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even though it does depend to some extent on the
assumed spin for "Se. Our derived values of a
for "As compare favorably with the prescrip-
tions of Ref. 7 and with results similarly derived
from blocking measurements'~ on "As and ' As:
in all cases a -11 MeV . By comparison, the
width I &, quoted in Table I for an excitation en-
ergy of 4.75 MeV (the region in which the proton
spectrum is most sensitive to I'&), is higher by
a factor of 5 than the simple E1 predictions, but
such a value is still consistent with known y
widths in the same mass region.

Evidently, the calculated energy dependence of
the proton spectrum and level lifetimes is in rea-
sonable agreement with the average behavior of
the data (Fig. l) although there may be an indica-
tion of significant upward fluctuations from the
average at low energy particularly in the lifetime
data. This suggests strongly favored proton de-
cay in this region, a possibility that needs to be
studied in future experiments with improved
counting statistics. It is such features of this
and other proton-emitting nuclei that are now
made accessible through the new P -x technique
of lifetime measurement.
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Intracavity Raman Scattering from Molecular Beams: Direct Determination
of Local Properties in an Expanding Jet Beam
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An intracavity crossed laser-beam, molecular-jet-beam system has been developed for
studying the properties of expanding jet beams by means of light scattering. Raman scat-
tering has been used to measure the local rotational temperature and absolute density of
monomers in a jet beam of CO2 as a function of axial distance from the nozzle. A well-
defined rotational temperature has been observed. This temperature drops rapidly for
distances of a few nozzle diameters in agreement with isentropic theory and thereafter
remains roughly constant.

'We have developed a crossed laser-beam, mo-
lecular-jet-beam system for studies of the latter
by means of light scattering. The jet beam in-
tersects the sharply focused laser beam within
the laser cavity providing a high-sensitivity,
high-resolution system which does not disturb

beam properties. The rotational and vibrational
temperatures and absolute monomer density of a
molecular jet beam can be measured directly as
a function of position relative to the nozzle with
an axial resolution of = 10 p. m. In addition the
method is potentially capable of observing the
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spectra of clusters which would provide useful
information on interatomic or intermolecular po-
tentials. In this Letter we discuss the applica-
tion of this technique to the study of an expanding
CO, jet, also studied by Lewis, Williams, and
Powell, to measure directly the rotational tem-
perature and monomer density as a function of
the axial distance x from the nozzle.

The apparatus is shown schematically2 in Fig.
1 and consists of a laser beam and jet beam
whose axes cross at right angles. In the geom-
etry shown the right-angle Raman-scattered light
emerging from the focal region of the laser is
imaged on the slit of a Spex 1401 spectrometer
after being rotated 90' by means of a dove prism.
Raman signals are proportional to the density of
scatterers in the jet beam and to the laser power.
In order to study weakly scattering or low-densi-
ty jet beams the laser cavity was built around
the jet.' The laser system consisted of a Spectra
Physics argon-ion laser whose output mirror I,
could be removed and replaced by the 20-mm
focal-length lens L and the 99.8% reflecting mir-
ror I, so that the laser was focused within the
cavity to a region of width = 10 p. m and length
= 300 p. m. The scattered-light signal is enhanced
both by the focusing and by the increased power
within the cavity. The output power of the laser
operating in the normal mode is about 1.5 W at

0
5145 A whereas the maximum power we have ob-
tained in the extended cavity mode is ~ 25 W. A
substantially higher cavity power was expected;
however, we have not as yet pursued the source
of cavity loss that is limiting the power. In this
situation it has been convenient to leave the la-
ser-output mirror I, installed and work in a
coupled-cavity mode with a power in the jet cavi-
ty of 10-20 W. After alignment, the carefully
designed mechanical mounting was stable for
days. The laser power could be photometrically
stabilized to better than 1'Po.

The jet was produced by means of a sonic noz-
zle (diameters& of 0.1 and 0.2 mm were used)
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FIG. 1. Schematic diagram of the experimental ar-
rangement described in the text. The light-collection
optics, normal to the plane of the figure, are omitted
here. The nozzle shape is shown in the inset.

that could be translated vertically to vary the
axial distance of the nozzle from the scattering
region over a distance of 4 mm with a resolution
of a few microns. In addition the nozzle could be
translated with two degrees of freedom, perpen-
dicular to the jet axis, so that the jet and laser
beam intersected at the laser focus. In practice
the minimum distance x was ~40 p. m; smaller
distances resulted in interference between the
nozzle and the laser-cavity mode. The nozzle
temperature was measured with a thermocouple
and controlled by means of a resistance heater
and a thermal link to the cryogenic liquid. Stag-
nation temperatures from somewhat higher than
that of the cryogen up to -450 K could be achieved.

The gas from the nozzle was directed at a cold
surface C which provided a cryogenic pumping
speed of = 5000 l/sec (CO, gas with liquid-nitro-
gen cryogen) as determined from consideration
of nozzle flow and pressure in the chamber. A
small diffusion pump served to prepump the sys-
tem. A skimmer was not used.

The pure rotational-Raman-scattering efficien-
cy (the fraction of incident light scattered per
unit frequency per unit solid angle per unit length
of the sample) is given by'

with

S, exp(-E,/Xr, )
c' ' ' g (2J+1)exp( Z,/ZV, ) '-

even J
(1a)

S&=
2 2 3, J-J+2 (Stokes),

3(J+1)(J+2)
(lb)

J-J —2 (anti-Stokes) . (1c)
3J(Z-1)

Here v is the frequency of the incident light and
v' the scattered light; (o.~~-o.~) is the anisotropy
of the polarizability, p, is the number of density
of isolated CO, scatters, J is the rotational quan-
tum number of the initial state, and 7"„is the ro-
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FIG. 2. (a) The pure-rotational Haman spectrum of
CO2 in a jet beam. The broad bump underlying in the
background at —15 cm ~ is an instrumental effect.
(b) Linearized display of the data showing that the
spectrum can be locally characterized by an equilib-
rium rotational temperature. The fit clearly shows
that Stokes and anti-Stokes transitions provide redun-
dant information.

FIG. 3. Semilogarithmic plot of the axial temperature
and density dependence of an expanding CO2 jet beam.
The solid lines are theoretical curves for an isentropic
expansion. The broken line shows the (x/D) 2 depen-
dence of density and is displaced from the isentropic
expansion curve for clarity. The absolute temperature
is given on the right-hand scale. The error bars as
defined in the text are shown for the Po =0.7 atm data.
Data points for x/D & 3 are not shown in (b) for the 0.21-
mm nozzle as an aperture required at these distances
to prevent a geometric filling error was improperly
set.

tational temperature. In CO2, to a good approxi-
mation, E~ =BJ (J +1) with B = 0.390 27 cm ~ ';
the value 2.1&& 10 cme is assumed for e,

~

—a~.e

The sum over states is restricted to even J by
spin statistics (if the molecules are in their
ground vibrational states). r is a numerical fac-
tor which, among other constants, includes the
polarization dependence which is not indexed in
Eq. (1a).

A typical rotational-Raman-scattering spec-
trum from the jet is shown in Fig. 2(a). To de-
termine both temperature and density from Eq.
(1a), we plot [Fig. 2(b)] the logarithm of the mea-
sured peak intensity divided by S~ versus BJ(J-'
+1) so that the slope of the least-squares straight-
line fit is proportional to T'~ ' and the intercept
to p, . The absolute density was determined by
comparison to a reference spectrum of nonflow-
ing CO, gas at a known pressure in the scatter-
ing chamber. Since a jet beam is a thermody-
namic nonequilibrium system, it is not a priori
evident that the spectra must fit Eq. (1a), the dis-
tribution for an equilibrium gas. ' Vfe have been

able to fit all spectra (a few hundred) to a straight
line as in Fig. 2(b) with no significant systematic
deviation. Ne thus assume that the rotational
temperature T& that we have measured is a mean-
ingful quantity within the scattering region.

The results of the data analyses for a few dif-
ferent nozzle stagnation conditions and two noz-
zle diameters are plotted in Figs. 3(a) and 3(b).
The error bars represent a standard deviation
as determined from the least-squares fits as in
Fig. 2(b). The temperature and density fall dra-
matically within a few nozzle diameters down-
stream from the nozzle. In Fig. 3 we compare
the measured results to the theoretical curves
for an isentropic expansion' in which all degrees
of freedom are in thermodynamic equilibrium:

r/r, = [1+m'(y —1)/2]-',

p/p, =[1+I'(y -1)/2]"~' ~'.

Here y is the specific-heat ratio C~/C„ taken to
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be -', for CO, . The axial dependence of the Mach
number M was determined from the graph of
Owen and Thornhill. "s A fairly accurate analytic
axial dependence can be obtained by using the fit-
ting formula of Ashkenas and Sherman in Eqs.
(2) and (3):

with A. = 3.65 and x,/D = 0.40. In the data shown,
the temperature appears to fit the theoretical
curve reasonably well until x/D -2-3, then de-
viates, approaching some constant value which
was found to be between -25 and 50 K for various
runs in which &0 was varied from 210 to 423 K,
Po from 0.3 to 2.0 atm, and x/D from -0.5 to 30.
For the lowest stagnation temperature, high-
flow runs, deviations began for x/D & 1 whereas
for a high-temperature, lower-flow run, the
curve was followed to x/D = 10 (data not shown).
We consider this onset of deviation to be the re-
gion where the rotational and translational de-
grees of freedom go out of equilibrium. For a
given temperature, the lower the density the low-
er the collision rate. However, for a given stag-
nation temperature, the lower-stagnation-pres-
sure runs follow the isentrope to large x/D val-
ues, implying that contrary to expectation the on-
set of deviation is not controlled in this case by
the decrease of the collision rate. This behavior
could be a result of condensation in the beam. ~~

The density agrees quite well with the theoreti-
cal curve, even beyond the point where the tem-
perature deviates. In the crossover from an
isentropic to a free expansion, the density fall-
off goes over into an inverse quadratic behavior.
For x/D 2 3 and in the absence of condensation
the isentropic and free-expansion behavior are
difficult to distinguish experimentally. On this
basis it is not possible to characterize the phe-
nomena in this region. Condensation or forma-
tion of clusters" is expected to cause the density
to deviate below the theoretical curve. Van Deur-
sen, Van Lumig, and Reuss~2 have shown that
there is a critical stagnation pressure I'L, above
which monomer concentration remains roughly
constant with increasing pressure as large clus-
ters begin to form. In CO2 the pure-rotational
Raman scattering as shown in Fig. 2(a) should
arise only from monomers. The anisotropic pair
interactions in a cluster are large compared to
the free-molecule rotational splittings and thus
should suppress or greatly modify the rotational
scattering s so that clustered molecules do not

contribute to the measured intensity (and thus the
measured density) in the spectral region under
study. For the D =O.j.0-mm nozzle and in the re-
gion 1 & x/D &10 we have measured the density
for pressures bracketing I'~ (scaled to our condi-
tions") and do not find a significant deviation
from linear behavior, implying that the cluster-
ing observed by Van Deursen, Van Lumig, and
Reuss takes place further downstream. We note
that Lewis, Williams, and Powell~ have demon-
strated the onset of clustering by means of Ray-
leigh scattering in the vicinity of the nozzle, with,
however, a substantially larger nozzle diameter
than ours.

For higher-nozzle-flow conditions, bumps have
been observed in both T and p~ as a function of
x/D. Further work is underway to study the sys-
tematics, clustering, and to measure directly the
local vibrational and translational temperatures
by means of light scattering.

We would like to thank R. J.Wijngaarden for
aid with measurements and data analyses. We
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Berlinsky, J. Reuss, and L. Van Deulsen.
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Relaxation Instability in Tokamaks
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A three-dimensional, nonlinear, numerical simulation is described in which saw-tooth
oscillations occur as a result of a hydromagnetic relaxation instability. The time evolu-
tion of the magnetic topology demonstrates the essential validity of the model suggested
by Kadomtsev to explain the saw-tooth oscillations observed in tokamak experiments.

Several tokamak experiments have exhibited an
unstable behavior having the form of relaxation
oscillations in which the soft-x-ray emission has
a saw-tooth time dependence"'. In the central
region the results indicate a slowly rising tem-
perature followed by a rapid fall. The whole
process occurs repeatedly with a period of the
order of a millisecond.

The following general explanation of this behav-
ior has gained some acceptance. The inner tem-
perature rises due to Ohmic heating. The result-
ing increase in conductivity leads to an increase
in the current density on axis and as a conse-
quence the safety factor q falls below unity. The
plasma then undergoes an instability which trans-
ports the energy which has been produced by
Ohmic heating out to larger radii. In some way
the plasma relaxes back to an axisymmetric state
having q & 1 and the whole process is then repeat-
ed.

The question arises as to precisely how this
phenomenon occurs. A model has been suggested
by Kadomtsev, 4 the basic elements of which are
as follows. When the value of q falls below unity
an m =1 instability occurs. As a result the plas-
ma surfaces are displaced to one side and resis-
tivity allows a magnetic island to form on the op-
posite side of the plasma around the q =1 surface.
This island grows and displaces the original set
of magnetic surfaces which then decay away. The
resulting value of q is greater than unity but the
concentration of the current toward the magnetic
axis leads to a lowering of q until instability reap-

pears and the whole cycle is repeated.
Our purpose here is to describe the results of

a three-dimensional, nonlinear calculation which
reproduces relaxation instabilities of the type ob-
served experimentally and which demonstrates
the basic features of Kadomtsev's model. The
configuration studied is cylindrical and, in order
to achieve acceptable computation times, a high-
er value of P has been used than is obtained in
tokamak experiments.

The equations solved are the time-dependent
hydromagnetic equations including resistivity,
viscosity, Ohmic heating, and an energy loss.
The resistivity is taken to be proportional to
T, ' . The viscosity used is small and is taken
to be constant, The Ohm's law is

E+ v x B= 11(T ) j,
and the resulting Ohmic heating is included to-
gether with an energy-loss term in the energy
equation

j. sp 1 ., 1 pV ~ (pv) -p V v+ rl j'—
p —1 Bt. p —1 y —& ~(x)'

The form of the energy-loss term is arbitrary
but it represents an attempt to describe the more
rapid energy-loss rate in the outer region.

The calculations were carried out on a rectan-
gular grid using a generalized form of the I ax-
Wendroff method. Relaxation oscillations were
first demonstrated on a 10&10&&7 grid. The cQ-
culations described here were carried out on a
more refined 14&14&10grid and showed the
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