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the relativistic wave functions are finite at the origin,
the nonrelativistic wave functions currently in use are
zero there because of the repulsive nature of the non-
relativistic potential at short distances, and in this
case one would obtain a form factor going like 2 powers
of g2 faster than the result (7b).
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Charged pions emerge from roughly 70% of the neon interactions that produce stars in
nuclear emulsions at incident energies between 100 and 280 MeV /nucleon. The charged-
pion multiplicity averaged 2.8 per pion-producing event. The data are in apparent dis-
agreement with predictions based upon the independent-particle model. Agreement is
found with the pion-condensation model of high-density nuclear states as formulated by

Kitazoe et al.

Nucleus-nucleus interactions are of consider-
able interest in nuclear and cosmic-ray physics.!?
Of particular importance is the extent to which
these interactions differ from predictions of the
independent-particle model according to which
the interactions are between individual incom-
pressible nucleons in the incident and target nu-
clei.? To search for possible deviations that
would be evidence for such effects as collective
phenomena, compression of nuclear matter,
shock waves, and pion condensation we have been
studying pion production using counter techniques?
and nuclear emulsions.?*

To the best of our knowledge the emulsion ex-
periment described here (some preliminary re-
sults were presented earlier?) represents the
first study of pions produced in heavy-ion colli-
sions at near threshold incident energies. The
number of pion-producing events and the number
of pions emerging from the nuclear stars appear
to be in substantial disagreement with the predic-
tions of the independent-particle model as for-
mulated by Bertsch? and can be interpreted as
evidence for pion condensation of the form de-

scribed by Kitazoe and co-workers,’

A stack of 15 Ilford G-5 emulsion pellicles
were exposed to a beam of 280-MeV /nucleon neon
nuclei at the Princeton particle accelerator,
Each pellicle had dimensions of 3 in, X4 in, X600
pum, Standard development procedures were fol-
lowed that normally result in between 15 and 25
blobs along each 100 um of trajectory of a rela-
tivistic, minimum-ionizing, Z =1 particle, The
beam particles entered the stack parallel to the
plane of the pellicle and in the absence of strong
interactions came to rest about 25 mm into the
emulsion, Beam tracks at entrance into the pel-
licle were examined under a microscope and fol-
lowed to the location where the neon nucleus
came to rest, interacted or left the pellicle,
Roughly 20 m of neon track has been followed
yielding 189 events,

Since the primary neon nuclei have energies
below 280 MeV/nucleon the tracks of energetic

- pions emerging from interactions are easily dis-

tinguished from those of protons or a’s. At these
energies it is unlikely that any protons or «’s
would emerge from either the incident or target
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nucleus with sufficient energy to leave a track
that appears as near-minimum ionizing (so-called
light tracks). Energetic-charged-pion tracks ap-
pear light while proton tracks appear as either
gray at the higher energies or black for proton
and alpha evaporation prongs. It was, therefore,
possible to separate the energetic charged pions
by inspection, Light tracks were those that ap-
peared to the scanner to have blob densities of

40 blobs/100 um or less and gray tracks were
those appearing to have between 40 and 60 blobs/
100 pm.,

To test identifications obtained by inspection,
we randomly selected 68 light tracks, which
would be identified as pions and measured the
blob densities and multiple scattering® along the
trajectory. The multiple-scattering measure-
ments yield the product of the momentum, p, and
velocity, Bc. They were carried out using a Ko-
riska MS-2 scattering microscope with a 100 X
objective, The momentum could not be obtained
from range because the emulsion stack was not
thick enough. For comparison 102 gray tracks
were also randomly selected for the same meas-
urements,

Figure 1 shows the light (pion) tracks and gray
tracks as open and closed circles, respectively,
on a plot of blob density versus multiple-scatter-
ing measurements of momentum,; p, times ve-
locity, Bc. The curves in Fig, 1 represent the
theoretical relationship® between blob density and
pBc calculated for pions and prbtons, assuming
that the number of grains ionized along the pro-
ton or pion trajectories are proportional to the
restricted-energy-loss along the trajectory’ as
formulated by Sternheimer.® The blob densities
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are measured to a statistical accuracy of better
than +5%. The values of pSc, obtained by multi-
ple scattering, are accurate to within 15-209%,
Because two or more emulsion grains that over-
lap are counted as one blob, the exact shape of
the theoretical curves depends upon the mean
grain diameter,

The curves in Fig, 1 are drawn for mean grain
diameters ranging from 0.6 to 0.7 um which is
the range obtained in direct optical measure~
ments made in our laboratory, and are typical of
Iliford G-5 emulsions.® The only free parameter
for the curves is the proportionality constant be-
tween grain density and restricted energy loss.

The curves in Fig. 1 are normalized by blob-
density measurements on knock-on electrons (or
8 rays) found by scanning along the neon trajec-
tories. The momenta of the scattered electron
can be obtained by kinematics from the angle its
track makes with the continuation of the neon tra-
jectory and the neon energy as derived from its
residual range, The identification of the secon-
dary as an electron and its approximate momen-
tum were confirmed by following the particle to
the end of its range or until it began to scatter so
wildly that it was no longer possible to follow.
Measurements on blob density along 20 knock-on
electron trajectories gave values of the propor-
tionality constant that correspond to an average
grain density of 18,5 per 100 um of particle tra-
jectory at minimum ionization,

Figure 1 shows that the curves for pions and
protons overlap at low values of pBc and cannot be
separated by inspection in the region where pions
appear gray., At high energies, on the other hand,
there appears to be a clear separation between
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FIG. 1. Blob density vs the product of momentum and velocity for a random sample of tracks. Tracks identified
by inspection as light tracks (pions) are represented as open ¢ircles and gray tracks (protons) by closed circles.
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FIG. 2. Production of pions as a function of neon en-
ergy.

protons and pions in reasonable agreement with
the scanner’s identification by inspection. The
occasional obvious misidentifications that are
evident in Fig, 1 occur either through a mistaken
labeling or a steep light track appearing gray.
The data of Fig. 1 have been corrected for dip
angle.

The relative number of events with light tracks
emerging per unit length of track scanned is plot-
ted in Fig, 2 versus the neon energy as deter-
mined from the event’s distance upstream from
the neon end of range. There is a sharp rise in
pion production at a neon energy of about 100
MeV/nucleon,

Bertsch? has recently analyzed pion production
for O incident on U?*® nuclei under the most
economical assumptions, in particular, with no
collective effects at all. The model can, there-
fore, be used as a baseline for analyzing experi-
mental data, Serious discrepancies (which Bertsch
suggest should be order of magnitude) would in-
dicate collective effects. According to Bertsch
there is enough relative Fermi momentum be-
tween nucleons on the colliding nuclei to produce
pions at incident heavy-ion energies as low as 54
MeV/nucleon which is consistent with the neon
data plotted in Fig. 1 where the lowest-energy
pion event in this experiment occurred at 67
MeV/nucleon,

According to Bertsch’s model, the fraction of
events from which pions emerge should increase
from g5 at threshold to & at 250 MeV/nucleon
if collective effects are ignored. This is not con-
sistent with our data where about 70% of events .
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FIG. 3. Pion energy spectrum in the laboratory frame.

between 100 and 280 MeV/nucleon have charged
pions emerging, Bertsch’s model also strongly
implies single-pion production in this energy
range because the initially high Fermi momentum
distributions are expected to quickly thermalize
as the collision progresses. The experimentally
observed average number of pions to emerge
from a pion event is 2,8, Thus, our findings are
inconsistent with Bertsch’s assumptions,

Kitazoe and co-workers® have used the hydro-
dynamic model to include the collective effects on
the formation of high-density states in nuclear
matter in heavy-ion collisions, In particular they
explored the effect of pion production on the for-
mation of high-temperature and high-density mat-
ter. Their analysis suggests that the condensa-
tion of zero-momentum pions will be appreciable
at incident energies of 120-440 MeV/nucleon,
reaching a peak production at an incident energy
of about 220 MeV/nucleon, Production of zero-
and higher-momentum pions is expected to reach
as high as 0.4 pions per nucleon and if roughly 3
emerge from the nucleus then according to Fig,
1(b) of Ref, 5, there would be a sharp rise in pion
production to 2-5 pions per event with a peak at
about 220 MeV/nucleon which is in agreement
with the data of Fig. 2,

The energy spectrum in the laboratory frame
of a random selection of light tracks identified as
pions is shown in Fig. 3. Pions at energies below
50 MeV in the laboratory frame would not appear
as light tracks according to Fig. 1 and would,
therefore, not be included in Fig, 3. The energy
spectrum agrees with the independent-particle-
model calculations of Bertsch., Pions at lower
energies, however, would not be detected in this
experiment and it is not clear that any collective
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phenomena suggested to date® would predict pi-
ons at significantly higher energies, In particu-
lar, the condensation pions of Kitazoe and co-
workers® should also emerge with low energies,
The pion energy spectra may in fact provide in-
formation on the thermal state of the shock wave,
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It is shown that the photoelectron angular distribution of s electrons in an open-shell
atom, having outer configuration ns’np?, is not described by the asymmetry parameter
B=2, as predicted by more approximate theories, but has dramatic variations with en-
ergy even within LS coupling. Calculations for the 3s subshell in Cl are presented as an

example.

One of the most striking predictions of the
photoelectron angular distribution theory of
Cooper and Zare! is that photoionization of an
electron having orbital angular momentum =0
leads to a pure cos26 photoelectron angular dis-
tribution, irrespective of the photon’s energy.
Here 6 is measured from the axis of linear polar-
ization of the incident light and the differential
cross section is

do/ds =(o/4m)[1 +BP,(cosb)].
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A pure cos?g distribution corresponds to an asym-
metry parameter =2, Classically, this result
is intuitively obvious: Since the initial state is
spherically symmetric, the photoelectron angular
distribution is centered about the electric vector
of the incident light. Quantum mechanically, with
neglect of retardation and relativistic effects,
this result holds exactly for photoionization of
atomic hydrogen.? For more complicated atoms,
this result follows in the Cooper-Zare theory®
from the approximation that in the final state



