should give a si~nal greater by a, factor of
(fo nldl)/( fo ™nt,d&) = 5 than the background
radiation to the monochromator placed 5 cm from
the wall, where the line of sight through the cir-
cular-cross-section Macrotor plasma of 45-cm
radius is l =40 cm long. Such a fivefold increase
of the signal coincident with the laser pulse is
easily detectable with a monochromator which is
scanning the volume in front of the laser-illumi-
nated spot.

The desorbed atoms and molecules from the
laser-cleaned spot will be adsorbed on other sur-
faces of the tokamak or pumped out of the ma-
chine. Recontamination of the cleaned spot be-
tween consecutive discharges seems to be negli-
gible for the pressure and surface conditions of
Macrotor.

A monochromator monitored the laser-induced
0

intensity changes of the oxygen 0 II 4415-A line,
the carbon C III 4647-A line, and the chromium

0
Cr I 4275-A line. The monochromator could be
moved away from the inner surface of Macrotor
in radial direction to study the impurity penetra-
tion into the plasma. The laser pulse could be
fired at any time during the 30-msec tokamak
discharge. Most measurements were done during
a relatively quiescent period about 18 msec after
onset of the discharge when the current reached
its maximum value. A second monochromator
measured as a reference the impurity radiation
from the plasma emitted through the next port
spaced 45' around the machine from the laser
entrance port.

Most noticeable was the "cleaning effect" of the
first laser shot on a new spot on the surface.
Figure 2 shows the result of three consecutive
shots onto the same surface spot. After a large
outburst of oxygen, no detectable signal is re-
corded during the next shot. For the last shot
the charging voltage of the laser amplifier capac-
itor was increased from 7.5 to 8.0 kV. This in-
crease of the laser energy produces a small sig-
nal, see Fig. 2(c). The entrance slit of the mono-
chromator was located 3 cm in the radial direc-
tion from the inner wall. A large-amplitude,
short-duration signal is obtained in this position
close to the wall, Fig. 2(a) [see also Fig. 4(a)j.



VOLUME 40, +UMBER 18 PHYSICAL REVIEW LETTERS 1 MAY 1978

C.

Laser Pulse Cr I 4275 A
(Next Port)

Oxygen

OH 4415 A

0.2 ms/div

Laser Pulse

Chromium

CrI 4275 A

(Same Port)
FIG. 2. Oxygen-impurity radiation from the tokamak

plasma for three consecutive laser shots (a), (b), (c)
onto the same surface spot. The laser energy was in-
creased for shot (c). The monochromator viewed the
plasma 3 cm away from the inner wall. The vertical
position of the onset of the oxygen trace in (c) is arbi-
trarily shifted downwards in comparison to (a) and (b).
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FIG. 4. (a) Large release of loosely bound chromium
during the first laser shot onto a new surface spot.
Depletion of chromium is indicated by the smaller sig-
nals of the two consecutive shots (b) and (c) onto the
same spot.

Figure 3 shows a similar shot-to-shot depletion
of carbon from a laser-heated spot. The first
laser shot onto a new surface spot produces a
large signal. The signal from the third consecu-
tive shot onto the same spot, Fig. 3(b), is barely
distinguishable from the background. In this
case, the monochromator was placed 15 cm from
the wall. A broadening in the signal can be seen
with increasing distance from the wall as expect-
ed for an expanding cloud. The laser-induced
C III 4647-A line signal decreased rather abruptly
in amplitude over the radial distance of 16-20
cm from the wall due to burnout of this line in the
hotter regions of the plasma.

For chromium, Fig. 4 implies that it exists in
loosely bound form on the stainless-steel surface
of the vacuum chamber of the Macrotor tokamak.
Again, the first laser shot onto a new surface
spot causes a large chromium influx into the
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FIG. B. Carbon-impurity radiation: (a) for the first
laser shot on a new spot, (b) for the third shot onto
the same spot. The lower trace records the CIII emis-
sion from the plasma 15 cm in. front of the laser-heated
spot. As a reference the upper trace shows the C III
impurity radiation at the neighboring next port of
Mac rotor.

plasma. The much smaller signals of the second
and third shot indicate that depletion of loosely
bound chromium atoms occurs. We suspect that
many of the sputtered chromium atoms, when re-
turning from the plasma to the wall, are not lo-
cated on lattice sites where they are tightly bound
to the crystal structure. The total coverage of
the surface with hydrogen and partial monolayers
of oxygen, carbon, water, and methane probably
contributes to the formation of a kind of amor-
phous form of chromium on the surface which is
loosely bound. Since the chromium cannot be dis-
charge cleaned and pumped from the tokamak
like water and methane, the existence of such
loosely bound high-Z impurities on tokamak walls
increases the impurity problem considerably.
The behavior of iron and nickel will be investi-
gated in the near future.

In summary, we have reached the following con-
clusions: (1) We have demonstrated that laser-
induced desorption combined with coincident spec-
troscopic measurements of changes of the impur-
ity radiation represents an easily applicable meth-
od for in situ analysis of impurities present on
tokamak walls during the discharge. (2) Even
after hours of discharge cleaning, flash heating
by a laser pulse seems to be very effective in de-
sorbing loosely bound impurities from a surface
spot. (3) The experiments confirm for the plasma
and surface conditions of the Macrotor tokamak
that only small fractions of the impurities avail-
able on the walls are present in the plasma. Con-
sequently, the impurity problem may become
worse with increased plasma and wall tempera-
tures in future machines as the laser desorption
experiment indicates. (4) A disturbing result of
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this experiment is the observation that high-Z
chromium impurities are present on the tokamak
surface in a loosely bound form.

This research was supported in part by the
U. S. Office of Naval Research, by the U. S. Air
Force Office of Scientific Research Contract No.
MIPR-77-0021, and by the U. S. Energy Research
and Development Administration Contract No.
EY-76-C-03-0010 PA26.

'A. Gibson, Nucl. Fusion 16, 546 (1976).

Lena Oren and R. J, Taylor, Center for Plasma
Physics and Fusion Engineering, University of Cali-
fornia at Los Angeles Report No. PPG-294, 1977 (to
be published).

F. Schwirzke, H. Brinkschulte, and M. Hashmi,
J. Appl. Phys. 46, 4891 (1975).

J. S. Polk, M.S. thesis, Naval Postgraduate School,
June 1977 (unpublished).

5TFR Group, Phys. Rev. Lett. 36, 1306 (1976).
E. B. Meservey etal. , Nucl. Fusion 16, 593 (1976).

'P. E. Stott, C. C. Daughney, and R. A. Ellis, Nucl.
Fusion 15, 431 (1975).

Mercury Extrusion from Linear-Chain Mercury Compounds

W. R. Datars and A. van Schyndel
Department of Physics, McMaster University, Hamilton, Ontario 1.88 4M1, Canada

and

J. S. Lass
Technische Univexsitat Mlnchen, MNnchen, P~est Germany

D. Chartier and R. J. Gillespie
DePa&ment of Chemist y, McMastex University, Hami7ton, Ontario LBS 4M1, Canada

(Received 8 March 1978)

Evidence is presented from differential thermal analysis to show that mercury is ex-
truded from the linear-chain mercury compounds Hg& 86AsF6 and Hg2 9&SbF6 when cooled
below 200 K. The anisotropic superconductivity observed recently in Hg2 86AsF6 is shown
to result from extruded mercury.

A series of recent observations in the linear-
chain mercury compound Hg, «AsF, have been
interpreted as evidence of anisotropic supercon-
ductivity. " Although the critical temperature
and critical magnetic field are very similar to
those of pure mercury, it was considered im-
probable that metallic mercury is the source of
such an extremely anisotropic and temperature-
dependent effect. We report in this Letter the re-
sults of differential thermal analysis (DTA) of
the linear-chain mercury compounds Hg, «AsF,
and Hg2 gySb F6 which demonstrate the presence of
metallic mercury at low temperatures. This
mercury is extruded from the compounds when
they are cooled below 200 K and is reincorporat-
ed into the compounds upon warming. The ob-
served superconductivity in Hg, «AsF, is due to
the extruded mercury and the observed anisotropy
and temperature dependence follow naturally from
our model of mercury extrusion.

The room-temperature crystal structure of both
linear-chain mercury compounds consists of lin-
ear, nonintersecting mercury chains in a tetrag-

onal array of AsF, or SbF, octahedra. ' The
mercury chains are situated in nonintersecting
channels parallel to the a and b axes and are in-
commensurate with the three-dimensional host
lattice. Short-range ordering along the mercury
chains appears below 200 K.' Other measure-
ments indicate that there is a change near 200 K
in the coefficient of thermal expansion, ' electric-
al resistivity, ' thermoelectric power, ' magnetic
susceptibility, ' and nuclear-magnetic-resonance
relaxation time' and suggest the possibility of
changes in the mercury chains or host lattice
with temperature. The present work was under-
taken to study these changes with the help of dif-
ferential thermal analysis.

In DTA experiments, the difference in temper-
ature between a sample and reference is mea-
sured as the temperature of their environment is
varied at a continuous rate. The temperature of
the sample depends upon the amount of energy
absorbed or released by it. If, for example, up-
on warming the sample undergoes a phase transi-
tion at which latent heat is absorbed, the temper-
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