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Hydrodynamics and the Morphology of Nebulae

Extragalactic nebulae, in the first approximation, may
be regarded as gravitating continuous ‘‘viscous fluids,”
most of them endowed with total angular momenta
different from zero.! In every nebula two coexisting partial
systems must be considered: (1) a steilar system and (2) a
system formed by nterstellar gases and dust particles.
Hydrodynamically, the two partial systems have radically
different characteristics inasmuch as the gaseous systems
are characterized by much larger Reynolds numbers than
the stellar systems. In most cases the motions of the
gaseous systems will be turbulent. The Reynolds numbers
of the stellar systems lie in the approximate range 0 <R
<10,000. The flow of stars in some nebulae therefore is
“laminar,” whereas in others it may be ‘‘turbulent.’
Nebulae in which the two types of flow coexist show
interesting structural subdivisions.

Briefly, some of the results of the hydrodynamical
analysis of nebulae are as follows. In an undisturbed
nebula of constant tocal angular momentum, the viscous
shearing stresses tend to make the average angular
velocity () independent of the distance 7 from the
center as long as 7 is smaller than that critical distance 7,
at which the mean free path A of the particles (o1 stars)
is so great that the difference in gravitational potential
®(7s4+A) —®(r,). becomes comparable with (w?)s, where w
is the velocity of the particles. For #>7, the angular
momenta of the individual particles, rather than &, tend
to be constant. In a rotating nebula which has reached a
stationary state the average velocity distribution #(r) is
of the type shown in Fig. 1. Calculations based on the
actions of shearing stresses in a laminar flow show that the
relaxation time 7" which is needed to establish the solid
body rotation is of the order Rrs/®max if the original
motion deviates from the state @=const. by maximum
velocity differences #max. For an originally turbulent flow,
it is T<<KRrs/Omasx. The interstellar gas system therefore
reaches the state @ =const. long before the stellar system.

In the transition stages of a stellar system from & 4const.
to @=const. velocity distributions of the type shown in
Fig. 2 may be expected. Region I was originally turbulent
with large shearing stresses which make 7" small. Region
Ila is characterized by smaller values of R and the smaller
shearing stresses of the resulting laminar flow result in
relatively large values of the time T in which a distribution
@=const. can be achieved. Region IIb, because of still
smaller R, is a laminar flow subject to small values of 7.
Regions 1 and IIb consequently reach the stationary state
@=const. earlier than the region I1Ia. While the transition
from I to Ila is abrupt, the transitions from IIa to IIb
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F1G. 1. Velocity distribution in the transition stage of a rotating nebula.
The constant angular velocity in the region I and IIh.
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F1G. 2. Velocity distribution in the transition stage of a rotating
nebula. The constant angular velocity in the regions I and IIb and
the character of 9(r) in region Ila depend on the original distribution
of velocities.

and from IIb to III are more gradual. Region III may be
called the Swmoluchowski region of very long mean free
paths. The existence of such regions (globular coronae
around nebulae!) is due to effects analogous to those
which cause Smoluckowski ‘‘temperature jumps’ and
“slip regions” in ordinary dilute gases.

The existence of turbulent motions in stellar systems
leads to interesting speculations regarding the turbulent
correlation length L. The properties of the planetary system
as well as of groups of stars which are dynamically related
may find their explanation in the analysis of this correlation
length.

Nebulae of small mass may possess a Smoluchowski
structure throughout. These nebulae never can reach a
Boltzmann stationary state. They are srregular, of low
surface brightness and hard to detect. Recent systematic
search has resulted in the discovery of several systems of
this type. Their incorporation in the statistical survey
suggests that the frequency distribution of nebulae
commonly adopted will in the near future be subject to
some major corrections.

Hydrodynamic considerations may also be applied to
clusters of nebulae. The important fact, which is apparently
irreconcilable with the hypothesis of an expanding uni-
verse,? that the velocity dispersion of field nebulae is only
about half that for cluster nebulae, finds its explanation
through an analysis similar to that sketched in this
communication.

F. Zwicky
California Institute of Technology,
Pasadena, California,
July 31, 1940.
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Protons from C13-4-H?2

Bower and Burcham?! and also Pollard? have observed a
group of protons which they attributed to the reaction
C14-H2—C"+H!4-Q. Bower and Burcham found a 48-cm
group of protons when ordinary carbon was bombarded by
800-kev deuterons. The calculated Q value of this group
is 5.9 Mev, which is in satisfactory agreement with the
energy release calculated from the change in mass. We
have confirmed that the proton group must be attributed
to the above reaction by using a target of concentrated C13,
The target was prepared by one of us (BEW) from methane
in which the C® had been concentrated by thermal
diffusion.
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We bombarded the target with 1.22-Mev deuterons and
used a linear amplifier to detect the protons. Long range
protons were found and an absorption curve (Fig. 1)
showed that they had a range of 55 cm, as expected.
The ratio of the intensity of this group to the intensity of
the group of 15-cm protons from the reaction C'2-+-H?
—C134-H! was found to be 0.11 percent, A target in which
C1 was depleted was then bombarded and the ratio was
only 0.029 percent. This showed that the C®* had been
concentrated in the first target relative to the second by
a factor of 3.8, whereas the separation factor had been
calculated from the dimensions of the thermal diffusion
apparatus as 3.7. The average of these two ratios (0.07
percent) is consequently the ratio of the yields from

ordinary carbon at 1.22 Mev bombarding energy. This -

ratio would vary considerably with different bombarding
voltages since the yield of protons from C!? shows reso-
nances at 920 and 1220 kev.?

An excitation curve has also been obtained for this
reaction and is shown in Fig. 2. The indicated error is the
probable error increased by a factor of two, since it was
necessary to make observations in two separate runs,
which were joined at 1450 kev. The change in range of
the protons with bombarding energy might be a source of
systematic error in a curve of this type. To avoid this,
the bias on the recording circuit was made low enough to
count all the protons passing through the ionization
chamber, and as an additional precaution absorbers were
added as the bombarding voltage was increased to insure
that the protons were always counted at the same distance
from the end of their range.

The yield curve shows a maximum at about 1500 kev.
This may be interpreted as a resonance in the yield,
which would indicate an excited state in the intermediate
nucleus (N1°) at 17.55 Mev. This is a surprisingly high
energy at which to find isolated excited states, even in so
light a nucleus. However, the experimental distribution
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Fi1G. 1. Range-number curve for protons from C®--11% at a bom-
harding energy of 1.22 Mev. The protons were observed with a linear
amplifier biased so as to count particles near the end of their range.
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FiG. 2. Excitation curve for protons from the reaction C'3-4-H?
—CM}H!. The maximum in the yield at 1500 kev indicates an excited
state in N5 at 17.55 Mev."

might result from a resonance or a group of overlapping
resonances of higher intensity than the neighboring
overlapping levels which may appear as a continuum.

W. E. BENNETT

T. W. BONNER

EMMETT HUDSPETH

Bos E. WATT

The Rice Institute,
Houston, Texas,
August 13, 1940.
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Law of Magnus in Single-Crystal Aluminum Wires

By the traveling temperature gradient method of
Andrade,! good single crystals up to 60 cm length have
been produced in 1 mm diameter wires of pure aluminum.
The wires were heated internally by a 15-ampere current,
the traveling furnace was at 550°C, and moved at about
5 cm per hour along a 1-cm quartz tube evacuated to
0.01 mm Hg, containing the wire supported vertically.

While still unstrained the crystal wires were examined
under asymmetrical temperature distributions (140°C
peak) for the Benedicks e.m.f. Wires subsequently found
by a study of their glide planes to have been uniformly
crystallized, gave e.m.f.’s less than 0.02 microvolt, inde-
pendent of position of the temperature distribution; wires
found imperfectly crystallized gave e.m.f.’s greater than
2 microvolts, dependent upon position. Intermediate
conditions were not found.

One specimen was deliberately made non-uniform at a
selected place, P, by interrupting the motion of the
furnace for several minutes when over P. Electromotive
forces were produced in this crystal by a small sym-
metrical heater (110°C) placed at different places near P.
On the side from which the traveling furnace had ap-
proached, there was a sharp peak of —10 microvolts close



